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ABSTRACT

The binding mechanisms between a mixture of catanionic surfactants, hexadecyltrimethylammonium bromide (CTAB) and dicloxacillin (Diclox), interacting with the
lysozyme protein was investigated by combining computational structure-based and spectrofluorometric approaches. The ezPocket method efficiently predicted
lysozyme binding sites, which improved the accuracy of molecular docking simulations for the mixture. The estimated ICso values indicated the potency and
effectiveness of both ligands in the lysozyme binding pockets. Dicloxacillin showed stronger binding affinity than CTAB, as evidenced by lower ICs( values and higher
interaction affinity based on AG results. Additionally, CTAB induced conformational changes in the lysozyme binding sites, that decreased the binding affinity of
dicloxacillin, and vice versa. The outcomes on the synergistic or antagonistic binding in the catanionic system revealed negative cooperativity based on the obtained
negative Hill coefficients. Besides, theoretical 2D-isobolograms illustrated the interaction between the ligands, indicating synergistic and antagonistic effects on the
lysozyme binding pockets. Experimental validation unveiled that the presence of the catanionic mixture altered the absorption spectrum of lysozyme, decreasing its
hydrophobicity and increasing polarity. The interaction between dicloxacillin and lysozyme resulted in fluorescence quenching and a red shift in the emission
wavelength, demonstrating a change towards a more polar environment, while in the case of CTAB, the interaction resulted in shifts in the maximum wavelength and
tertiary structure unfolding. These findings support the idea that dicloxacillin is a more potent ligand for lysozyme than CTAB, further unravelling their binding
interplay, and laying the groundwork for future investigations aimed at rational drug design for potential biomedical applications.

1. Introduction

Lysozyme, an antimicrobial enzyme naturally produced by animals,
holds great significance in numerous key functions, playing a pivotal
role in the immune system and finding broad spectrum applications in
industrial processes. This enzyme is found in a wide range of organisms,
from bacteria to humans, and operates by breaking down bacterial cell
walls. Its importance has led to extensive research on its structure,
function, and uses. Recent studies have highlighted its potential as a
therapeutic agent for various diseases, including cancer, inflammatory
disorders, and infections. To exemplify, a recent research study revealed
that lysozyme can inhibit the growth and spread of breast cancer cells by
inducing apoptosis and suppressing cell proliferation [1]. A different
study showed that lysozyme can reduce inflammation and improve
wound healing in a mouse model of diabetic foot ulcers [2]. In terms of
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its industrial applications, lysozyme has shown great potential as a
natural preservative in the food industry, avoiding the growth of bac-
teria that cause spoilage [3]; or as a scaffold for the development of
novel biocatalysts with improved catalytic activity [4]. Regarding its
protein-ligand interactions and complex formation, it has been previ-
ously proven that its combination with drugs of different nature, i.e.,
beta-blocker, anti-tumour, or penicillin antibiotic drugs; modulated its
allosteric properties and produced structural and conformational
changes, suggesting non-physiological flexing in large blocks affecting
a-helices [5-7].

For its part, dicloxacillin, a derivative of penicillin, has long also
been recognized for its potent antibiotic properties from the pharma-
cological point of view which is commonly employed for combating
infections caused by Gram-positive bacteria. However, from an exclu-
sively chemical point of view, and due to its amphiphilic nature, its use
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has garnered attention for its potential surface-active properties. Within
this context, surfactants are compounds that lower the surface tension
between two substances, typically a liquid and a solid or a liquid and a
gas. Their importance is based on their ability to enhance mixing,
emulsify substances, and stabilize interfaces [8]. When combined with
excipients, surfactants contribute significantly to enhance drug solubil-
ity, stability, and distribution. They assist in solubilizing poorly water-
soluble drugs by forming micelles that enhance absorption [9]. Surfac-
tants contribute to formulation stability by preventing clumping and
phase separation, although excessive use can lead to instability [10].
Moreover, surfactants aid in wetting solid particles, ensuring uniform
drug dispersion in dosage forms like tablets [9]. One such surfactant of
interest is cetyltrimethylammonium bromide (CTAB), a versatile com-
pound with multiple applications. It’s commonly used in cosmetics and
personal care products for its emulsifying and conditioning effects. In
the field of molecular biology, CTAB is crucial for DNA extraction, where
it helps to separate DNA from proteins and other cellular materials [11].
CTAB also plays a crucial part in material science. It’s employed in the
synthesis of nanoparticles and nanomaterials, where it acts as a stabi-
lizing agent to prevent particle aggregation [12]. In the realm of
chemistry, CTAB serves as a cationic surfactant in various reactions. It
can solubilize a wide range of compounds in its micellar structures,
aiding in chemical reactions and facilitating the formation of organized
assemblies [13]. Its unique properties make it valuable for applications
like the synthesis of thin films, templates for nanomaterials, and the
preparation of functional materials.

When analysing the interaction of lysozyme with a mixture of sur-
factants, their interplay has shown to have significant effects on the
enzyme’s structure, stability, activity and more specifically, on the
occurrence of synergistic binding effects. It has been attested that
cationic surfactants can induce the aggregation of lysozyme, leading to a
decrease in its enzymatic activity (i.e., inhibition). The consequences of
synergism in the context of the Gibbs free energy of binding for pro-
tein-ligand docking complexes can be significant and can be measured
by determining the combination index (CI) [14-17]. Due to the fact that
the Gibbs free energy of binding (AG) is a measure of the strength of the
interaction between the ligand and the receptor, then, when the syner-
gism occurs, the binding affinity of two ligands or drugs interacting at
the same biophysical environment of the protein is increased, resulting
in a more stable and higher binding affinity than if each ligand were
binding independently [17]. On the other hand, non-ionic surfactants
have been found to stabilize lysozyme and enhance its activity [18].
Several arguments could support the relevance and the necessity of
studying this problem as: i) the issue of improved stability of non-ionic
surfactants. Regarding the above, the catanionic addition could signifi-
cantly enhances the stability of lysozyme. The cited stabilization could
help to preserve the enzyme’s structure and function under different
conditions, such as changes in temperature, pH, or storage duration. ii)
Enhanced the enzymatic activity: some studies have revealed that the
presence of non-ionic surfactants can significantly enhance the catalytic
activity of lysozyme. Because these surfactants act as co-factors or
modulators that promote the enzymatic reaction, leading to increased
efficiency in lysozyme-mediated processes based on non-covalent in-
teractions. Besides, iii) the potential use to increase the solubility
properties of lysozyme. It is well known that lysozyme can have limited
solubility under certain conditions, which can affect its stability and
functionality. Non-ionic surfactants possess unique properties that can
enhance solubility, ensuring its availability for various applications and
experiments. Another relevant point is iv) improved bioavailability:
because the addition of non-ionic surfactants can enhance the
bioavailability of lysozyme in complex biological matrices. This could
allow for a better binding interaction and accessibility of lysozyme to
study its physiological substrates or endogenous molecules, resulting in
improved overall biochemical efficacy. Regarding v) the open problem
on the biomedical applications: the lysozyme is widely used in
biomedical applications, such as wound healing, antimicrobial
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therapies, and drug delivery systems. Therefore, a proper stabilization
and activity enhancement achieved through non-ionic surfactants could
contribute to the development of more efficient and reliable lysozyme-
based biomedical applications. Furthermore, vi) formulation optimiza-
tion and industrial enzyme applications, on this direction non-ionic
surfactants offer an opportunity to optimize lysozyme formulations,
particularly in pharmaceutical and biotechnological industries.

By identifying surfactants that provide enhanced stabilization and
activity, formulation scientists could design lysozyme-based products
with improved shelf life, efficacy, and bioavailability. As lysozyme finds
applications in various industrial processes, including food production,
preservation, and biofuel manufacture, then, the possible use of non-
ionic surfactants and the study of the mode of docking interaction
with lysozyme can potentially improve the stability and activity of
lysozyme in these industrial environments.

The aforementioned arguments demonstrate the significance of
studying this particular topic and the potential benefits that can arise
from investigating the binding interaction effects of non-ionic surfac-
tants on lysozyme stability and activity from the theoretical and
experimental point of view [19]. Consequentially, in the present work,
we address the study of the critical interplay between the mixture of
catanionic surfactant CTAB plus dicloxacillin and lysozyme through the
application of molecular docking simulation coupled with combination
index (CI) approach and tailored spectrofluorometric assays. As
exposed, the fundamental understanding on the interaction between
non-ionic surfactants (i.e., CTAB and dicloxacillin) and lysozyme can
provide valuable insights into the mechanisms of enzyme stabilization
and enhancement. This knowledge could significantly contribute to our
broader understanding of enzyme-surfactant interactions, opening up
possibilities for similar approaches in stabilizing and enhancing other
enzymes or proteins [20].

2. Materials and methods
2.1. Computational approach

2.1.1. Binding pockets predictions

Herein, ezPocket software was applied as an optimal approach to
detect the potential binding cavities of the lysozyme receptor stored
from the RCSB Protein Data Bank (PDB ID: 1HER). The binding pockets
prediction algorithm is based on Delaunay triangulation with weighted
points or fast Voronoi tessellation that analyzes the concave surface of
the enzyme to identify relevant binding pockets. The algorithms use a
grid-based approach to calculate the properties of the enzyme surface,
such as hydrophobicity, polarity, and shape. Once the software is run,
the detected junction cavities, the XYZ coordinates of the associated
cavities center and the cavity volumes are obtained and ranked. In
addition, all detected cavities are displayed in a 3D visualization win-
dow. Herein, four relevant binding pockets were obtained as volumetric
maps for the lysozyme receptor the specific three-dimensional discrete
space for setting the docking box simulations [21,22] for the cited
pockets were the following: i) pocket 1 grid box size with dimensions of
X=20A,Y=20A4,Z=20A and grid box center X = 3.27 A, Y = 24.19
A, Z =27.15 A&, with volume equal to 439.92 A%; pocket 2 grid box size
with dimensions of X = 20 A, Y =20 A, Z =20 A and grid box center X
=3.024,Y=23954, Z=30.74 A, with volume equal to 444.72 A3,
pocket 3 grid box size with dimensions of X = 20 ;\, Y =20 [o\, Z=20A
and grid box center X =-10.46 A, Y =30.31 }0\, Z=5.96 1°\, with volume
equal to 258.70 A3; and pocket 4 grid box size with dimensions of X = 20
A, Y=20A,Z=20A and grid box center X =-4.84A, Y=10.254,Z =
13.44 A, with volume equal to 356.28 A3,

2.1.2. Molecular docking

Molecular docking simulation was performed by using AMDock,
which is software specifically designed for the efficient prediction of
protein-ligand binding modes and affinities. The method used in
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AMDock is based on a combination of a genetic algorithm and a grid-
based approach. The initial step involves the preparation of the recep-
tor (i.e., lysozyme) and the ligand structures composing the binary
catanionic mixture as dicloxacillin (PubChem CID: 18381; MW: 470.3 g/
mol) and hexadecyltrimethylammonium bromide — CTAB (PubChem
CID: 5974; MW: 364.4 g/mol).

The crystallographic lysozyme structure is set by removing any un-
wanted co-crystalized ligand and/or water molecules, and the ligands
structures belonging to the mixture were prepared by assigning Gas-
teiger charges and optimizing geometries. The AMDock algorithm then
utilizes a hybrid scoring function that combines different energy force
field terms to evaluate the binding affinity of the ligand in different
orientations and conformations. To search for the optimal binding mode
for the isolated ligands and the binary mixture, AMDock employs a hi-
erarchical docking protocol that starts with a coarse-grained search
using an FFT-based method followed by a refinement stage using a
Monte Carlo algorithm. The predicted binding modes and affinities are
further analyzed and validated using different post-docking analysis
tools [23].

2.1.3. Mixture combination index (CI) analysis

The mixture combination index (CI) method was proposed to
determine the combined binding interaction between a mixture of cat-
anionic CTAB plus dicloxacillin with every lysozyme binging pocket
(from 1 to 4). In the context of this computational study, this approach is
supported by the principle that two ligand or drugs present synergistic
binding affinity if their combined binding effect is greater than the sum
of their individual effects, and antagonistic binding affinity if their
combined effect is less than the sum of their individual effects. To
determine the CI values, we need to test different theoretical concen-
trations of each drug alone and in combination and measure the binding
effect of the combination in the corresponding lysozyme binding
pockets. In this scenario, based on the theoretical docking simulation
data, it is possible to calculate the CI for each catanionic ligand com-
bination using the following equation:

CCTAB CDiz‘loxaciIIine

Vi _ CCTABCDiclaxaoilline 1
C (CTAB—Dicloxacillin) — ( )

C[_ CTAB C[_Diclo,m/:i[[ine C[_ CTAB C[_lewmc[ll[ne

where Ccrap and Cpicloxacilline are the theoretical concentrations of CTAB
and Dicloxacillin in the catanionic mixture-based combination, respec-
tively, and G; cras and C; picloxacillin are the theoretical concentrations of
CTAB and dicloxacillin that produce the same effect when used indi-
vidually. The CI(craB-picloxacilliny Value ranges from <1 to >1, where
values < 1 indicate synergistic binding effect, values = 1 indicate ad-
ditive binding effect, and values > 1 indicate antagonistic binding effect.
The resulting plot is called theoretical isobologram, and it allows us to
visualize the nature and degree of the ligand interaction under combi-
nation conditions as in the presence of mixtures.

2.2. Experimental validation

2.2.1. Reagents

Hexadecyltrimethylammonium bromide (CTAB, 99%, ref. n.
H5882), sodium dicloxacillin [3 - (2,6 - dichlorophenyl) — 5 — methyl - 4
- Isoxazolyl penicillin] (ref. n. D9016) and lysozyme from chicken egg
white (lyophilized power, protein > 90%, >40,000 units/mg, ref. n.
L6876) were purchased from Sigma-Aldrich and used without further
purification. Samples were freshly prepared for each experiment within
1 h. prior to usage. Solutions were made using triple-distilled and
degassed water.

2.2.2. UV-vis absorption spectra

UV-vis absorption spectra were measured using a Cary 100 Bio
UV-Vis Spectrophotometer, with a spectral range of 225 — 400 nm. A
reference solution of lysozyme in aqueous solution at a concentration of
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1 mg/mlL, equivalent to 0.07 mM, was used for the UV measurements.
To analyse the influence each compound had in the absorbance alone,
solutions containing pure dicloxacillin and CTAB were added at
increasing concentrations, ranging from 0.083 mM to 0.83 mM, while
maintaining the lysozyme concentration constant. Also, mixtures of
equal concentrations of both ligands were added to the 0.07 mM solu-
tion of the protein. The UV data acquisition was repeated twice for each
system to ensure accuracy and minimize the possibility of error or
misrepresentation. The replicates showed no significant variation, and
the data presented represents the mean value of the two results.

2.2.3. Fluorescence emission spectra

Fluorescence emission spectra were recorded using a Cary Eclipse
spectrofluorometer with excitation and emission slits set at 5 nm. The
data were acquired at a 0.5 nm interval with an average duration of 0.5
s. The excitation wavelength was maintained at 280 nm and the inter-
action study was performed over the range of 250-550 nm. Inner filter
effects were adjusted to prevent erroneous results during the quenching
experiments using the expression F; = Fgp, x 10[(AectAm)/2] where
Feorr and Fg,s represent the observed and corrected fluorescence in-
tensities, respectively, and A, and A, are the absorptions of the sys-
tems at the excitation and emission wavelengths. The data were
processed using UV-Vis-IR Spectral Software (FluorTools) [24]. To
inspect the fluorescence spectra of the Lysozyme-catanionic compound
complexes, a similar procedure was followed as in the UV-vis analysis,
first adding each ligand alone and then the catanionic mixture. The
measurements were taken at various concentrations, ranging from
0.083 mM to 0.83 mM.

2.2.4. Circular Dichroism (CD)

The Far-UV circular dichroism (CD) spectra were collected using a
JASCO-715 automatic recording spectropolarimeter (Japan) equipped
with a JASCO PTC-343 Peltier-type thermostated cell holder. Quartz
cuvettes with a pathlength of 0.2 cm were used. CD spectra were
recorded from 190 to 280 nm for pure protein and ligands solutions. The
protein concentration was 1 mg/mlL, equivalent to 0.07 mM, and a
mixture of dicloxacillin and CTAB was added at increasing concentra-
tions ranged from 0.83 to 4.2 mM for both compounds. The instrument
settings comprised a resolution of 1 nm, bandwidth of 1 nm, sensitivity
of 50 mdeg, response time of 8 s, accumulation of 3, and scan rate of 50
nm/min. Corresponding absorbance contribution of doubly distilled
water was subtracted using the same instrumental parameters. The data
were expressed as molar ellipticity, calculated as [0]; = 6,M;/ncl, where
M, is the molecular mass of the protein, n is the number of residues, c is
the protein concentration, 1 is the path length of the cell, and 6, is the
ellipticity at a wavelength A given by the instrument. The measured CD
curves represent a combination of the individual spectra of a-helix,
B-sheet, B-turn, and randomly coiled conformations. The secondary
structure content was analysed using the Dichroweb program and the
CONTIN algorithm.

3. Results and discussion
3.1. Computational characterization

3.1.1. Molecular docking on lysozyme interacting with catanionic
surfactants

Overall, binding site prediction tends to be a complex and chal-
lenging problem, and different methods and approaches may be
appropriate depending on the specific application and target molecule.
Herein, computational prediction of relevant binding sites of lysozyme
was performed by using ezPocket tool, providing us with a total of four
possible pockets distributed over the whole surface of the protein. The
ezPocket tool is a widely used software for the prediction of binding sites
on protein modeling, based on the principle of identification of concave
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cavities that can potentially bind ligands (i.e., CTAB and dicloxacillin)
and exclusion of convex ones in the protein structure (i.e., lysozyme) by
taking into account the shape and size of the enzyme, Fig. 1.

This result is quite reasonable, since lysozyme is a compact globular
protein composed of a single polypeptide chain that folds into a series of
secondary structures. In addition to its compact shape, lysozyme is also
stabilized by several intramolecular interactions, including hydrogen
bonds, van der Waals interactions, and disulfide bonds. These in-
teractions help to maintain the protein’s tertiary structure and ensure its
stability under a wide range of pH and temperature conditions and al-
lows the protein to interact specifically with its physiological substrates
[25] or and efficiently allow the coupling of a wide variety of ligands (i.
e., CTAB and dicloxacillin).

The ICs is a measure of the concentration at which a substrate or
ligand displays 50% of its maximum inhibitory effect in a given target,
and it is commonly used to characterize biochemical process. It is also a
significant indicator of potency for a particular agent in pharmacology
and is conventionally denoted as a molar concentration. It can be used to
evaluate the effectiveness of a ligand (i.e., CTAB and dicloxacillin) in
binding to a specific binding pocket (i.e., lysozyme). In order to un-
derstand the possible synergies or antagonism response (i.e., AG docking
affinity) for the evaluated catanionic system, we have estimated the ICsq
values of the binary mixture formed by CTAB plus dicloxacillin within
the previously predicted binding pockets of lysozyme, Fig. 2. In this
context, the ICso value represents the theoretical concentration at which
CTAB (or dicloxacillin) exerts the half of its maximal interaction
response (i.e., AG docking affinity). This value is typically in used in
Pharmacology or Toxicology to determine the degree or potency of the
assessed biochemical response [26-30].

Herein, we theoretically suggest that conformational changes in the
lysozyme structure potentially induced by dicloxacillin molecule could
significantly reduce the binding affinity of CTAB molecule for the
lysozyme. This finding implies that the combination of the mixture as
specific inhibitors could have unexpected consequences on the lysozyme

A)

Pocket 1

Lysozyme

Pocket 3

Lysozyme
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modulation. In this context, because of the presence of negative response
values for the AG binding affinity, it is often desirable to analytically
restrict the sigmoidal regression curves (“S”-shaped curve) into a three
parameter logistic models (maximum AG binding affinity, Hill coeffi-
cient, C; that represents a given concentration value associated with
each conformational binding pose in the lysozyme pockets from 1 to 4)
which can be used to calculate the ICsy value from the logistic dos-
e-response equation:

In the present study, the Hill coefficients were obtained to evaluate
the type of interactions of the CTAB and dicloxaxillin in every lysozyme
binding pocket and it provided relevant information on the analysis of
the obtained dose-response curves. The corresponding values-based on
the Hill coefficients were negatives for both ligands in overall lysozyme
pockets in order as (#CTAB, #Dicloxacillin): Hill coefficient_pocket 1
(-38.6618, —17.7489), Hill coefficient_pocket 2 (-80.1001, —26.6671),
Hill coefficient_pocket 3 (-17.9674, —8.2722), Hill coefficient_pocket 4
(-25.1255, —12.4014).

From the mechanistic point of view, a negative Hill coefficient in-
dicates a negative cooperative binding behavior within the evaluated
lysozyme binding sites, indicating that the binding of one molecule (i.e.,
CTAB or/and dicloxacillin) inhibits or antagonize the binding of other
molecules. Otherwise (i.e., negative Hill coefficient), indicates positive
cooperative of binding, which occurs when the binding of a given
molecule increases by means of synergistic effects on the binding to
others. From the thermodynamics point of view, in the current study,
clearly, the dicloxacillin molecule shows more binding affinity than the
CTAB molecules, based on the more negative values obtained for the
affinity AG values from the formed complexes in all the lysozyme
binding pockets. Besides, this fact is in accordance with the lower ICsq
values obtained for dicloxacillin compared to CTAB for every pocket,
Fig. 2. In this case, is theoretically suggested that the Dicloxacillin
molecules can accommodate in a more efficient conformational way that
the CTAB molecules in a smaller range of millimolar concentrations to
induce the lysozyme inhibition. Furthermore, it is so interesting that,

Pocket 2

Pocket 4

Lysozyme

Fig. 1. Representation of the 3D-crystallographic structure of the lysozyme with the associated binding pockets and related position within the whole lysozyme as
van der Waals representation. A) Binding pocket 1, B) binding pocket 2, C) binding pocket 3, binding pocket 4. In the right-side of each panel a zoom was performed

in order to show the different 3D-crystallographic surface of each binding side.



R. Rial et al.

A)
017
085, |
7] |
255 |
34 |
425 |
s1) |

-5.95 |

Lysozyme pocket 1

e CTAB eDicloxacillin

AG (kcal/mol)y

IC5, = 0.5737mM

\ ICs) = 0.0003 mM

- |
6.8 . -
-7.65 U

0.001 0.01 0.1 1 10

Concentration (mM)

e CTAB eDicloxacillin Lysozyme pocket3

L)
IC5, = 1.2833mM

AG (kcal/mol)y

ICsy = 0.0028 mM
2 s

0.01 0.1 1 10
Concentration (mM)

Journal of Molecular Liquids 390 (2023) 123121

B) e CTAB eDicloxacillin
0 T
-0.85 - ‘

17 - { N

Lysozyme pocket2

-2.55 - |
34 |

425
51 |
595 | 1C =0.002 mM
L]
-6.8 - ‘l "]
-7.65 * ;
0.001 0.01 0.1 1 10

Concentration (mM)

AG (kcal/mol)

IC5y = 0.6069 mM

e CTAB eDicloxacillin

0 \\
-0.65 - \

Lysozyme pocket 4

AG (kcal/mol)y

| 1C5=0.0398 mM

IC5y=0.6016 mM

Y .
0.1 1 10
Concentration (mM)

Fig. 2. Graphical results of the sigmoidal shape curves of docking affinity AG (kcal/mol) vs. concentrations (mM) obtained from the binding interactions of the
catanionic surfactants with the predicted lysozyme binding pockets. Herein, the ICso values were theoretically estimated for each dose-response curves in all the
cases by highlighting with color-labels both ligands as CTAB (labelled-blue) and dicloxacillin (Iabelled-red). In addition, the best crystallographic binding poses as
docking complexes were represented in each lysozyme pocket (labelled-green van der Waals regions) as: A) CTAB plus dicloxacillin within the pocket 1, B) CTAB plus
dicloxacillin within the pocket 2, C) CTAB plus dicloxacillin within the pocket 3, D) CTAB plus dicloxacillin within the pocket 4. Overall results of ICs, values and
shape of dose-response curves were obtained by using Quest Graph™ ICs, calculator.

despite the more negative values of the Hill coefficient for the CTAB
molecules compared with the dicloxacillin ones, the binding effect of the
dicloxacillin appears to be stronger than CTAB; suggesting the influence
of more diversity of docking interactions across the different pockets
evaluated, which could contribute to confer more binding stability for
the formed docking complex.

Particularly, the binding affinity found under mixture regimen could
be strongly influenced by different factors as: i) the evaluated concen-
tration range of the CTAB plus dicloxacillin evaluated, ii) the mixture
combination index (CI), and iii) the different amino-acid composition
and molecular architecture of the lysozyme pockets. In this regard, it
could be plausible the appearance of mechanisms-based on synergistic
binding effects simultaneously coexisting with antagonistic binding ef-
fects within the same lysozyme pocket. This fact can be properly studied
by determining the mentioned combination index (CI) for each lysozyme
binding pockets (1 to 4). Specifically, a CI value equal to 1 indicates an
additive effect, where the combination of ligands (CTAB and diclox-
acillin) produces an effect that is equivalent to the sum of the effects of
each drug alone. A CI value of less than 1 indicates synergy, where the
combination of drugs produces an effect that is greater than the sum of
the effects of each drug alone. On the other hand, a CI value greater than
1 indicates antagonism, where the combination of drugs produces an
effect that is less than the sum of the effects of each drug alone. With this
aim, the evaluation criterion combination index (CI) in the four simu-
lated conditions by considering the four predictive lysozyme pockets
from 1 to 4 was evaluated, (Fig. 3).

In this case, the results of theoretical 2D-isobolograms between
CTAB and dicloxacillin correspond to a graphical representation of the
interaction between the catanionic surfactant under combination with
the lysozyme pockets. The 2D-plots show the concentration ratios of
both ligands that produce a specific effect (usually expressed as the
fraction affected) when used in combination, against the corresponding
concentrations of each ligand that produce the same effect when used

alone. The 2D-isobolograms represented above were generated by
plotting the theoretical data points on the graph with the x-axis repre-
senting the log-concentration of CTAB and the y-axis representing the
log-concentration of dicloxacillin.

In this regard, we could strongly suggest the presence of both binding
behavior for the mixture of catanionic surfactant interacting with the
different binding pockets. As depicted in the Fig. 3, labeled-blue region
(CI(cTAB-Dicloxacillin) < 1) corresponds to synergistic binding effects while
labeled-red region (CI(craB-Dicloxacillin) > 1) corresponds to antagonistic
binding effects. Following this idea, a predominance of synergistic
binding effects for the lysozyme binding pockets 1, 2 and 4 were iden-
tified, with the exception of the pocket 3 where a greater tendency to the
appearance of antagonism-based mechanisms with combination indexes
CI(cTaB-Dicloxacillin) > 1 were detected for the different log-concentration
evaluated. It is important to note that for the lysozyme pocket 4, the
relative synergistic binding effect could be attenuated and/or disappear
depending on the concentration range of the combinations evaluated for
CTAB plus dicloxacillin in the mixture.

This theoretical evidence strongly implies that the architecture of the
lysozyme pocket could affect the interactions when analyzing binary or
complex mixtures. The definition of synergistic binding effects from the
pharmacodynamics point of view, refers to a situation where CTAB plus
dicloxacillin work together in a way that their combined or cooperative
effect is greater than the sum of their individual effects. This fact means
that the binding affinity of CTAB plus dicloxacillin is enhanced, resulting
in an overall increase of the docking affinity in certain regions of the
lysozyme receptor.

Theoretically, it is possible to find the three different types of syn-
ergistic binding effects under the interaction with the mixture of the
catanionic surfactant with lysozyme as: i) additive synergism when the
binding effect of two ligands taken together is equal to the sum of their
individual effects: AG(craB-Dicloxacilling = AG [CTAB-Lysozyme] + AG
[Dicloxacillin-Lysozyme], ii) Potentiative synergism, which occurs
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Fig. 3. Graphical representation of the theoretical 2D-isobolograms between CTAB and dicloxacillin under combination for each lysozyme binding pocket (from 1 to
4). Herein, the intensity bar color in the right-side of each isobolograms is to represent the combination index of the binary catanionic mixture as labeled-blue region
(CI(cTAB-Dicloxacilliny < 1) corresponds to synergistic binding effects while labeled-red region (CI(crap-picloxacilliny > 1) corresponds to antagonistic binding effects.

when one ligand or drug (i.e., CTAB) enhances the binding effect of
another drug (i.e., Dicloxacillin) as AG(a*g) = AG [CTAB-Lysozyme] *
AG [Dicloxacillin-Lysozymel], iii) Supra-additive synergism when the
binding effect of two ligands taken together (mixture CTAB plus
Dicloxacillin) is greater than the sum of their individual effects AGgypra
> AG [CTAB-Lysozyme] + AG [Dicloxacillin-Lysozyme]. To address this
point, in the present study, an exhaustive computational exploration of
the potential synergistic binding effect of CTAB and dicloxacillin was
carried out under interaction with lysozyme.

In the context of protein-ligand interactions, synergism can have
several consequences, both positive and negative [31-34]. Positive
consequences of synergism in protein-ligand interactions include: i)
increased binding affinity based on synergistic interactions between a
protein and a ligand can lead to an increase in their affinity for each
other, meaning that the ligand binds more tightly to the protein. This
can lead to a stronger biological effect or therapeutic benefit. Increased
selectivity based on synergistic interactions could lead to potential
toxicity, meaning that the ligand binds preferentially to a specific pro-
tein over other proteins in the body. This can lead to a more targeted and
effective treatment with fewer side effects. ii) Synergistic binding in-
teractions of two compounds with a given allosteric site could affect the
resulting global effect by allosteric modulation mainly triggered by the
ligand with the best binding affinity. On the other hand, negative con-
sequences of synergism in protein-ligand interactions include: iii)
overdosing associated to synergistic interactions can lead to a greater

biological effect than expected based on the concentration of the ligand
alone. iv) In opposition, antagonistic binding interactions can lead to
toxic effects or adverse reactions by competitive binding, where two or
more ligands bind to the same site on a protein, reducing the effec-
tiveness of each ligand. This effect could lead to reduced therapeutic
benefit or the need for higher doses. Finally, there are the off-target
effects based on synergistic interactions, where the ligand binds to un-
intended proteins, leading to undesired adverse or toxic effects.

In brief, while synergistic interactions between proteins and ligands
can have positive consequences such as increased affinity, selectivity,
and allosteric modulation, they can also have negative consequences
such as overdosing, competitive binding, and off-target effects. There-
fore, it is of high importance to understand the potential effects of
different ligands. As we can clearly note, the antagonistic binding effects
of the mixture of catanionic surfactant points to be more significant for
the lysozyme binding pockets 3 followed by the pocket 4 (for certain
ranges of CTAB plus dicloxacillin mixture concentration) with an
observed predominance of labeled-red region (CI(cTAB-Dicloxacillin) > 1) in
the theoretical 2D-isobolograms (Fig. 3, panels C and D).

3.2. Experimental validation

3.2.1. Spectroscopic analysis
To validate the computational results, a spectroscopic analysis was
carried out by examining the spectral curves under different conditions
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and concentrations. It can be determined whether a complex is formed
and, also, observe any structural changes that may occur due to the
formation of new structures [35]. Specifically, lysozyme has two main
absorption bands. The stronger one, between 200 and 230 nm, is caused
by the n-n* electronic transitions of the peptide backbone C=0 and
represents the conformation of the lysozyme framework. The weaker
band, between 260 and 290 nm, is caused by the absorption of aromatic
amino acids and reflects the changes in the chromophore microenvi-
ronment [36,37]. The three aromatic amino acids present in lysozyme -
tyrosine, phenylalanine, and tryptophan - are the main contributors to
this absorption peak. Tryptophan has the strongest contribution among
the three and results in a peak at 278 nm. In this particular situation, as
both CTAB and dicloxacillin have a maximum absorption peak near that
specific wavelength, Fig. 4 b) and c), spectra were corrected making the
equivalent subtractions to evaluate the influence the interaction has in
the final complex, Fig. 4 a). As detected, the absorption spectrum of
lysozyme is affected by the presence of the mixture of both ligands
together. At 298 K, and upon complexation with the catanionic complex,
the 278 nm band of lysozyme suffers a reduction in its maximum value,
suggesting a decrease in hydrophobicity and an increase in polarity
[37]. Additionally, another potential cause for the hypochromism could
be attributed to the n-r stacking interaction between the phenyl rings of
amino acid residues and the aromatic ring present in the dicloxacillin
molecule [6], combining hydrophobic forces with charge transfer.
Aside from UV-Vis, fluorescence spectroscopy is one of the most
sensitive and trustworthy techniques for examining supramolecular
host-guest interactions and to provide further information about the
molecular interactions [38]. It uses the change in fluorescence spectra of
the guest to evaluate the interaction qualitatively and quantitatively. As
shown in Fig. 5 b), the presence of dicloxacillin promotes the quenching
of lysozyme fluorescence and the red shift in the highest emission
wavelength suggests a change in the Trp and Tyr residues’ surroundings,
suiting the solvent to a more polar, less hydrophobic, fluorophore
environment [39]. Similarly, the addition of CTAB also results in a
bathochromic effect on fluorescence, but in this case, the fluorescence
intensity increases regularly on interaction. This enhancing fluorescence
tendency has been already observed in similar systems involving the use
of this surfactant as a ligand agent [40,41]. At a wavelength of 280 nm,
both tryptophan and tyrosine residues of the protein can become
excited, providing information on global changes in the system [42].
The fluorescence emission of lysozyme without CTAB was highest at a
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Fig. 4. a) UV absorption spectra of Lysozyme (Ciysozyme = 0.07 mM) in the
absence and presence of the ligands CTAB/Diclox combined. b) UV absorption
spectra of increasing concentrations of Cloxacillin. ¢) UV absorption spectra of
increasing concentrations of CTAB. Cpjcox = Ccrap = (0.083, 0.166, 0.250,
0.330, 0.416, 0.500, 0.580, 0.660, 0.750, 0.830) mM.
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Fig. 5. A) fluorescence emission spectra of lysozyme (Cpysozyme = 0.07 mM) in
the absence and presence of the ligands Dicloxacillin and CTAB combined. b)
Fluorescence emission spectra of increasing concentrations of Cloxacillin. c)
Fluorescence emission spectra of increasing concentrations of CTAB. d)
Maximum intensity variation as a function of the concentration of the ligand
added. Cpicloxacinin = Ccras = (0.083, 0.166, 0.250, 0.330, 0.416, 0.500, 0.580,
0.660, 0.750, 0.830 mM.

wavelength of 341 nm after being excited at 280 nm. The change in the
maximum wavelength with different concentrations of CTAB was
examined, Fig. 5 ¢). After the addition of CTAB, a meaningful change in
both fluorescence intensity and maximum wavelength was observed. As
illustrated in the graph, the fluorescence intensity was affected in a dose-
dependent manner with a red shift in the maximum wavelength for the
different concentrations of CTAB, indicating exposure of fluorophores to
the environment. The interaction of CTAB with lysozyme resulted in a
high increase in fluorescence intensity, even reaching the saturation of
the system, and a shift in maximum wavelength due to the unfolding of
the protein tertiary structure caused by weak electrostatic and strong
hydrophobic interactions. Similar unfolding behaviour of a-chymo-
trypsin has also been observed when combined with this surfactant [41].
Lysozyme is positively charged due to the presence of 17 protonated
basic residues and 9 deprotonated acidic residues, and CTAB is also
positively charged, so only weak electrostatic interactions were evalu-
ated [43].

To gain a better understanding of the molecular interactions occur-
ring in the studied biochemical systems, fluorescence quenching was
further inspected. Quenching is the process by which the intensity of a
fluorophore’s fluorescence decreases due to various chemical in-
teractions with quencher molecules. There are three types of quenching
processes that can occur when a fluorophore is paired with a ligand:
collisional, static, and mixed processes. Collisional quenching occurs
when an excited state fluorophore is neutralized by a quencher through
molecular collision. Static quenching involves the formation of a ground
state non-fluorescent complexation without relying on diffusion and
molecular collision. Finally, mixed quenching is caused by both collision
and complex formation with the same quencher. To determine the
corresponding mechanism, the Stern-Volmer equation is typically used
[44].

Fo/F = 1+K,[0] = 1 +k,70[0] 3)

where Fy and F represent the fluorescence intensities in the absence and
presence of the quencher, respectively. K, is the Stern-Volmer
quenching constant, which can be used to determine the quenching
mechanism. The biomolecular quenching constant, kg, is a measure of
the rate at which the quencher interacts with the fluorophore. The
excited state lifetime of the biomolecule in the absence of the quencher,
To, is an important parameter for calculating the quenching efficiency.
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The value of 1 is typically determined experimentally and is dependent
on the specific fluorophore being studied. In the case of lysozyme, it is
assumed that the value for its excited state lifetime is 5.9 x 10~° s [45].

Fig. 6 shows a Stern-Volmer plot of Fo/F against [Q]. For purely
dynamic (K = 0) or purely static (k = 0) quenching, the plot is linear,
while combined quenching (Eq. (4) results in an upward curvature [46].
In this case, at higher concentrations the plot deviates significantly from
linearity, indicating a coexistence of interactions between lysozyme and
dicloxacillin in both the ground and first excited single states, corre-
sponding to static and dynamic quenching, respectively. Thus, consid-
ering the product of static and dynamic quenching, the intensity ratio
Fo/F can be more accurately described by the equation:

Fo/F = (14 Ks[Q])(1+Kp[Q]) = 1+ (Kp + K5)[Q] + (KnKs)[Q] “

The dynamic and static quenching constants are represented by Kg
and Kp, respectively. In Fig. 6 a), it can be observed that, at high
quencher concentrations, the Stern-Volmer plot shows a continuous
ascending curve. A quadratic least square fit was found to be appropriate
in this case, with a correlation constant close to 1 (R2 = 0.998). How-
ever, at lower concentrations of the drug, Cpicloxacillin < 5-CLysozyme, the
results show a good linear relationship (R2 > 0.99). The Kgy obtained
from the slope at low concentrations and 298 Kgy was (18.36 + 0.09) x
10% L mol™}, and it has been already proved that it decreases with
increasing temperature [6]. In case of the mixed ligands, the slope of the
plot, is equal to (7.25 + 0.04) x 10% L mol™!, which corresponds to a
quenching constant (kq) of (12.88 & 0.07) x 10 M1 57!, By analysing
this condition and the measured values of kg, we can identify the
mechanism in the interaction between proteins and ligands. When the
interaction is mostly controlled by diffusion, the values of kq for dy-
namic quenching are typically in the range of 1 x 10'® M1 s7. If the
values are greater than the diffusion-controlled limit, then the quench-
ing type is static. For CTAB/Dicloxacillin and lysozyme, the quenching
rate constant at 25 °C is about 10 times the maximum diffusion rate
limit. Therefore, it can be concluded that the interaction is a static
quenching process resulting from the formation of a complex.

To determine the binding parameters, such as the number of binding
sites (n) and the association constant (kp), a non-fluorescent complex
was assumed to exist between the protein and the ligands. Thus, for the
binding interactions, an equilibrium could be presumed, which is
described by the following equation:

P+nL=P—L, 5)
where n is the number of binding sites, P and L are the protein and ligand
concentrations. So, the equilibrium constant can be obtained from:
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[P — L,] is the equilibrium concentration. Considering that the com-
plex and drug are non-fluorescent, it can be assumed:

[Ply =k x Fy, 7)
[P)]=kxF (8)
[Z] = [L], —n[P - L,] C)

[P], is the total concentration of protein (0.07 mM) and [L], the
concentration of the ligands. Then:

PP

= I, — (1P, — 17D Y
log [P]f’é]m = logky +nlog {[L], —n([P], — [P)) } an
10gFOT;F = logky +n~10g{mo - "W;*%F) } (12

where Fg and F are the same as in Eq. (3).

Analysing the experimental data, the average number of binding
sites (n) in both systems is close to 1 with the complex lysozyme -
dicloxacillin exhibiting a value of 1.49 + 0.01 while the catanionic
complex lysozyme — CTAB/Dicloxacillin resulted in 0.89 + 0.01 (see
Table 1). This suggests the presence of a predominant binding site for
dicloxacillin that is “hampered” by the addition of the CTAB as a
competitive ligand. These results are in well accordance with the ones
obtained theoretically as the computational results obtained from the
docking simulations suggest that the affinity of the cationic surfactant
mixture on lysozyme follows the order of binding affinity strength as
pocket 1 > pocket 2 > pocket 3 > pocket 4. Additionally, the binding
affinity of Dicloxacillin, as an inhibitor, was associated with lower
values of ICsq (half-maximal inhibitory concentration) when interacting
with the different lysozyme pockets evaluated, following the same order
of binding affinity as pocket 1 > pocket 2 > pocket 3 > pocket 4.

Table 1
Stern-Volmer quenching constants and binding parameters for the interaction of
lysozyme with Dicloxacillin and the mixture CTAB/Dicloxacillin at 298 K.

Evaluated Stern-Volmer constants Binding parameters
t

systems 102Ksy  10°kq R n 10°Ky R

(mol 1) (mol ! (mol )
s’l)

Diclox 18.36 + 3112 + 0.997 1.49 24.45 + 0.984
0.09 0.13 +0.01 0.03

CTAB/Diclox 7.25 + 12.88 & 0.997  0.89 0.31 + 0.984
0.04 0.07 + 0.01 0.02

1.0{ = CTAB/Diclox
@ Diclox
0.51
y=149x +4.39
R? = 0.9839
0.01
-0.51 y=0.89 x +2.49
R? = 0.9842
-1.0

425 -4.00 -3.75 -3.50 -3.25 -3.00
log ([Dol-n[Po](Fo-F)/Fo)

Fig. 6. (a) Stern-Volmer plots for the quenching of Lysozyme by Diclox (o) and CTAB and Diclox combined (l. (b) Plots of log[(Fo-F)/F] vs log{ D, 7nW} of

Diclox (o) and CTAB and Diclox combined (). Crysozyme = 0.07 mM.
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Interestingly, the presence of CTAB, seemed to modulate these in-
teractions. The concentration of CTAB at the active site of lysozyme
appeared to play a key role in determining whether a synergistic (ad-
ditive effect) or competitive antagonistic mechanism was observed,
depending on the evaluated concentration. Reinforcing the idea that, the
interaction between CTAB and dicloxacillin in the lysozyme binding
pockets can significantly modulate the negative cooperativity in their
binding behaviour.

Furthermore, the binding constant for dicloxacillin is in the order of
10* and this value decreases to the order of 10° in the mixed system.
These binding values strongly suggest that the affinity of the drug to-
wards the biomacromolecule is moderate and once again, the results
indicate that CTAB may exhibit a broader range of functions, while
dicloxacillin may have a more specific and influential role. Upon anal-
ysis of the data, it becomes clear that the potency of dicloxacillin as a
ligand for lysozyme significantly surpasses that of CTAB, which is clearly
in line with the analysis of the results presented for the ICsy value.
highlighting its higher potency in inducing lysozyme inhibition.

By the other hand, the energy transfer provided a more compre-
hensive understanding of the interaction. Fluorescence energy transfer
(FRET) has been extensively utilized in researching protein-ligand in-
teractions and changes in protein conformation upon ligand binding. It
is a non-destructive spectroscopic approach which can be explained
through classical physics, where excitation energy is transferred non-
radioactively from the donor molecule (lysozyme) in the excited state
to the acceptor molecule(s) in the ground state. Donor molecules usually
emit at shorter wavelengths that overlap with the acceptor’s absorption
spectrum. In the present case, lysozyme fluorescence spectra changes
after interacting with ligands reveal that energy transfer occurs between
both ligands and the protein. The efficiency of the energy transfer is a
good indicator to estimate the distance between the Trp residues in the
protein and the ligand [47]. Commonly, the energy transfer occurs when
the following requirements are met: (1) the donor emits fluorescent
light; (2) the acceptor’s UV absorbance spectrum and the donor’s fluo-
rescence emission spectrum overlap; and (3) the distance between the
donor and the acceptor is less than 7 nm [47]. According to Forster’s
theory, the efficiency of energy transfer (E) can be calculated using the
following expression:

E=1—(F/Fy) =R/ (RS +1°) 13)

F is the fluorescence intensity of lysozyme in presence of ligands
while Fy corresponds to the intensities of the protein alone, r is the
binding distance between donor and receptor and Ry is the critical en-
ergy transfer distance, at which 50 % of the excitation energy is trans-
ferred to the acceptor. This parameter can be calculated from the
following expression:

RS =879 x 107%K°n* @] a4

K? denotes the spatial orientation factor between the donor and
acceptor dipoles, n represents the refractive index of the medium, @ is
the fluorescence quantum yield of the donor, and J is the spectral
overlap between the donor (Lysozyme) emission spectrum and the
acceptor (beta-blocker drugs) absorption spectrum. When calculating
Ro, the dipole orientation factor is the most imprecise parameter, with a
potential range of values from 0 to 4. However, assuming that both the
protein and the ligands are rapidly tumbling and can assume any
orientation, K2 is taken as 2/3. The refractive index of water, 1.333, is
used for n, and @ is assumed to be 0.15, corresponding to the fluores-
cence quantum yield of tryptophan. Finally, the spectral overlap can be
determined by:

I F(2)e(2)a*da

7= JEF()da

(15)

F()) is the fluorescence intensity of the donor at a given wavelength
A, and €(1) is the molar absorption coefficient of the acceptor at
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wavelength A.

Accordingly, the overlap curves obtained are presented in Fig. 7. and
the corresponding FRET values are listed in Table 2. The catanionic
system exhibited a value of the binding distance between donor and
receptor, r, within the range of 2-8 nm. Additionally, the conditions of
0.5Rp < r < 1.5R¢ strongly suggest that energy transfer from Lysozyme
to the ligands is highly probable and supports the presence of non-
radiative energy, indicating that the most excited elements could
decay to the ground state [44]. Additionally, these findings further
reinforce the previously demonstrated fact that the fluorescence mech-
anisms involved are predominantly of the static type (see Fig. 8).

3.2.2. Circular Dichroism

The far-UV Circular Dichroism is a commonly used method to
determine the a-helix and f-sheet secondary structure elements in pro-
teins, which can provide information about their conformational
changes [43,48]. In this study, the effect of CTAB and Dicloxacillin on
the secondary structure of lysozyme was investigated using far-UV CD
spectroscopy. The results showed that upon addition of different con-
centrations of the mixture CTAB/Dicloxacillin, ranging from 0.83 to 4.2
mM, the shape of the minima significantly changed and the negative
ellipticity pointedly decreased, indicating a decrease in the secondary
structure of lysozyme [49]. CONTIN algorithm was used to calculate the
total percentage of o — Helix structure change, and the results are pre-
sented in Table 3.

These findings indicate that the mixture CTAB/Diclox had a notable
impact on the secondary structure of the protein. It is worth noting that
positively charged surfactants, such as CTAB, can interact with nega-
tively charged residues like Glu and Asp in lysozyme through both weak
electrostatic and strong hydrophobic interactions, strengthening the
hypothesis presented in the fluorescence analysis. The stabilization ef-
fect of CTAB on the secondary structure of lysozyme was mostly
attributed to the weak electrostatic interactions, which was confirmed
by Gospodarczyk et al. [50]. The decrease in total a-helical content in
the presence of CTAB was likely due to the hydrophobic linkage between
the hydrophobic chains of CTAB and non-polar residues of lysozyme
[51].

4. Conclusions

In the present study the interaction between CTAB and dicloxacillin
with lysozyme was addressed by combining structure-based approaches
with spectroflorimetric validation to reveal underlying binding mecha-
nisms of the catanionic mixture. The performed ezPocket method effi-
ciently predicted the best-ranked lysozyme binding site (pocket 1),
improving the understanding of docking interaction for the CTAB-
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Fig. 7. The overlap of fluorescence emission spectrum (J(A), grey area) of
Lysozyme (dotted line) and absorption spectrum of the mixture CTAB/Diclox
(continuous line). T = 298 K. Cpysozyme = 0.07 mM, Ccrap = Cpiclox = 0.35 mM.
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Table 2
Fluorescence resonance energy transfer (FRET) results of lysozyme with CTAB/
Diclox.

Evaluated system FRET parameters
J (M’1 em ! nm4) Ro (A) r (nm)
CTAB/Diclox 4.468 x 10'? 17.11 2.05
5000y
§ -2 o
5
% -5000+1 0
-5 -10000+ ——0.83mM
c ——1.6mM
~-15000- —25mM
3.3 mM
-200004 4.2 mM

240 260

A (nm)

Fig. 8. Far-UV CD spectra of lysozyme without (Cpys, = 0.07 mM, black line)
and with increasing concentrations of CTAB/Diclox (Ccras = Cpiclox, grey lines).

200 220 280

Table 3
Contents (in %) of the a-helices elements in lysozyme as a
function of CTAB/Diclox concentration in (mM).

[CTAB/Diclox] (mM) o — Helix (%)

0 39.283
0.083 31.741
0.16 22.705
0.25 20.758
0.33 12.398
0.42 11.455

dicloxacillin mixture associated with IC50 values. Regarding the relative
potency of catanionic mixture the Dicloxacillin exhibited superior
binding affinity that the Cloxacillin showing a more negative AG free
energy values and lower IC50 scores. Also, CTAB appeared to induce
conformational shifts in binding sites, affecting dicloxacillin’s affinity.

The study revealed insights into synergistic or antagonistic binding
in the catanionic system. CTAB and dicloxacillin’s binding in lysozyme
pockets indicated negative cooperativity via Hill coefficients. Theoret-
ical 2D-isobolograms highlighted both synergistic and antagonistic ef-
fects, with pockets 1, 2, and 4 favoring synergies, while pocket 3 showed
antagonism. The presence of catanionic surfactants notably affected
lysozyme’s absorption spectrum. Complexation lowered hydrophobicity
and increased polarity, reducing the 278 nm band linked to n-r stacking.
Dicloxacillin caused fluorescence quenching and shifted emission, while
CTAB increased intensity and induced protein unfolding. These results
reinforced dicloxacillin’s superior lysozyme ligand potency, empha-
sizing its affinity over CTAB. A dominant hindered binding site and
energy transfer probability corroborated dicloxacillin’s strong affinity.

Lastly, this study significantly advances our understanding of the
interplay between mixture of catanionic surfactants with relevant
biochemical target as lysozyme, opening new avenues for rational
design and potential biomedical applications.
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