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Effective and reliable prediction of allosteric molecular interactions involved in protein-ligand systems
are essential to understand pharmacological modulation and toxicology processes that are driven by mul-
tiple factors covering from the atomistic to cellular level. Even though the interactions taking place
within a defined biophysical environment are usually intricate and complex, having a preliminary knowl-
edge of the structural determinant and biochemical function of target enzyme in the physiological or
unbound state represent a step forward in the characterization of the forces involved these processes
under interaction conditions as induced by drugs. In the present work, we tackle the study of relevant
binding interactions between two well-recognized betablocker drugs and the lysozyme biological target
from an experimental-computational perspective. In this way, molecular docking, machine learning and
perturbation analysis combined with UV–vis and fluorescence measurements will allow us to determine
the allosteric regulation and functional dynamics of lysozyme by binding propranolol and acebutolol.

� 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The wide variety of behaviors exhibited by proteins is a direct
result of the type of bonding that brings atoms together. These
molecules are neither fixed to space nor bound to time, i.e., they
do not keep a shape for a long time and are constantly ready and
willing to change it. Several authors have described proteins as
complex systems and as deformable polymers [1,2]. Other descrip-
tions characterized by small amplitude vibrations and low fre-
quency modes do not fully cover the delicate balance between
thermal stability and fluctuations necessary for their biological
functionality. The concept of fractal sponge was recently intro-
duced, after the evaluation of 911 protein sequences through prin-
cipal component analysis, where proteins are represented as
objects more like sponges with fractal dimension rather than den-
sely packed spheres [3]. In any case, all these models have common
patterns, are dynamic and are based on discrete mathematics [4].
The complexity of the three-dimensional structure of proteins,
with interactions of different intensity and scope, makes any
movement of a residue or even atoms highly cooperative. These
conformational changes can modify the catalytic activity of an
enzyme rapidly, reversibly and by non-covalent interaction, this
mechanism, known as allosterism, plays an important role in the
dynamic molecular control of cellular metabolism [5].
Lysozyme is a very popular protein that has been used as a
model on many occasions. Beyond this, lysozyme exhibit signifi-
cant antibacterial properties, and is widespread in nature. It occurs
in both plants and animals and is involved in defense against bac-
terial invasion. Due to the ability to cleave the b-(1,4)-glycosidic
bond between N-acetylmuramic acid and N-acetylglucosamine of
bacterial cell wall peptidoglycans, it has been reported to have
anti-inflammatory, anti-cancer, and analgesic properties reports
[6,7]. It has also proven its enormous versatility in other fields.
For example, the porous architecture of tissue-engineered hydro-
gels can be obtained by modulating hydrogel degradation via var-
ious mechanisms. Thus, the incorporation of lysozyme to chitosan
hydrogels accelerates the degradation rate of the crosslinked
hydrogels [8]. Also, lysozyme air-filled microbubbles can be easily
prepared with a high degree of control over their size and polydis-
persity by applying high-intensity ultrasound. Lysozyme
microbubbles are highly suited as theragnostic agents because of
their stable and echogenic gas core encapsulated within a thick
and elastic shell [9].

Propranolol is a widely used drug for hypertension, although it
is also prescribed in cases of chronic stable angina. It is a b-
adrenergic blocking agent. It is an optically inactive compound,
and only isomer 1 has adrenergic blocking activity. Acebutolol, a
beta-selective beta-blocker, is also very popular in the pharmaceu-
tical industry. Its molecular structure features an aryloxypropra-
nolamine chain as a non-selective blocker but attached to an
aromatic ring containing a polar-4 substituent. This architecture
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allows the molecule to self-aggregate into different structures
whose result depends both on the rigidity and planarity of the aro-
matic ring and on the alkyl chains present [10]. The potential of
this molecule lies in the fact that many b-adrenoceptor blocking
agents have pharmacological effects independent of their b-
blocking activity, such as modification of the cell membrane. These
effects are known as membrane-stabilizing activities and include
nonspecific cardiac depression, myocardial conduction velocity
depression, and local anesthetic activity. Like propranolol, its phar-
macological effects originate in the alteration of cell membrane
properties [11,12].

The synergy between experimental methods coupled with non-
classic computational structure-based strategies to explore
protein-ligand allosteric interactions have undergone significant
progress to date. Allowing to efficiently predict and modeling mul-
tiple molecular mechanisms with potential biomedical relevance
and pretty precision. These computational methods have simulta-
neously demonstrated the ability to evaluate the interaction mech-
anisms of potential therapeutic allosteric compounds, while
demonstrating accuracy, specificity, and sensitivity, to reasonably
reproduce the experimental insights [13–20].

We have recently reported several studies on the complexation
of drugs and proteins. These studies were performed by a combina-
tion of computational and experimental methods. Thus, Molecular
Dynamics, Density Functional Theory, Machine Learning, Ligand
Transport Analysis, Molecular Docking, Fast Fourier Transform,
Fractal Analysis and Local Perturbation Response Maps; on the
one hand, combined with Isothermal Titration Calorimetry, Differ-
ential Scanning Calorimetry, Ultrasound and Density, Zeta poten-
tial, UV–vis, Raman, Fluorescence and Small Angle X-ray
Scattering, on the other, enabled us to build a detailed and con-
trasted picture of the complex formed detailing at the atomic level
its architecture, most relevant interactions and the dynamics of the
perturbation that ligand adsorption exerts on the protein structure
[21–23].

In view of the foregoing herein, we present a study oriented to
effectively assess the allosteric molecular mechanism of interac-
tion of two recognized betablocker drugs (propranolol and acebu-
tolol) with the lysozyme as target receptor by using a combination
of structure-based molecular docking and spectrofluorimetric
techniques.
2. Materials and methods

2.1. Computational section

The computational methodology workflow was carried out had
the stages that follow: i) Selection and parameterization (i.e., opti-
mization of the ligands betablocker drugs as propranolol and ace-
butolol) ii) performing the perturbation analysis-based allosteric
signal propagation in the whole structure of lysozyme. iii) per-
forming the prediction of the main or best-ranked allosteric bind-
ing site in lysozyme structure and setting up the flexibility profile
based on the flexibility/rigidity index and the cross-correlation
matrix; (iii) Performing structure-based molecular docking with
the corresponding 2D-lig-plot diagrams of interaction for the cited
betablocker drugs with lysozyme as target receptor.
2.1.1. Betablocker drug selection and lysozyme allosteric binding-sites
prediction

In this step, the query betablocker drugs propranolol and aceb-
utolol were retrieved from the Pubchem Data Base Chemical Struc-
ture Search as propranolol (PubChem CID: 4946; MF:
259.339 g/mol) and acebutolol (PubChem CID: 1978; MF:
336.4 g/mol) [24]. Both betablocker drugs were submitted to
2

ligand parameterization by using a fast and accurate force field
(FF) based on neural network potentials (NNPs), which are previ-
ously trained to predict drugs QM energies from a quantum-level
machine learning algorithm consisting the following three steps:
i) the drugs are submitted to an initial FF formed by GAFF2 param-
eters and AM1-BCC atomic partial charges, ii) the ligand rotable
bonds (i.e., parameterizable dihedral angles) are then identified
and scanned by generating a rotamers set. Then, the ligand rota-
mers from both betablockers are minimized with the initial FF
and their reference energies are evaluated using the NNP method.
iii) lastly the ligand dihedral angle parameters were fitted to repro-
duce the reference energies, resulting into an improved FF for both
betablockers [25].

On the other hand, the prediction of the main lysozyme (PDB
ID: 1HER) allosteric binding-site was identified by using DeepSite
online webserver followed by an allosteric network analysis [26],
which accurately ranks all the potential lysozyme cavities by
excluding convex Van der Waals volumetric regions and accepting
concave ones as relevant binding sites which are more likely to
bind the betablocker drugs into the Van der Waals surfaces. For
this instance, DeepSite tool consider all the molecular descriptors
such as main protuberances and collecting information-based crys-
tallographic descriptors on the lysozyme pocket geometry and
topology, associated with high ligand binding probability or drug-
gability properties. The cavity detection method is based on an AI-
algorithm coupled with 3D-deep convolutional neural networks
(DCNN) which allows the unequivocal prediction of the best-
ranked catalytic binding site on the lysozyme [27]. Afterward,
the allosteric network procedure can calculate the allosteric cou-
pling intensity (ACI) parameter for each residue in the previously
identified lysozyme active binding site. Then, the ACI hotspots in
the neighborhood of the lysozyme structure (i.e., with distance cut-
off at 3.4 Å was set up) were considered as potential allosteric sites
[28]. The calculation of ACI parameter always needs to be associ-
ated to the alfa parameter which dictates the ACI magnitude of
the lysozyme allosteric binding site (herein by default set up at
3). Finally, the corresponding Van der Waals volumetric maps is
generated and used to define the search space (i.e., the cubic grid
box) to perform the computational simulations. Herein, the allos-
teric binding site volumetric map of the lysozyme was obtained
together with the Cartesian XYZ-coordinates which offer the 3D-
discrete space for setting the lysozyme docking grid box with
dimensions of X = 20 Å, Y = 20 Å, Z = 20 Å and lysozyme grid
box center X = 3.26 Å, Y = 24.20 Å, Z = 27.20 Å, and volume equal
to 431.26 Å3 [29]. Afterward, a crystallographic structural valida-
tion of the catalytic binding residues belonging to the lysozyme
was carried performing a Ramachandran analysis [30].

2.1.2. Performing the allosteric coupled flexibility profile of lysozyme
receptor

In this stage, an allosteric coupled local flexibility perturbation
(allosteric-LFP) models were proposed to characterize the local
flexibility properties of the lysozyme receptor in both, the unbound
and bound state (i.e., in the presence of the propranolol and aceb-
utolol). This computational algorithm is bio-inspired on the tradi-
tional elastic network models and allows to evaluate concerted
movements and the directions associated with elastic normal
modes of fluctuations in the allosteric binding site of the lysozyme
by representing the C-(a)-atoms belonging to the residues allos-
teric network of communication as a Hookean potential (or
‘‘springs” model) [18]. A more in-depth description of the applied
ENM algorithm will be described later in the next section. The
allosteric binding site flexibility profile was set up regarding the
flexibility fluctuation patterns and the flexibility/rigidity index,
whose values oscillate around its equilibrium conformation and
collective motions in the residues network in the unbound state
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of the allosteric binding site [31,32]. For more clarity, the compu-
tational results were presented as follows: i) unbound lysozyme
allosteric binding site as the control simulation experiment as ref-
erence simulation for comparison purposes only; with the ii)
bound lysozyme allosteric binding site interacting with the
betablockers drugs (i.e., propranolol and acebutolol).
2.1.3. Performing molecular docking on betablockers plus lysozyme
interaction

Then, to explore the betablockers docking mechanisms with the
predicted lysozyme allosteric binding site, we applied the well-
recognized Vina scoring function developed by Trott et al. to
achieve the Gibbs free energy of binging (FEB, kcal/mol) in the
bound state as the sum of force-field interactions terms (i.e., Van
der Waals, hydrogen bounds and electrostatic interactions) [33–
35]. In this context, the accuracy of docking was set at 50 and for
this instance, the best betablocker crystallographic binding pose
was selected from both drugs (propranolol and acebutolol). Here
it is important to note that allosteric Gibbs free energy of binding
affinity (DG) obtained from the docking complexes were catego-
rized as conformationally unfavorable when the DG of the
lysozyme/betablocker complexes �0 kcal/mol, thus pointing either
extremely low (or complete absence of interaction); otherwise, the
lysozyme/betablocker docking complexes were categorized like
thermodynamically stable from the affinity point of view. Next,
the 2D lig-plot interaction diagrams were generated for the bound
state to identify the different types of docking interactions of the
two betablockers within the predicted lysozyme cavity, using to
this end the Discovery Studio software which allows to identify
and visualize the relevant non-covalent inter-molecular interac-
tions present in the docking complexes. It automatically generating
a 2D-interaction diagram that includes hydrophobic van der Waals
interactions, H-bonds, electrostatics, and p-p stacking interactions
[36].
2.2. Experimental procedures

2.2.1. Reagents
Propranolol (1-[Isopropylamino]-3-[1-naphthyloxy]-2-propra

nol) hydrochloride (No. P-0884) and acebutolol (N-[3-acetyl-4-(2
-hydroxy-3-[isopropylamino] propoxy) phenyl] butanamide)
hydrochloride (No. A-3669) were purchased from Sigma Chemical
and sufficiently well characterized as pure to be used as received.
Lysozyme from chicken egg white, (lyophilized power, protein
�90%, � 40,000 units/mg) was purchased from Sigma-Aldrich
and used without further purification. Samples were freshly pre-
pared for each experiment within 1 h. prior to usage. Solutions
were made using tripe-distilled and degassed water.
2.2.2. UV–vis absorption spectra
A Cary 100 Bio UV–Vis Spectrophotometer was used to measure

UV–vis absorption spectra. The spectral range examined was 240–
400 nm. A Lysozyme aqueous solution of 0.286 g/L, or 0.02 mM,
was utilized in the UV measurements as reference. While keeping
the Lysozyme concentration constant, solutions of the two beta-
blocker agents were added at different rates. In the case of acebu-
tolol, concentrations ranged from 0.0 mM to 0.4 mM with increas-
ing rates of 0.05 mM. For propranolol, the same procedure was
used but, as it presented a stronger response, concentration range
chosen for this compound went from 0.0 mM to 0.04 mM with an
increasing rate of 0.005 mM. UV measurements were repeated
twice for each drug to avoid any possible mistake or misrepresen-
tation. No remarkable variations were found between replicates,
and the data plotted is the mean value of the two results.
3

2.2.3. Fluorescence measurements
The spectra of fluorescence emission were acquired using a Cary

Eclipse spectrofluorometer. The excitation and emission splits
were 5 nm. The average duration and the data interval were set
at 0.5 s and 1 nm, respectively. The excitation wavelength was
fixed at 280 nm and the range used for the interaction study was
240 – 450 nm. With the intent of preventing erroneous results,
inner filter effects were adjusted for the quenching experiments
by using the expression: Fcorr ¼ Fobsexp ðAexc þ AemÞ=2

� �
; where Fobs

and Fcorr are the observed and corrected fluorescence intensities,
respectively; and Aexc and Aem are the absorptions of the systems
at the excitation and the emission wavelength. UV–Vis-IR Spectral
Software (FluorTools) [37,38] was used for data treatment. Follow-
ing a similar procedure as in the UV–vis analysis, the fluorescence
spectra of Lysozyme-beta blocker complexes were measured at dif-
ferent concentrations. Similarly, the ranges chosen were 0.0 mM to
0.5 mM with increasing rates of 0.05 mM and 0.0 mM to 0.05 mM
with an increasing rate of 0.005 mM for acebutolol and propra-
nolol, respectively.

3. Results and discussion

3.1. Computational section

3.1.1. Perturbation analysis-based allosteric signal propagation.
First, it is important to keep in mind that specific allosteric per-

turbations (docking interactions) on lysozyme induced by
betablockers drugs (i.e., propranolol and acebutolol) can directly
impact on the general biochemical function of the enzyme by
affecting its ligand binding (druggability), light absorption,
flexibility-based conformational properties, and induce non-
physiological post-translational modifications which could be
spread or propagate over long distances across the network of resi-
dues of the lysozyme, affecting the intrinsic conformational
dynamics in the whole structure of the enzyme (lysozyme). As
mentioned above, the study of allosteric molecular mechanisms
is essential to understand not only enzymatic activity but also cell
signaling, implement pharmacological modulation strategies as
well as minimize potential toxicology processes.

Herein, it will be discussed in depth a computational approach
to decrypt allosteric coupling under the unbound and bound state
of lysozyme interacting with the betablockers propranolol and
acebutolol.

The allosteric-based perturbation propagation algorithm con-
sists in a repeated stochastic process on a lysozyme whole struc-
ture network of communication residues. This method allows to
extract in the first instance all the residue contacts belonging to
the three-dimensional structure of the lysozyme [19,39–43]. In
the next step, the algorithm calculates the number of contacts
between residue pairs an after, it divides the number of contacts
by the atom number in each lysozyme residue. This graph-
theoretic information, is turn used to obtain a perturbation propa-
gation probability matrix according to the equations (1) and (2):

Pij ¼ 1� pij ¼ 1� e�a�Nij ð1Þ

Pji ¼ 1� pji ¼ 1� e�a�Nji ð2Þ
where the term Pij (or Pji) represents the perturbation probability to
propagate allosteric signals from the lysozyme residue (i) to residue
j and vice-versa (i.e., bi-directional allosteric coupling); the term pij

(or pji) represents the probability in which the perturbation of resi-
due (i) will not induce allosteric signals to residue j and vice-versa,
here N represents the number of residues in the lysozyme structure
and the a parameter was set to 3.0 by default to amplify the prob-
ability of occurrence of signal propagation by increasing the ACI
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absolute values of lysozyme allosteric residues. Besides, an optimal
value of # rounds of perturbation propagation equal to 10,000 was
set by default to improve the simulations [28].

For this instance, a perturbation analysis-based allosteric signal
propagation was carried out in the lysozyme whole structure by
determining the allosteric coupling intensity (ACI) values in the
3D-crystallographic structure of lysozyme that represent the fre-
quency in which several blocks or clusters of residues can be
affected from the native state (unbound state) to the bound state
(i.e., under betablocker interaction). See Fig. 1.

Considering the obtained results, it is evident that under bind-
ing conditions both betablockers could theoretically affect the
physiological signal propagation of the lysozyme in a different
way when we compare the anisotropic topology of the allosteric
network of the bound condition (Fig. 1, E and H) with the lysozyme
reference control (or unbound condition represented in Fig. 1, B).
Particularly, it is important to note that the allosteric interaction
between acebutolol and lysozyme (Fig. 1, H) exhibits a more com-
plex pattern of interaction than its counterpart propranolol plus
lysozyme (Fig. 1, E). Besides, they were detected different hotspots
allosteric residues as visibly prominent hotspot-peaks (ACI val-
ues � 0.90) in the three conditions evaluated as i) lysozyme plus
Fig. 1. Results of the allosteric analysis of lysozyme under unbound panels (A-C) and bou
lysozyme plus acebutolol; respectively. In the top, panels A), D), and G) represent the 3D
intensity (ACI) parameter. Here, labeled-blue regions in the structure depict lysozyme re
lysozyme residues with high-allosteric influence, in the whole structure. In the middle,
propagation composed by critical allosteric residues and evaluated regarding their relativ
(1) in the color intensity bar. Herein, the starting and ending point of the anisotropic signa
of the lysozyme for the unbound panel (B) and bound state panels (E and H; propranol
values (y-axis) for each lysozyme residue position index (x-axis) for the unbound panel (C
the most prominent peaks are labeled-red and represent ACI hotspots denoting the max
allosteric regulatory residue Tyr53).

4

acebutolol with ACI values (ACI_Tyr53 = 0.95, ACI_Ile58 = 1)
(Fig. 1, I), ii) lysozyme plus propranolol with ACI values (ACI_-
Tyr53 = 1, ACI_Ile58 = 0.90, ACI_Leu83 = 0.93) (Fig. 1, F) and lyso-
zyme unbound state with ACI hotspot-peaks values (ACI_Tyr53 = 1,
ACI_Leu83 = 0.93). Here, it is important to note that the allosteric
residue Tyr53 in all the cases exhibits ACI values � 0.9, strongly
suggesting that it plays a critical role in the allosteric signal prop-
agation in both, the native and under interaction conditions. In this
regard, it is well-known that the tyrosine residues actively partic-
ipate in phosphorylation/dephosphorylation mechanisms which
are directly involved in allosteric mechanisms and post-
translational modifications for most enzymes (e.g., lysozyme).
3.1.2. Allosteric coupled flexibility analysis and structure-based
molecular docking

To deepen on the allosteric binding interactions induced by the
betablocker drugs interacting with the lysozyme, an allosteric cou-
pled local flexibility perturbation (allosteric-LFP) approach was
performed. This theoretical procedure allows to distinguish
between allosteric and binding active sites of the lysozyme [28].
The allosteric-FLP approach provides a biophysical and structural
view on how the allosteric inter-residue network of the lysozyme
nd state represented by the panels (D-F) and (G-I) as lysozyme plus propranolol and
-crystallograhic structure of lysozyme rendered according to the allosteric coupling
sidues with low-allosteric influence while labeled-yellow to- red regions represent
panels B), E), and H) represent the anisotropic network topology of allosteric signal
e importance in the allosteric pathways from low importance (0) to high importance
l propagation is represented by the labeled-dark red circles in the allosteric network
ol and acebutolol, respectively). At the bottom, bar chart representation of the ACI
) and bound state panels (F and I; propranolol and acebutolol, respectively). Herein,
imum influence in the allosteric signal propagation in the lysozyme structure (e.g.,
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could be theoretically affected from its local flexibility properties
under the unbound and bound state. In fact, the collective confor-
mational dynamics of the lysozyme is strictly dependent on the
flexibility/rigidity index (FRI) parameter that means the qualitative
and quantitative balance of the flexibility/rigidity properties
within a given binding site (e.g., allosteric binding site) evaluated.
Fig. 2 and Fig. 3.

The allosteric maps performed for the lysozyme bound state
(Fig. 2 C, D and Fig. 3 C, D), allow the visual representation of the
strength of local fluctuation-based on perturbations between back-
bone–backbone atom contacts belonging to the two sequence-
adjacent residues of the allosteric site by generating the matrix
of local perturbation signals from the binding states and binding
conditions (unbound and bound state of lysozyme) [43]. In this
regard, we can observe that both betablockers theoretically affect
the flexibility properties in the allosteric binding site when com-
pared the allosteric LFP of the bond states in the presence of pro-
pranolol and acebutolol (Fig. 2D and Fig. 3D; respectively) with
their corresponding theoretical or reference control in the lyso-
zyme unbound state (Fig. 2C and Fig. 3C). Herein, we can observe
significant flexibility perturbations in large blocks or coupled sen-
sors (i) and effectors (j) residue clusters, which in turn involve
large movements or allosteric fluctuations in a correlated way
and with an accentuated propagation of allosteric signals over
great distances across the lysozyme sensors (i) and effectors (j)
inter-residue network. Please, note the concerted and correlated
allosteric signal fluctuations in the 2D-matrixes represented by
the labelled-red regions spreading in the allosteric LFP maps of
Fig. 2. On the left, 3D-Van der Waals surface representation of the main lysozyme alloste
applying an allosteric local flexibility perturbation analysis (LFP model) for both states A
state) and B) bound lysozyme (or locally perturbed allosteric binding site by docking i
properties-based FRI index for the cited states from blue (conformational rigidity pr
representation of allosteric local flexibility perturbation map (i.e., LFP maps based i,j-resid
and effector (j) residues pairs (i,j) for the allosteric binding site for both states as C) unpert
lysozyme binding site state induced by the interaction with propranolol. Herein, the
indicating the same direction for the flexibility of lysozyme residues i and j, while thos
direction for the allosteric motions of lysozyme residues i and j). The moderately correlate
On the right, E) 2D-Lig-plot interaction diagram of the lysozyme plus propranolol docki
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the lysozyme plus propranolol (Fig. 2D) and lysozyme plus acebu-
tolol (Fig. 3D) compared with the LFP map of the reference state
(i.e., native lysozyme). Following this idea, it is important to note
the existence of subtle differences between the allosteric LFP maps
of both propranolol and acebutolol. Particularly, the cited differ-
ences appear associated to a different pattern of allosteric signal-
based local flexibility perturbations that cover the region of
sensor-effector residues (i, j) in the interval from the lysozyme reg-
ulatory residue SER40 to the binding target residue Ile98. The
results obtained from the LFP maps fit excellent with the previous
analysis on the allosteric coupling intensity (ACI) hotspots (refer to
Fig. 1, panels C, F and I) because they represent the cluster of allos-
teric residues with the maximum influence in the allosteric signal
propagation in the lysozyme structure (e.g., allosteric regulatory
residue Tyr53) with the with the highest ACI value in the three
binding conditions evaluated.

Likewise, we can perform the allosteric analysis from a rigidity
perspective, due to the allosteric conformational dynamics of the
lysozyme also depend on the rigidity properties of the lysozyme
target (lysozyme catalytic binding site) and how it could be
affected under allosteric interactions with the betablocker drugs
(i.e., propranolol and acebutolol) in the vicinity of the cited active
site. In this regard, we can apply the continuum elasticity approach
with atomic rigidity which represents a robust multiscale formal-
ism for describing the main transition conformational states based
only in a rigidity assessment of the LFP maps [32,44].

In this sense, the rigidity index can be estimated by considering
an N-atom representation of the lysozyme structure under
ric binding site rendered according to the flexibility/rigidity index (FRI) obtained by
) unbound lysozyme (i.e., unperturbed allosteric lysozyme binding site in the native
nteraction with propranolol). Herein, the color intensity bar depicts the flexibility
operties) to red (conformational flexibility properties). In the middle, 2D-matrix
ue motion correlation Cij) showing the local flexibility properties between sensor (i)
urbed allosteric lysozyme binding site in the native state and D) perturbed allosteric
pairs subject to fully correlated allosteric motions (0.2 � Cij � 1) are labeled-red
e with anticorrelated allosteric motions (i.e., Cij � 0) are labeled-blue (i.e., opposite
d and uncorrelated (Cij � 0) map regions are labeled light red and blue, respectively.
ng complex.



Fig. 3. On the left, 3D-Van der Waals surface representation of the main lysozyme allosteric binding site rendered according to the flexibility/rigidity index (FRI) obtained by
applying an allosteric local flexibility perturbation analysis (LFP model) for both states A) unbound lysozyme (i.e., unperturbed allosteric lysozyme binding site in the native
state) and B) bound lysozyme (or locally perturbed allosteric binding site by docking interaction with acebutolol). Herein, the color intensity bar depicts the flexibility
properties-based FRI index for the cited states from blue (conformational rigidity properties) to red (conformational flexibility properties). In the middle, 2D-matrix
representation of allosteric local flexibility perturbation map (i.e., LFP maps based i,j-residue motion correlation Cij) showing the local flexibility properties between sensor (i)
and effector (j) residues pairs (i,j) for the allosteric binding site for both states as C) unperturbed allosteric lysozyme binding site in the native state and D) perturbed allosteric
lysozyme binding site state induced by the interaction with acebutolol. Herein, the pairs subject to fully correlated allosteric motions (0.2 � Cij � 1) are labeled-red indicating
the same direction for the flexibility of lysozyme residues i and j, while those with anticorrelated allosteric motions (i.e., Cij � 0) are labeled-blue (i.e., opposite direction for
the allosteric motions of lysozyme residues i and j). The moderately correlated and uncorrelated (Cij � 0) map regions are labeled light red and blue, respectively. On the right,
E) 2D-Lig-plot interaction diagram of the lysozyme plus propranolol docking complex.
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unbound and bound state. Being the coordinates of lysozyme
active site residues (or C(a)-atoms) as rigid bodies. This consider-
ation has a paramount relevance from the biochemical point of
view because it is well-known that the active binding site of a
given enzyme (lysozyme) should necessarily maintain its comple-
mentary rigidity attributes (i.e., to maintain the catalytic residue
orientation) from the three-dimensional point of view given by
[32,44]. This fact allows the correct adjustment of physiological
substrates (or ligands as propranolol and acebutolol). In this
regard, we have the ||di � dj|| that represents the Euclidean space
distance between a given lysozyme i-th sensor catalytic residue
and the corresponding effector j-th residue. Herein, a general cor-
relation kernel, U (||d � dj||; gj), represent a real-valued monoton-
ically based on a decreasing function following conditions (Eqs. (7)
and (8)).

U kd � djk; gj

� �
¼ 1 likekd � djk ! 0 ð3Þ

U kd � djk; gj

� �
¼ 0 likekd � djk ! 1 ð4Þ

where, gj is to denotes an atomic scale parameter. While the corre-
lation transition allosteric matrix (Cij) between the i-th and j-th
lysozyme catalytic residues (C(a)-atoms) is given by the eq. (9).

Cij ¼ U kd � djk; gj

� �
ð5Þ
6

the Cij represent a correlation transition matrix (refer to Fig. 2 C,
D, and Fig. 3 C and D above) which contain relevant information
regarding rigidity properties as labelled-blue regions in the allos-
teric LFP maps. Then, we can define a position-dependent rigidity
function R dð Þ as eq. (6):

R dð Þ ¼
XN
j¼1

ajU kd � djk; gj

� �
ð6Þ

herein, aj represents an atom type dependent weight as: C, N, S,
and O atoms which have different weights. Next, to model the
position (d) dependent rigidity function R dð Þ we can apply two
generalized equations as an exponential function (eq. (7)) and
the Lorentz functions (eq. (8)); to explore the lysozyme rigidity
properties in the context of local flexibility perturbations maps.

R dð Þ ¼
XN
j¼1

U kdi � djk; gij

� �
¼ e

� kdi � djk
gj

� �k

; k > 0 ð7Þ
R dð Þ ¼
XN
j¼1

U kdi � djk; gij

� �
¼ 1

1þ kdi � djk
gj

� �v ;v > 0 ð8Þ

It is expected that the correlation between any two allosteric
target residues of the lysozyme should decay according to their
distance when these are close to rigid regions which is expressed
in the allosteric LFP maps anticorrelated allosteric motions (i.e., Cij-
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� 0). They are labeled-blue (i.e., opposite direction for the allosteric
motions of lysozyme residues i and j) as observed in the bound
state simulation conditions for lysozyme plus propranolol, and
lysozyme plus acebutolol. On the other hand, it is important to
highlight that under propranolol and acebutolol interaction (i.e.,
bound, or perturbed lysozyme state) a more complete analysis on
the allosteric-LFP should necessarily consider a quantitative ther-
modynamics description of the causal effect of allosteric ligand
binding by including the determination of the allosteric Gibbs free
energy of binding affinity (DG). See Fig. 2E and Fig. 3E.

Following the theoretical results, we strongly suggest that, in
general terms, both betablockers can allosterically interact with
the lysozyme allosteric binding site (denoted by F) following a
spontaneous thermodynamic process. Particularly, we identify a
prevalence of hydrophobic binding events based on a significant
number and diversity of aromatic p-p stacking allosteric interac-
tions (eg., p-sigma, p-alkyl, p-donor) in both betablocker drugs.
In this sense, in the case of propranolol, its relative allosteric Gibbs
free energy of binding affinity DG (or DGF) = �6.5 kcal/mol)
slightly greater respect to the acebutolol with allosteric affinity
of DG (or DGF) = –5.7 kcal/mol theoretically suggests that in the
propranolol this fact could be directly attributed to the presence
of an additional thermodynamic contributions from benzene-ring
belonging to naphthalene ring which is absent in the case of aceb-
utolol. Herein, the aim is to evaluate the quantitative causal effect
of the betablockers given by the allosteric free energy gain/loss as
DG (LE ? BLE) upon the transition binding states between the
unbound lysozyme (indicated as LE) and the betablockers denoted
as B (acebutolol or propranolol) in the docking complex. This allos-
teric DG (LE ? BLE) represent a scoring function that include Vina
interaction terms as hydrophobic Van der Waals interactions, H-
bonds, electrostatics, and p-p stacking interactions [41], and con-
sider the summatory of independent energetic contributions of
sensor (i) and effector (j) residues belonging to the predicted allos-
teric site denoted as F in the lysozyme (LE) according to the equa-
tion (9):

DGF LE ! BLEð Þ ¼ 1
nF

X
i2F

DGi LE ! BLEð Þ ð9Þ

where the term DGi LE ! BLEð Þ represent free energy gain/loss
release per allosteric binding residues from LE, and nF represents
the total number of residues in the allosteric site F. Besides, consid-
ering that the signal propagation in the whole lysozyme structure
was evaluated through the strength of the allosteric effects in the
whole lysozyme structure should be equally considered as in the
equation (10):

DGLE LE ! BLEð Þ ¼ 1
nLE

X
i2LE

DGi LE ! BLEð Þ ð10Þ

herein, nLE represent the total number of lysozyme residues (i.e.,
catalytic, and allosteric residues). Therefore, the terms
DGi LE ! BLEð Þ, DGF LE ! BLEð Þ and DGLE LE ! BLEð Þ allows to evaluate
the causality and the energetic free energy contribution at different
levels as i) per residue, ii) per allosteric site in the lysozyme, and
the whole lysozyme structure; respectively. Then, we can also
model the allosteric free energy for the case of multiple allosteric
sites formed by large residue clusters (ci) in the lysozyme following
the equation (11):

DGci B n�1ð Þ ! BnLE
� �

¼ DGci LE ! BnLEð Þ � DGci LE ! Bn�1LE
� �

ð11Þ

Which provides information on the thermodynamics contribu-
tion under sequential binding of allosteric ligand modulators (i.e.,
propranolol and acebutolol). Here the term BnLE indicates the dock-
ing interaction systemwith n ligand molecules (propranolol and/or
7

acebutolol) bound to the lysozyme LE. The same reasoning could be
efficiently adapted in the previous equations (9) and (10) as rep-
resented by the new ones as equations (12) and (13):

DGF B n�1ð Þ ! BnLE
� �

¼ 1
nF

X
i2F

DGi Bn�1LE ! BnLE
� �

ð12Þ

DGLE B n�1ð Þ ! BnLE
� �

¼ 1
nP

X
i2LE

DGi Bn�1LE ! BnLE
� �

ð13Þ

On the other hand, it is important to note that despite of the
close values of allosteric free energy obtained for the DGF (propra-
nolol) ffi DGF (acebutolol) different types of allosteric interactions
with noticeable differences according to the crystallographic orien-
tation of these ligand within the allosteric site were found (Please
refer to the 2D-lig-plot diagrams Fig. 2E and Fig. 3E). In this regard,
in the case of the propranolol we identify a prevalence of three
types of hydrophobic based p-interactions involving the naph-
thalene aromatic moiety with allosteric lysozyme residues as: i)
mixed p-donor hydrogen bond plus p-alkyl interactions with the
Ala107 which has the highest influence in the stabilization of the
propranolol/lysozyme docking complex, following by ii) an inter-
action based p-p-T-shaped between the naphthalene aromatic
moiety with the TRP108 where the edge-to-face geometry orienta-
tion as a sidewise electron cloud of 1 of the ring belonging to the
naphthalene aromatic moiety and the head on electron cloud of
the ring from the TRP108 was identify, iii) an interaction-based
p-alkyl between the naphthalene moiety of propranolol and the
target residue Ile98 that also plays a relevant role in the stabiliza-
tion of the docking complex by involving process of charge transfer
which help to an efficient drug accommodation in the allosteric
binding site of the lysozyme receptor. Besides, we have identified
iv) an isolated p-alkyl interaction of the 1-(isopropylamino) with
the lysozyme residue Val109. In the same sense, the p-donor inter-
action of the propranolol naphthalene moiety contributes to the
docking complex stabilization by involving p-donor hydrogen
interaction with the allosteric residue Trp63. Herein, we suggest
that the unfavorable donor-donor interaction identified for the 1-
(isopropylamino) moiety interacting with the lysozyme residue
Asn59 does not appear to significantly affect the strength of the
interaction in the allosteric site. (Refer to Fig. 2E).

On the contrary, the 2D-lig-plot interaction diagram for the ace-
butolol plus lysozyme revealed a different pattern. In this case, a
high prevalence of stabilizing hydrogen bond interactions was
identified which involve several groups of the 2-acetyl-4-
(butanoylamino)-phenyl ether of acebutolol with the lysozyme
allosteric residues Asp52, Gln57 with classic (or conventional) type
of hydrogen bonds. While the aromatic benzene ring of acebutolol
was able to strongly interact with the Ala107 through multiple
interactions as i) carbon-hydrogen bond interaction, ii) p-donor
interaction and iii) a single p-alkyl interaction combining for this
instance hydrophobic forces plus charge transfer processes
between the ligand and the allosteric site. Lastly, relevant interac-
tions between the 50-butyramido-20-(2-hydroxy-3-isopropylamino
propoxy) acetophenone fragment of acebutolol with the neighbor-
ing allosteric residues Trp62 and Trp63 were identified. So, two
stabilizing interactions triangular-shaped formed by p-sigma
interaction plus a hybrid p-donor and carbon-hydrogen bond
interactions specifically with the Trp62, and a single but not less
important with the p-alkyl interaction with the allosteric residue
Trp63. (Refer to Fig. 2E). Finally, a crystallographic structural vali-
dation of the allosteric binding residues belonging to the lysozyme
was carried by performing a Ramachandran analysis. Our work
incorporates the Ramachandran crystallographic validation as pro-
vided in the Supplementary Materials (Figure SM1) [30], in order
to highlight the importance only for the allosteric residues
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involved in the interactions with the betablocker drugs (i.e., pro-
pranolol and acebutolol). Then, taking into account that allosteric
effects are generally triggered by local perturbations in the protein
(i.e., from lysozyme allosteric binding residues) we do not consider
the Ramachandran crystallographic validation in the whole lyso-
zyme structure to improve the quality of our theoretical observa-
tions. However, it this important to note that the same
Ramachandran principles were followed being an important in sil-
ico validation procedure, that corresponds to a 2D-projection on
the plane from the 3D-crystallographic structure of lysozyme (.
pdb model) where all the possible allosteric residue conformations
(flexibilities) are defined into the plot based on the torsion dihedral
angles / vs. w around the lysozyme peptide-bonds. In this method-
ology, the allowed torsion values of the dihedral angles were found
within the Ramachandran colored light-green contour for individ-
ual allosteric residues being considered as conformational-favored.
As such, theoretical observations allow to avoid the presence of
false positives docking results from the structural and conforma-
tional point of view.

3.1.3. Experimental validation through spectroscopic evaluation.
To validate the computational results, a well-proven and gener-

ally utilized method for assessing conformational changes in
protein-ligand complexes is spectroscopic analysis [45]. By
inspecting the spectral curves under various circumstances and
concentrations, it is possible to determine the development of a
complex or the structural alterations that may result from the
organization of new structures. In this case, lysozyme absorbs in
two primary bands. The p-p* electronic transitions of the peptide
backbone C=O cause the stronger one from 200 to 230 nm and it
represents the lysozyme framework conformation. The weaker
one from 260 to 290 nm is caused by the absorption of aromatic
amino acids and shows the alteration of the chromophore
microenvironment [46]. Tyrosine, phenylalanine, and tryptophan
are three aromatic amino acid residues that are specifically present
in lysozyme and are the primary causes of this absorption peak.
Tryptophan is the one of the three stated whose contribution is
strongest, resulting in a peak at 278 nm [47].

Fig. 4 shows how the absorption spectra of lysozyme get
affected by the presence of drugs. At 298 K, the peak at 278 nm
changed in a similar way for both beta-blocker agents. Upon com-
plexation, the 278 nm band of lysozyme slightly increase its max-
Fig. 4. UV absorption spectra of lysozyme in the absence and presence of a) Acebutolol an
concentrations of Acebutolol, from black to grey: UV absorption spectra of lysozyme (0
blue: UV absorption spectra of increasing concentrations of Propranolol, from black to gr
combined. Clysozyme = 0.02 mM.
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imum value, suggesting a decrease in hydrophobicity and an
increase in polarity [48]. This fact reinforces the idea of existing
multiple interactions between the aromatic benzene ring of aceb-
utolol with lysozyme through p relations, combining hydrophobic
forces with charge transfer. In the case of propranolol, the hyper-
chromic effect also justify the hydrophobic based p-interactions
between the naphthalene aromatic moiety of the propanolol and
the allosteric lysozyme residues previously predicted by molecular
docking. Apart from the UV–vis technique, one of the most sensi-
tive and trustworthy techniques for examining supramolecular
host-guest interactions is fluorescence spectroscopy, which uses
the guest’s noticeable change in fluorescence spectra to both qual-
itatively and quantitatively evaluate the interaction. As shown in
Fig. 5, the presence of acebutolol promotes the quenching of lyso-
zyme fluorescence and the red shift in the highest emission wave-
length suggests again a change in the Trp and Tyr residues’
surroundings, suiting the solvent to a more polar, less hydrophobic,
fluorophore environment. For the propranolol, the same batho-
chromic effect is observed, but, in this case, the fluorescence inten-
sity, instead of diminishing, it increased regularly on interaction.
This enhancing fluorescence tendency was already probed for this
drug when combined with other blood plasma proteins, like
human serum albumin [49,50]. The increase in the absorption
and in fluorescence as well, implies that binding propranolol to
lysozyme caused microenvironmental changes in the protein and
suggest the formation of lysozyme–propranolol complexes. For
its part, the presence of an isosbestic point at 318 nm indicates
the existence of an equilibrium between energy transfer from lyso-
zyme to the ligands is highly probable for free and bond propra-
nolol [51].

To provide more information about the molecular interactions
present in the studied biochemical systems, the fluorescence
quenching was investigated. It is the process through which the
intensity of a fluorophore’s fluorescence decreases, and it can be
caused due to a variety of chemical interactions with quencher
molecules. There are three basic types of quenching processes that
can occur when a fluorophore is paired with a ligand: collisional,
static, and mixed processes. Collisional quenching refers to the
neutralization of an excited state fluorophore by a quencher.
Instead of relying on diffusion and molecular collision, static
quenching requires the growth of a ground state non-fluorescent
complexation. Finally, mixed quenching is brought on by both col-
d c) Propranolol. Insets: b) From yellow to blue: UV absorption spectra of increasing
.02 mM) and increasing concentrations of Cloxacillin combined. d) From yellow to
ey: UV absorption spectra of lysozyme and increasing concentrations of Propranolol



Fig. 5. Fluorescence spectra of lysozyme in the absence and presence of a) Acebutolol and b) Propranolol at kex = 280 nm, T = 298 K. Black lines correspond to lysozyme alone.
Clysozyme = 0.02 mM; CAceb (x 10-2) (i-xi) = (0, 5, 10, 15, 20, 25, 30, 35, 40, 45, 50) mM; CPropr (	10-3) (I-XI) = (0, 5, 10, 15, 20, 25, 30, 35, 40, 45, 50) mM.

Table 1
Constants and binding parameters for the interaction of lysozyme with Acebutolol
and Propranolol at 298 K.

Binding parameters

n 10-2 KA (mol�1) R2

Acebutolol 0.67 ± 0.01 2.58 ± 0.04 0.986
Propranolol 1.00 ± 0.00 56.66 ± 0.03 0.981
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lision and complex formation with the same quencher [52]. Typi-
cally, to dilucidated the corresponding mechanism, the Stern-
Volmer equation is used [53]:

F0=F ¼ 1 þ Ksv½Q � ¼ 1þ kqs0½Q � ð14Þ

where F0 and F are the fluorescence intensities in the absence and
presence of the quencher; Ksv, kq, and s0 are the Stern–Volmer
quenching constant, the biomolecular quenching constant, the
excited state lifetime of the biomolecule in the absence of the
quencher (s0 = 5.9 	 10-9) [54], respectively and [Q], the concentra-
tion of the quencher.

Figure SM2 a) depicts the results from the Stern Volmer plot for
acebutolol. The slope of the plot, KSV, can be used to determine the
quenching constant. In this case KSV = (3.92 ± 0.13) 	 103 L mol�1,
which corresponds to a kq = (6.64 ± 0.03) 	 1011 M�1 s�1. It is
important to notice that even at the higher values of the concentra-
tion of acebutolol, the Stern-Volmer plot does not display any devi-
ation from linearity toward the y-axis, which suggests that there is
no coexistence between static and mixed quenching. Specifically,
the type of quenching may be inferred from the analysis of this
condition and the measured values of kq. This analysis is typically
regarded as a good first observation for identifying the mechanism
in the interaction between proteins and ligands [55]. When the
interaction is mostly controlled by diffusion, the values of kq for
dynamic quenching are in the range of 1 	 1010 M�1 s�1. The
quenching type is static for values greater than the diffusion-
controlled limit. For acebutolol and lysozyme the quenching rate
constant at 25 �C is in the order of 10 times the maximum diffusion
rate limit, which is a strong indication that the quenching involved
is a static one.

To obtain the binding parameters (i.e. the number of binding
sites (n) and the association constant (kA)) a non-fluorescent com-
plex was considered between the protein and drugs. So, for the
binding interactions, an equilibrium should be assumed which is
given by the expression [56]:

P þ nD�P � Dn ð15Þ
where n is the number of binding sites, P and D are the protein and
drug concentrations. So, the equilibrium constant can be obtained
from:

kA ¼ P � Dn½ �
P½ � D½ �n ð16Þ
9

P � Dn½ � is the equilibrium concentration. Considering that the
complex and drug are non-fluorescent, it can be assumed:

P½ �0 ¼ k	 F0; ð17Þ

P½ � ¼ k	 F ð18Þ

D½ � ¼ D½ �0 � n P � Dn½ � ð19Þ
P½ �0 is the total concentration of protein (0.02 mM) and D½ �0 the

concentration of the drug. Then:

kA ¼ P½ �0 � P½ �
P½ �f D½ �0 � nð P½ �0 � P½ � ð20Þ

log
P½ �0- P½ �
P½ � ¼ log kA þ n � log D½ �0 � nð P½ �0 � P½ �Þ� � ð21Þ

log
F0-F
F

¼ log kA þ n � log D½ �0 � n
P½ �0ðF0 � FÞ

F0

� �
ð22Þ

where F0 and F are the same as in Eq. (14).
From Eq. (22), the equilibrium constant (kA) and the number of

binding sites (n) can be obtained. Data from the fitting for acebu-
tolol is presented in Figure SM2 b). In the case of propranolol, as
it produced enhanced fluorescence, the binding constant was cal-
culated through the Benesi-Hildebrand equation, assuming a 1:1
stoichiometric interaction [57 58]:

1
F � F0ð Þ ¼

1
F1 � F0ð Þ þ

1
F1 � F0ð Þ � Keq � D½ � ð23Þ

F1 corresponds to the maximum possible fluorescence intensity
when all molecules are complexed. Figure SM2 c) represents a plot
of 1/(F – F0) as a function of 1/[propranolol], and the binding con-
stant value K is determined using the intercept and value is shown
in Table 1.



Fig. 6. The overlap of fluorescence emission spectrum (J(k)) of lysozyme (light yellow) and absorption spectrum of a) Acebutolol (blue) and b) Propranolol (green) (T = 298 K).
Clysozyme = CAceb = CProp0.02 mM.

Table 2
Fluorescence resonance energy transfer (FRET) of lysozyme with acebutolol and
propranolol, at 298 K.

FRET parameters

J (M�1 cm�1 nm4) R0 (Å) r (nm)

Acebutolol 1.08 	 1013 17.67 2.08
Propranolol 8.20 	 1012 16.89 2.41
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A correlation coefficient of R2 > 0.98 means that the plot pre-
sents a good linearity, which also confirms the formation of inclu-
sion complex with 1:1 stoichiometry. For both drugs, the binding
constant presented relatively moderate values, being higher for
the propranolol. These results are in good agreement with the
computational data which suggested a greater Gibbs free energy
of binding affinity attributed to the contributions to naphthalene
ring which is absent in acebutolol.

3.1.4. Fluorescence resonance energy transfer (FRET)
Energy transfer between biomolecules and small molecules has

been extensively exploited in the research of protein-ligand inter-
action and changes in protein conformation upon ligand binding.
The changes in fluorescence of lysozyme spectra after interaction
with ligands revealed that energy transfer occurred between
beta-blocker drugs and the protein. Fluorescence resonance energy
transfer (FRET) is a nondestructive spectroscopic approach that can
be explained through classical physics. The excitation energy is
transferred non-radioactively from the donor molecule, lysozyme,
in the excited state to the acceptor molecule, drug, in the ground
state. Donor molecules usually emit at shorter wavelengths that
overlap with the acceptor’s absorption spectrum. The efficiency
of the energy transfer is a good indicator to estimate the distance
between the Trp residues in the protein and the ligand [48]. Gen-
erally, energy transfer occurs when the following requirements
are met: (1) the donor causes fluorescent light; (2) the acceptor’s
UV absorbance spectrum and the donor’s fluorescence emission
spectrum overlap; and (3) the distance between the donor and
the acceptor is less than 7 nm [59]. According to Förster’s theory,
the efficiency of the Energy transfer (E) can be obtained through
the following expression:

E ¼ 1� ðF =F0Þ ¼ R6
0 = ðR6

0 þ r6Þ ð24Þ

F and F0 are the fluorescence intensities of the protein in the
presence and absence of drug, respectively, and R0 is the critical
energy transfer distance, at which 50 % of the excitation energy
is transferred to the acceptor. This parameter is given by:
10
R6
0 ¼ 8:79 	 10�25K2n�4 U J ð25Þ
Here, K2 represents the spatial orientation factor of the dipole of

the donor and acceptor, n is the refractive index of the medium, U
is the fluorescence quantum yield of the donor alone and J the
spectral overlap between the emission spectrum of donor, lyso-
zyme, and absorption spectrum of acceptors, beta-blocker drugs.
When computing R0, the dipole orientation factor is the most inac-
curate parameter. Its value can potentially range from 0 to 4, but
assuming that both the protein and the ligand are quickly tumbling
and free to assume any orientation, then K2 equals to 2/3. n is given
by the refractive index of water: 1.333, and the U is 0.15, coincid-
ing with the fluorescence quantum yield of tryptophan. For its part,
the spectral overlap can be obtained by:

J ¼ ðR FðkÞ eðkÞk44DkÞ = ðR FðkÞDkÞ ð26Þ
F(k) is the fluorescence intensity of the donor at a given wave-

length k, and e(k) is the molar absorption coefficient of the accep-
tor at wavelength k.

The obtained overlap curves are shown in Fig. 6 and the corre-
sponding calculated FRET values in Table 2. The studied beta-
blocker agents resulted in similar values for R0 and r, both lower
than the maximal academic critical distance for R0 (5–10 nm)
and are within the range of r = 2–8 nm. Those conditions added
to fact that 0.5 R0 < r < 1.5 R0, clearly indicate that the energy trans-
fer from lysozyme to the ligands is highly probable and demon-
strates the presence of non-radiation energy, meaning that the
most excited elements could decay to the ground state [60], lend-
ing credence to the idea that the fluorescence mechanisms
involved are of the static type.
4. Conclusions

The performed allosteric coupled flexibility analysis and
structure-based molecular docking revealed that both betablockers
(propranolol and acebutolol) affect the intrinsic allosteric proper-
ties and functional dynamic of the lysozyme, being considered as
non-physiological conformational perturbations. These binding
events were mainly associated to the occurrence of different pat-
tern of allosteric signal propagation based on local flexibility per-
turbations in the residue communication network of the
lysozyme demonstrated by computational simulations. In general
terms and from a thermodynamic point of view, we strongly sug-
gest that the formation of stable and spontaneous allosteric dock-
ing complexes between the betablockers propranolol and
acebutolol are based on a predominance of p-p interactions with
high efficiency in charge transfer with the intervention of hydro-
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gen bounds, which theoretically modulate allosteric properties of
the lysozyme in the bound state. In this line, experimental
approaches also served to reinforce the computational results,
demonstrating a one-to-one stoichiometry caused by the balance
of hydrophobic and hydrogen bond interactions. Spectroscopic
studies also reveal that both beta-blocker agents act as moderate
binders, being the affinity for propranolol slightly higher, attribu-
ted to the contributions of the naphthalene ring which is absent
in acebutolol. Finally, according to the Förster resonance energy
transfer (FRET), energy transfer from lysozyme to the ligands
occurs with high probability, so it can be safely assumed that the
type of mechanisms implicated are static and involve complex for-
mation. These combined computational and spectroscopic results
could open new avenues in the implementation of novel therapeu-
tic strategies in betablocker precision medicine and boosting the
rational design of allosteric drug-modulators.
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