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ABSTRACT

In this study we present an in-depth and detailed analysis of the binding process between two antibiotics
(cloxacillin and dicloxacillin) and a blood serum protein (lysozyme). Our objectives have been several: to
determine, at the atomic level, the structural and conformational changes that take place in both molec-
ular structures once the complex is formed; to investigate the effect that the substitution of a hydrogen
atom for a chlorine atom has on the bonding process; and to relate these local modifications with macro-
molecular parameters. Achieving these goals requires a multi-pronged approach and effective resource
management. In our case, we have combined different experimental (isothermal titration calorimetry,
UV-vis and fluorescence spectroscopy) and computational techniques (molecular docking and network
models), in order to obtain comprehensive and contrasted information of the interaction process. Both
approaches have showed an excellent correlation, confirming that there is a single binding site, that both
penicillins are moderate binders and hydrogen bond and van der Waals forces are predominant. On the
other hand, the small discrepancies between the two techniques highlighted the pressing need to
approach the study of these systems from both atomic and macromolecular perspectives.

© 2022 The Author(s). 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

Studying the molecular interactions involved in protein-ligand
systems is essential to understand a great variety of biological pro-
cesses that are driven by cellular activity. Although the interactions
taking place inside the biological systems are usually intricate and
complex, having a preliminary knowledge of the mechanism of
binding and the forces involved is a massive step forward in the
characterization of these processes [1-3]. In this sense, in vitro
and in silico assays are notably helpful in the designing and discov-
ering of new drugs.

Proteins are large biomolecules which, by nature, present an
exceptional structural and topological richness. Under different
conditions, they can fold or completely reorganize and generally,
in the human body, they fulfil their functions in a highly heteroge-
neous environment, consisting of varied concentrations of several
molecular entities like ions or cells. The balance in this diverse
atmosphere is sustained by innumerable interactions and reac-
tions, most of which are controlled by electrostatic and entropic
forces [4,5]. Particularly, lysozyme (N-acetylmuramide glyconohy-
drolase) is one of the notable proteins that are present in a great
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number of biological fluids and tissues such as tears, saliva, liver
blood or lymphatic tissues of humans and other animals [6,7]. It
is an antimicrobial globular protein formed by 129 amino acid resi-
dues containing six tryptophan (trp), three tyrosine (tyr), and four
disulfide bridges [8]. One major peculiarity of this protein is its
ability to damage bacterial cell wall by cleavage of B-linkages
between the N-acetyl-muramic acid and N-acetyl glucosamine of
the peptidoglycan [7], so it takes a huge part in the first barrier
of biological defense and can be taken as an essential component
of the innate immune system [9]. Also, its well-proven anti-
inflammatory, antihistaminic, antiviral and anti-tumor effects have
positioned Lysozyme as a reference in the pharmaceutical and food
areas. Further, monomeric lysozyme is relatively small, abundant,
it presents the ability to carry endogenous and exogeneous sub-
stances and it has high stability. This set of attributes makes this
biomolecule an outstanding model protein for studies that deal
with dynamics, protein folding or ligand interactions [8,10,11].
Likewise, lysozyme has been demonstrated as an effective car-
rier in drug delivery systems [12,13]. In this line, the present con-
tribution deals with the characterization of the union between the
protein and two widespread used B-penicillin: cloxacillin and
dicloxacillin. As the efficiency of drugs and their cellular metabolic
pathways mostly depend on the interaction with proteins, under-
standing the forces involved in the complex formation becomes
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paramount. For their part, the two antibiotics chosen for the pre-
sent study are commonly used for the treatment of different infec-
tions. Nevertheless, their efficacy is hindered by the p-lactamase
resistance that is arising from inappropriate use and propagating
fast among pathogenic bacteria. That's why in the recent times
novel alternatives are emerging to impair the bacterial resistance
and restore the efficacy of old antibiotics [14,15].

From the theoretical perspective, the two antibiotics have an
interesting molecular nature, as the only variation in their struc-
ture is an additional chlorine atom on the phenyl ring of dicloxacil-
lin. This fact allows to evaluate and compare the different behavior
of the two molecules and to investigate the relationship between
the intermolecular interactions and the molecular structure [16].
In previous works, this correlation between the architecture and
the physicochemical properties were investigated. It was demon-
strated that, over a given concentration, both penicillins form small
aggregates in aqueous solution [17]. The stability of mentioned
aggregates has a massive effect on the bacterial activity [18] and
on protein interactions, as it was proven the formation of IgE anti-
bodies resulting from the penicillin haptenation to serum proteins
[19,20]. In other studies [21], the interactions of both cloxacillin
and dicloxacillin with fibrinogen were assessed in order to evalu-
ate the potential hematotoxicity (off-target fibrinolytic interac-
tions) as hemolytic anemia caused by intravascular hemolysis,
and blood clotting disorders-mediated fibrinolysis (i.e., by interac-
tions with the fibrinogen molecule). From the results it was con-
cluded that the semi-synthetic incorporation of the additional Cl
atom in dicloxacillin, and its relative docking-pose orientation in
the fibrinogen E-region could significantly reduce the appearance
of potential fibrinolytic side-effects. Also, the relevant role that
the ligands’ structure plays in the binding process was confirmed
by quantitative calorimetric results.

Following this line and in order to better comprehend the inter-
actions involved in biomolecule-antibiotic systems, a combination
of computational and experimental methods was used. Steady
state spectroscopic techniques were performed to determine the
stoichiometry, the type, and the mechanism of the binding where
the quenching of the thryptophanyl fluorescence of the lysozyme
has been noted to determine the binding strength. Thermodynamic
parameters have been obtained from van’t Hoff's relationship, both
in temperature dependent fluorometric assays and in titration
calorimetric measurements too, conducted to find out the nature
of the binding forces and the energies. Concerning the computa-
tional studies, in the recent times molecular docking approach is
gaining more and more recognition as a powerful tool in rational
drug-design [22]. It is very helpful to simulate and model the inter-
action between a macromolecule and a small ligand at the atomic
level. Thus, its utility to interpret many important biological pro-
cesses becomes evident [23]. Related to this, is the evolution that
computational methods have experienced lately. This development
allows to obtain more concise, precise and reliable results which
conduces to new and more consistent interpretations [24,25].

In view of the foregoing, the objective of the present contribu-
tion is to deepen into the thermodynamics and structural features
of the lysozyme-penicillin interactions, providing a global and
clearer interpretation of the interaction phenomena.

2. Materials and methods
2.1. Experimental procedures
2.1.1. Reagents
Sodium cloxacillin [5-methyl-3- (o-chlorophenyl)-4-isoxazolyl

penicillin], sodium dicloxacillin [3-(2,6-dichlorophenyl)- 5-
methyl-4-isoxazolyl penicillin] and Lysozyme from chicken egg
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white, (lyophilized power, protein > 90%, > 40,000 units/mg) were
purchased from Sigma-Aldrich and used without further purifica-
tion. Samples were freshly prepared for each experiment within
1 h. prior to usage. Solutions were made using triple-distilled
and degassed water.

2.1.2. Isothermal titration calorimetry

[sothermal titration calorimetry experiments were carried out
using a VP-ITC microcalorimeter (MicroCal Inc., Northampton, U.
S.) [26] at a temperature of 298.15 K. In each experiment, calori-
metric cell (1.4166 mL) was filled with the lysozyme protein solu-
tion (0.05 mM) and the B-lactam antibiotic drugs were introduced
into the syringe needle (296 pL). Stirring was maintained constant
at 416 rpm through all the experiments to assure homogeneity.
Before each experiment, 1 h was waited to assure power base line
stabilization. 21 injections of 10 pL at a constant rate of 0.5 pL s™!
were added every 300 s. A reference power of 15 ] s~! was applied
to guaranty that the signal was not affected by overcompensation
mechanism. Dilution heats of pure lysozyme were subtracted sys-
tematically from those obtained for the protein-ligand systems in
order to assure that all the heat was caused by the binding process
alone.

2.1.3. UV-vis absorption spectra

UV-vis absorption spectra measurements were performed on a
Cary 100 Bio UV-Vis Spectrophotometer. The spectral range ana-
lyzed was 240-400 nm. The reference solution used in the UV mea-
surements was a 0.286 g/L Lysozyme aqueous solution, which
corresponds to a concentration of 0.02 mM. Cloxacillin and diclox-
acillin solutions were added from 0.0 mM to 1.0 mM at increasing
concentrations of (0.1 mM) while maintaining the Lysozyme con-
centration constant.

2.1.4. Fluorescence measurements

Fluorescence emission spectra were recorded on a Cary Eclipse
spectrofluorometer. The excitation and emission splits were 5 nm.
The synchronous fluorescence spectra were recorded by adjusting
the data interval at 1 nm and the average time at 0.5 s. The range
chosen for the analysis was 240-450 nm. Excitation wavelength
was set at 280 nm. The fluorescence spectra of Lysozyme- B-
lactam antibiotic systems were recorded at 298, 310 and 315 K.
Lysozyme concentration was fixed at 0.02 mM and drug solutions
were added, from 0.0 mM to 1.0 mM. Inner filter effects were cor-
rected for the quenching experiments using the expression:
Feorr = FopseXp{(Aexe + Aem)/2}; where Acyc and A, are the absorp-
tion of the systems at the excitation and the emission wavelength,
and Feor and Fops the corrected and observed fluorescence intensi-
ties, respectively. UV-Vis-IR Spectral Software (FluorTools) was
utilized for data treatment and processing [27,28].

2.2. Computational procedures

2.2.1. Molecular docking approaches

To address the conformational binding mechanism of lysozyme
interacting with the two penicillin antibiotics drugs (i.e., cloxacillin
and dicloxacillin) a computational study based on molecular dock-
ing simulation was carried out. To this end, as a first step we pre-
pared the lysozyme receptor file stored from the RCSB Protein Data
Bank (PDB) X-ray structures - i.e. with PDB ID: 1HER [29]. After-
wards, the lysozyme receptor crystallographic structure as.pdb
model was properly optimized by applying the AutoDock Tools 4
software [30]. This procedure starts by removing all the crystallo-
graphic water molecules as well as all co-crystallized ligands
embedded in the receptor structure, if any. Next, H-atoms are
included in the 3D-structure of the lysozyme, followed by an
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appropriate hybridization geometry which adds the corresponding
partial atomic charges and simultaneously set the protonation
states of the X-ray lysozyme.pdb model [31]. Concerning the peni-
cillin antibiotics under study, both ligands were retrieved from the
Pubchem Data Base Chemical Structure Search as cloxacillin (Pub-
Chem CID: 6098; MF: 435.9 g/mol) and dicloxacillin (PubChem
CID: 18381; MF: 470.3 g/mol). The procedure of ligand preparation
for both penicillin antibiotics was performed using geometry opti-
mization applying MMFF-ligand with the MOPAC extension based
on NDDO approximation [32]. Then, in order to explore the antibi-
otics conformational docking mechanisms with the lysozyme
receptor, we applied the well-stablished Vina scoring function
developed by Trott et al. [30] to achieve the free energy of binging
(FEB, kcal/mol) by determining approximated and standard chem-
ical potentials as the sum of force-field interactions terms (i.e., van
der Waals, hydrogen bounds and electrostatic interactions). It is
important to note that, before the docking simulations, the main
lysozyme binding-site was properly predicted through the
ezPocket tool [33,34]. The binding site volumetric map of the lyso-
zyme receptor was generated joint to the Cartesian XYZ-
coordinates which offers the three-dimensional discrete space for
setting the docking box simulations [35], i.e.: grid box size with
dimensions of X =20 A, Y =20 A, Z = 20 A and grid box center
X =327 A Y =2419 A Z = 27.15 A, with volume equal to
431.26 A3. Next, the accuracy of the docking was set at 50 and
for this instance, the best antibiotic conformational binding pose
was selected from both drugs (cloxacillin and dicloxacillin). In this
context, the affinity (i.e., FEB values for the obtained docking com-
plexes) were categorized as conformationally-unfavorable when
the FEB of lysozyme-antibiotic complexes > 0 kcal/mol, thus point-
ing either extremely low (or complete absence of affinity); other-
wise the lysozyme-antibiotic docking complexes were classified
as stable from the conformational docking affinity point of view.

2.2.2. 2D Lig-Plot interaction diagrams

This method was performed to determine and identify the dif-
ferent types of docking interactions of the two evaluated peni-
cillins under the interaction with the lysozyme receptor, as well
as their contributions from the conformational point of view in
the generated complexes. Here, to get the relevant inter-
molecular interactions between penicillins and the lysozyme
receptor, the 2D Lig-Plot interaction diagrams were obtained for
both penicillins (cloxacillin and dicloxacillin) only considering
the best-ranked conformational binding pose with the highest
affinity for each one. To this end, the software Discovery Studio
was used. This software is able to identify and visualize the rele-
vant non-covalent inter-molecular interactions present in a given
lysozyme-penicillin docking complex automatically generating a
2D-interaction diagram which includes hydrophobic van der Waals
interactions, H-bonds, electrostatics, and I1-IT stacking interactions
and its corresponding interatomic distances (dj;) for each penicillin
binding-pose [36].

2.2.3. Conformational network models with allosteric signal
propagation analysis

The present approach offers a conceptual vision on the confor-
mational local and global perturbations induced by the antibiotic
ligands over lysozyme receptor in the most relevant conforma-
tional state based on the low-frequency normal modes which are
directly associated to the intrinsic conformational dynamics and
biochemical function of the lysozyme. For this purpose, we
selected three representative low-frequency normal modes (i.e.,
conformational transitions) affecting the global dynamics of the
main lysozyme binding site previously predicted, allowing to scan
critical Markov conformational states from close-to-open lyso-
zyme binding site conformations, and considering the cited states
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for the docking simulation conditions as unbound (i.e., theoretical
physiological condition) and bound state (i.e., under interaction
with the cloxacillin and dicloxacillin). In this context, the local
and global perturbations in the allosteric signal propagation are
defined by the topological network-based conformational connec-
tivity of the lysozyme measured by the rigidity index and flexibility
index which determine the collective anisotropic fluctuations
across the different binding states. Herein, deformations in the
intra-segment Co-Co atomic residue in the conformational net-
work were evaluated for the unbound and bound states (i.e., clox-
acillin and dicloxacillin) which could be biochemically relevant
(i.e., as in the case of physiological unbound state of the lysozyme
binding site) or unfavorable from structural point of view by affect-
ing the allosteric signal propagation of lysozyme binding site
native conformation and its function under interaction with the
penicillin drugs. Find more details in the Figure SM1 as supplemen-
tary material. Here, the allosteric signal propagation in the lyso-
zyme is fully defined by the 3 N x 3 N Hessian matrix (Hj;) that
can reproduce the signal propagation efficiency in the lyzosyme
residue network [37], and in which its N-elements (1 < i, j < N)
are the second derivatives of the anisotropic network potential
(VR,receptor or VR»L_recept0r+ligante) that describes the (3 N)'XYZ'
displacements N € R? as (AR;= R;j — Rg-) of all the (i,j)-residue pairs
sensors (i) and effectors (j) of lysozyme receptor in N-blocks of
dimension 3 each, and where y = 0.5 is an elastic deformation con-
stant, in absence (lysozyme unbound state) and under interactions
(lysozyme plus cloxacillin or dicloxacillin as bound state) as repre-
sented in the equations [38-40]:

1 2
V(Iysozymeunbound) = Z i A))R (Rq - RS) (1)
(i<j)eN(R)

=Vr (Ri]- — R,-j) +
(i<j)eN(R.L)

V(lysazymeerenicillins) =

3. Results and discussion
3.1. Experimental characterization

Spectroscopic analysis is a well proven tool to evaluate confor-
mational changes in protein-ligand systems. The formation of a
complex or the structural changes that may derive from the
arrangement of new structures can be deciphered by studying
the spectral curves under different conditions and concentrations.
Particularly, lysozyme presents three aromatic amino acid resi-
dues, tyrosine, phenylalamine and tryptophan, which are the main
responsible of its absorption peak. Of the mentioned three, trypto-
phan is the one whose contribution is stronger, resulting in a peak
at 278 nm [41]. Fig. 1 shows the spectral curves of different sys-
tems of drug-protein. As both drugs have a maximum absorption
peak which is near the one found in the protein, corresponding
subtractions of the spectra were performed. In the present case,
the peak at 278 nm suffered similar changes for both drugs, slightly
diminishing its maximum value with increasing concentrations of
the ligand, indicating a raise in the hydrophobity in the surround-
ings of the aromatic amino acids of the protein [42]. Furthermore,
the m-m stacking interaction between the aromatic ring of the
antibiotic drugs and the phenyl rings of amino acid residues may
be another cause for the hypochromism [7].

To continue the analysis, fluorescence studies were also per-
formed. Usually, protein-ligand interactions cause a change in
the intrinsic emission trait of proteins, which is mainly produced
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Fig 1. UV absorption spectra of Lysozyme in the absence and presence of a) Cloxacillin and ¢) Dicloxacillin. Insets: b) Blue: UV absorption spectra of increasing concentrations
of Cloxacillin, Grey: UV absorption spectra of Lysozyme (0.02 mM) and increasing concentrations of Cloxacillin combined. d) Red: UV absorption spectra of increasing
concentrations of Dicloxacillin, Grey: UV absorption spectra of Lysozyme (0.02) and increasing concentrations of Cloxacillin combined. Ciysozyme = 0.02 mM; Ccjox (X 107" (I-VI)

=(0, 2, 4, 6, 8, 10) mM; Cpjciox (x 107) (I-VI) = (0, 1, 2, 3, 4, 5) mM.

by the presence of the tyrosine (Tyr), phenylalanine (Phe) and tryp-
tophan (Trp), residues. Among them, when the protein solution is
excited at 280 nm or more, the fluorophores with the most impor-
tant contribution are Trp-62 and Trp-108, ubicated at the substrate
binding sites [43].

Quenching of a fluorophore with the addition of a ligand can
be classified in three different types: collisional, static, or com-
bined quenching process [44,45]. When an excited state fluo-
rophore gets neutralized by a quencher, we talk about
collisional quenching. Instead, static quenching involves the
development of ground state non-fluorescent complexation, and
it does not depend on diffusion and molecular collision. For its
part, combined quenching is caused by both collision and com-
plex formation with the same quencher [46,47]. The fluorescence
spectra of lysozyme in the presence of different concentrations
of drugs at 25 °C and 280 nm are given in Fig. 2. The fluores-
cence emission spectrum of the protein alone presents a peak
at around 340 nm, which is attenuated with the sequential addi-
tion of both ligands. As cloxacillin and dicloxacillin have a minor
but not negligible absorption from 200 to 400 nm, the fluores-
cence spectra were corrected for the inner filter (see Materials
and Methods: Fluorescence measurements).

In order to describe the quenching process, the well-known
Stern-Volmer equation is usually used, which allows to identify if
the mechanism corresponds to a dynamic, static or mixed process
[47]:

Fo/F =1+ K5 [Q] = 1+ kyTo[Q] 3

600
a)

500

400

300

200

Intensity (a.u.)

100

Intensity (a.u.)

where Fy is the emission intensity of lysozyme in the absence of
drugs and F is the intensity when a certain concentration of antibi-
otic is added. Ky, is the Stern-Volmer quenching constant, [Q] is the
concentration of the drugs, kq is the quenching rate constant of the
protein and T, is the average lifetime of the biomolecule, taken as
5.9 x 1079 s for lysozyme [48]. Values of Stern-Volmer constants
(Ksy) can be calculated from the linear plots of Fo/F versus the
quencher concentration [Q], as shown in Fig. 2.

A Stern-Volmer plot of Fo/F against [Q] is linear for purely
dynamic (K = 0) or purely static (k = 0) quenching but curved
upwards for combined quenching. In this line, a curvature of a
Stern-Volmer plot usually designates combined quenching. Plots
obtained for the present cases are shown in Fig. 3. For both drugs,
and at different temperatures, a linear correlation can be noticed,
suggesting that there is no coexistence of interactions occurring
between Lysozyme and cloxacillin or dicloxacillin. Analyzing this
condition and the obtained values of kg, the type of quenching
can be deducted and is usually considered a good primary observa-
tion for determining the quenching implicated in the interaction
between proteins and ligands [49]. For dynamic quenching, when
the interaction is mostly diffusion-controlled, the values of k, are
in the range of 1 x 10'® M~! s~!. For values higher than the
diffusion-controlled limit, the quenching type corresponds to a sta-
tic one. As shown in Table 1, in the interaction between cloxacillin
and dicloxacillin with lysozyme at 25 °C, the quenching rate con-
stant is around 10 times the maximum diffusion rate limit, which
is a robust sign that the quenching involved is a static one in both
systems. Furthermore, static and dynamic quenching are inversely
related to changes in temperature. While a rise in temperature is
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Fig. 2. Fluorescence emission spectra of Lysozyme in the absence and presence of different concentrations of a) Cloxacillin and b) Dicloxacillin at Aex = 280 nm, T = 298 K.
Ciysozyme = 0.02 mM; Caiox (x 107") (I-XI) = (0, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10) mM; Cpjciox (x 107) (I-VI) = (0, 1, 2, 3,4, 5, 6, 7, 8,9, 10) mM.
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Fig. 3. (a) Stern-Volmer plots for the quenching of Lysozyme by Clox (®) and Diclox (#). Inset: Quenching at different temperatures (298, 310, 315 K). In blue colors are
represented the fittings corresponding to cloxacillin, in red, corresponding to dicloxacillin. CLysozyme = 0.02 mM. (b) Plots of log[(Fo-F)/F] vs log { D], — n“’]"(:igm} Inset:

van't Hoff plot of lysozyme interaction with Clox (®) and Diclox (#).

Table 1

Stern-Volmer quenching constants and binding parameters for the interaction of lysozyme with Cloxacillin and Dicloxacillin at 298 K.

Stern-Volmer quenching constants

Binding parameters

102 Ksv (mol ') 107'% kq R? n 10% Ka R?
(mol~!s71) (mol~1)

Clo 5.07 + 0.09 8.59 £ 0.03 0.998 1.15 £ 0.01 1.66 + 0.01 0.998
Diclo 8.92 0.13 15.12 * 0.06 0.987 1.45 £ 0.01 36.47 + 0.03 0.998
always positive for dynamic quenching, static type processes get log (Plo-[P] _ log ks + - log{[D], — n([Pl, — [P])} (10)

favored when decreased. Consequently, fluorescence measure- [P] A 0 0

ments were also carried out at 37 °C and 42 °C. Resulting regres-

sions are presented in the insets of Fig. 3. As expected, values of

Ksy decreased on increasing temperatures, confirming the involve- logM —logks+n- log{ D], - n [Plo(Fo — F)} (11)
ment of static quenching. From a structural point of view, this F 0 Fo

means that the quencher (penicillin) and the fluorophore (protein Where F, and F are the same as in Eq. (3)

residue) are so close to each other that the pair touch before light From Othe linear plot of iog {.(Fo _F)JF}  versus

excitation, resulting in a nonfluorescent complex [50].

Regarding the binding and thermodynamic parameters, the
number of binding sites (n) and the association constant (k) are
crucial characteristics of the protein-ligand interactions. As a for-
mation of non-fluorescent complex was considered between the
protein and both drugs, for the binding interactions an equilibrium
should be assumed [51]:

P +nD=P - D, (4)

Being, n the number of binding sites, P the protein and D the
drug or, generally speaking, the ligand. The equilibrium constant
is given by:

[P — Dy]
kA = (5)
[P)[D]"
[P — D,] is the equilibrium concentration. Considering that the
complex and drug are non-fluorescent, we have that:

[Pl =k x Fo, (6)
[Pl =kxF (7)
[D] = D]y — n[P — Dy (8)

Being [P], the total concentration of protein (0.02 mM) and [D],
the total concentration of drug, so:
[Plo — [P]

ks = BT, — (Pl ] ®

log{[D]0 - n%{f’”}(ﬁg. 3), values of logK, and n are obtained.

The average binding site number (n) is close to 1 in both systems,
being 1.15 + 0.01 for cloxacillin and 1.45 + 0.01 for dicloxacillin
which is indicative of a single binding site for both drugs to the
biomacromolecule. For its part, values of the binding constant are
in the order of 10® and 10* for cloxacillin and dicloxacillin respec-
tively, indicating that affinity is moderate but significantly higher
for the later.

Thermodynamics also provide a deeper insight into the mecha-
nisms involved in the process. Mostly, the binding between a
ligand and a protein occurs via noncovalent interactions; generally
involving hydrogen bonding, hydrophobic forces and electrostatic
interactions [52]. To elucidate the contribution of these interac-
tions, the van't Hoff equations can be used:

InK = —AH/RT + AS/R (12)

AH is the enthalpy change, which in the range of temperatures
studied, is assumed to be constant and AS is the entropy change.
Then the free energy change (AG) of the binding process can be
obtained as AG = AH — TAS.

Attending to the sign of the thermodynamic parameters, the
principal binding forces involved can be determined as follows: if
AH and AS are both positive, the binding corresponds to hydropho-
bic forces, if both are negative, the major forces involved are van
der Waals and hydrogen-bond formation, and if AH is negative
while AS positive, the interactions are of the electrostatic/ionic
type [53]. In the present case both thermodynamic parameters
presented negative values (inset Fig. 3), hence it can be safely
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inferred that the van der Waals and hydrogen bonding are the
main responsible of the interactions for both drugs.

Deepening into the thermodynamic characterization, the inter-
action of drugs and lysozyme can be also assessed by means of
isothermal titration calorimetry (ITC) technique. ITC is an espe-
cially useful tool to describe the calorimetric aspects of the bind-
ing and consequently the type of bonding [54]. Normally, in
titration tests, small aliquots of ligand are injected through a syr-
inge needle into a calorimetric cell filled with the macromolecule
solution. Each injection has an associated energy deflection which
can be endothermic or exothermic depending on the system and
the molecules involved. In the present case, Fig. 4, heat deflection
has a negative nature, indicating that the reactions taking place
are exothermic. Likewise, the negative peaks also underscore
the fact that lysozyme protein is not suffering major conforma-
tional changes. Here, the concentration selected for the protein
solution was 0.05 mM and around twenty times higher for drug
solutions, in order to assure complete saturation. As it can be
seen in the graphs, assays performed with cloxacillin and diclox-
acillin presented different patterns, pointing out that both bind-
ing processes followed similar but non-identical paths. At a first
glance, in the case of dicloxacillin interaction seems to be more
constant and immediate while for cloxacillin the reaction takes
place sharply after a specific concentration. Furthermore, in view
of the results, protein-ligand reaction is more favorable for
dicloxacillin, as heat deflections are higher, and the saturation
occurs at bigger molar ratios. These first impressions are in great
accordance with previous conclusions draw from spectroscopic
analysis.

For a more complete description of the thermodynamics of the
systems, ITC results were fitted to standard non-linear least-
squares regression, revealing that for both drugs the binding stoi-
chiometry (n) was close to 1, as they interact with lysozyme bind-
ing site at 1:1 M. For the binding constants (K), values were at the
order of ~ 10%, meaning that the interaction exists but is moderate.
The obtained thermodynamic parameters accompanying the
lysozyme-penicillin interactions showed a negative enthalpy and
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entropy changes with values of AH =-9.83 kcal/mol, AS =-9.73 ¢
al/mol for cloxacillin and AH = -10.91 kcal/mol, AS = -11.74 cal/
mol for dicloxacillin. Thus, the free energy of binding results
AG = -6.93 kcal/mol and AG = -7.41 kcal/mol for cloxacillin and
dicloxacillin, respectively. Once again, thermodynamic parameters
followed a similar pattern for the two B-lactam antibiotics: the
enthalpy and entropy change have negative values, so van der
Waals, hydrogen bonds and hydrophobic forces are the mainly
contributors to the interaction. At pH 8.5, the fraction of non-
ionized molecules of cloxacillin and dicloxacillin in which the car-
boxyl group is not dissociated is 5.5% [55]. Thus, some of the mole-
cules present neutral charges that avoid them to interact
electrostatically with lysozyme, hampering the reaction and lower-
ing the enthalpy values. For its part, negative entropy changes are
synonym of hydration and loss of conformational freedom as a
consequence of complex formation [56]. Taking into consideration
that the protein-ligand binding and the B-lactam antibiotic self-
aggregation process [17] follow a similar comportment, it is safe
to assume that there is no desolvation present in the interaction.
Therefore, entropy changes are primarily caused by alterations of
the conformational flexibility of lysozyme and under the interac-
tion with the antibiotics (See Figure SM2), changes in translational
and rotational degrees of freedom and reorganization of their sol-
vation shells.

When comparing results for cloxacillin and dicloxacillin, once
again values show that the former has a higher affinity, and the
interaction seems more robust. One possible explanation for this
disparity is the presence of a second Cl atom in a meta position
of the dicloxacillin molecule. This atom could function as an anchor
between protein and ligand, facilitating the existence of halogen
bonding. This fact would contribute to a closer interaction and to
the stabilization of the complex. Moreover, it has also been probed
that aromatic halogen substitutions can alter the geometries and
the o-hole characteristics of the formed complexes, by means of
secondary interactions [57,58] and modifications in the position
of these halogen substitutes can contribute to notable variations
in binding thermodynamic parameters [59].
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mM) and (Right) Dicloxacillin (1.2 mM) into Lysozyme solution (0.05 mM) at 298.15 K. Each dot



Ramon Rial, M. Gonzdlez-Durruthy, Z. Liu et al.
3.2. Computational characterization

3.2.1. Molecular docking coupled with conformational network
analysis

Herein, the molecular docking results are presented in the Fig. 5
for both penicillins docking complexes with the corresponding 3D-
conformational network of interactions as cloxacillin/lysozyme
(Fig. 5; A and B) and dicloxacillin/lysozyme (Fig. 5; C and D). The
accuracy of our docking approach was ensured by performing a
proper prediction of the binding-site of lysozyme with an optimal
druggability for binding both penicillin antibiotic drugs and with
the best docking root mean square deviation (R.M.S.D; Eq. (13))
for all the crystallographic docking poses which was stored as a cri-
terion of correct docking pose accuracy for atomic positions below
2 A [60].

53 (k- %)+ i -y) + (@ - 5)°

RMSD = | =

ng X np (13)

In Eq. (13), n; is the number of atoms of the ligand and np is the
number of atoms of the lysozyme. Additionally, each term included
in the double summation represents the distance between a ligand
(ie., (i)-atom belonging to cloxacillin or dicloxacillin) with Carte-
sian coordinates (x; ¥;, z;) and a j-atom from the lysozyme atom
with Cartesian coordinates (xj, y; z;). To do this, in the present
study the main lysozyme binding pocket was predicted by using
an ezPocket tool and visualized as 3D-van der Waals surface con-
cave region (Fig. 5; A and C) forming a stable thermodynamics
docking complex with both penicillin drugs with very close Gibbs
free energy value of AG (clox./lysozyme) = -7.7 kcal/mol (RMSD =
1.071 A) and AG (diclox./lysozyme) = — 7.5 kcal/mol (RMSD = 1.0
86 A). For this instance, the best-ranked binding-conformation
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adopted by the cloxacillin and dicloxacillin into the lysozyme-
binding site was modeled for both penicillin drugs considering
the Markov conformational “state 1” that fits very well with the
highest affinity in the pseudo-open conformation of lysozyme
binding pocket. From the numerical point of view, these values
are in perfect agreement with those obtained experimentally (see
ITC section). However, experimentally, the interaction with diclox-
acillin is the most favorable, while computationally, the obtained
values for both penicillins are really close.

Following the theoretical results, we strongly suggest that, in
general terms the penicillins can interact in the predicted binding
site placed in the middle of the lysozyme receptor according to a
spontaneous thermodynamics process with both ligands (i.e., clox-
acillin and dicloxacillin). Particularly, we identify a predominance
of hydrophobic non-covalent binding events with significant num-
ber and variety of aromatic m-m stacking interactions (ex., T-sigma,
nt-alkyl, m-anion, mt-sulfur) in both penicillin drugs. For the case of
cloxacillin drug, its relative affinity (AG = — 7.7 kcal/mol) greater
respect to the dicloxacillin with affinity of —7.5 kcal/mol suggests
that in the cloxacillin drug this fact could be directly attributed to
the presence and additional thermodynamic contributions of
halogen-bound interactions of the Cl atom belonging to the cloxa-
cillin which interacts with the residue Ala107 and also by the
strong stabilization provided by the presence of three conventional
H-bound interactions of cloxacillin with Trp63, Asp101 and Ala107
in the cloxacillin/lysozyme docking complex, which are totally
absent in the case of the dicloxacillin/lysozyme complex. Herein,
it is important to note that the presence of Pi-sulfur (with the lyso-
zyme Asp52 residue) and Pi-anion interactions (with the lysozyme
Trp63 residue) identified in the dicloxacillin/lysozyme complex
provide a lesser thermodynamic contribution to the affinity when
compared with the Cl atom halogen-bounds of the cloxacillin.
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Fig. 5. In the top, Molecular docking complexes with the corresponding 3D-conformational network of interactions are represented as A), B) cloxacillin/lysozyme and B), C)
dicloxacillin/lysozyme, respectively. In the bottom E) and F), represent the 2D-lig-plot diagrams of interactions for the best-ranked conformations of the penicillins evaluated
in the pseudo-open conformation of lysozyme binding pocket (statel). In addition, the crystallographic validation-based Ramachandran plot was performed for the whole
lysozyme structure and individual binding residues to avoid the present of false positives docking results from the structural point of view. See details in Figure SM3 in the

supplementary material.
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Because of the differences detected in the topology of the anisotro-
pic conformational network suggesting that the interactions of the
cloxacillin and dicloxacillin could affect in a different way the sig-
nal propagation and communication efficiency of the lysozyme in
the bound state involving additional atoms of the regulatory helix
responsible for the opening and closing of the main lysozyme
pocket. Please, refer to Fig. 5 B) and D). In accordance with exper-
imental evidence, it is important to note that in general terms the
aromatic nt-7 interactions detected for both penicillins excellently
corroborate the resulting absorption peak at 278 nm mentioned
above (see UV-vis and fluorescence sections). Besides, the results
obtained by using conformational network analysis allow to vali-
date the subtle quantitative differences in the docking results (very
close AG values for both penicillins).

One of the fundamental challenges, associated with the confor-
mational network analysis, is the extremely high dimensionality of
the penicillin-lysozyme conformational space [40,61]. In this
regard, to significantly reduce the extremely high dimensionality
of the penicillin-lysozyme conformational space during the evalu-
ation of of allosteric signals propagation we focus only in the most
dominant normal mode (normal mode 1) of the lysozyne which
corresponds to the low frequency mode highly relative to the bio-
logical catalytic function of the enzyme and regulates large-scale
allosteric signal propagation in both, the unbound and bound
states (ie., under penicillin docking interactions). It is well-
known that fast-frequency modes only affect or are restricted to
local region of the proteins (i.e., lysozyme) (i.e., ranging from the
mode 7 to 20, Refer to Figure SM4 A-C in the supplementary
material).

Particularly, the conformational differences between the two
penicillins within the lysozyme binding pocket could be associated
to small differences generated under perturbed conditions, showed
as different elastic deformations-induced by the two penicillins in
the local architecture (network topology of elastic normal mode),
intrinsic conformational dynamics, and signal propagation in the
residue network of the lysozyme compared with the unperturbed
(i.e., native conformation in the absence of penicillin). Particularly,
we identify notable differences in the patterns of signal propaga-
tion for the three simulation conditions evaluated, as represented
in the Fig. 6.

The behavior of the allosteric signal propagation response of (i)-
lysozyme effector residues provides relevant information regard-
ing the effective communication distances for intra-segment Cot-
Co atomic distances, which can be classified into the following cat-
egories depending on the distance at which the signals appear
from the lysozyme binding site (covering from Ser50 to Leu75)
as: i) short distance propagations (10-22 residues), ii) medium dis-
tance propagations (23-26 residues), and iii) long distance propa-
gation (27-50 residues). Besides, it is important to consider the
signal amplitudes triggered by the lysozyme effector residues.
Then, contemplating the obtained results for signal propagation
response of lysozyme for the theoretical physiological state
(Fig. 6A) compared with the bound states (Fig. 6; B and C) were
detected the occurrence of medium-to-long distance allosteric sig-
nals propagation starting from the lysozyme binding site and
involving different types of effector residues, and also with notable
differences in terms of amplitude of the elastic deformations under
interaction with the cloxacillin and dicloxacillin. Following this
idea, the cloxacillin (Fig. 6B) is able to activate significant effector
response with elastic deformation in Ala107, Asp101, Ser36, and
11e98 while dicloxacillin (Fig. 6C) activates the Ala95 (similar to
the physiological condition), and additionally activates the Val92,
Phe38, Glu35, and Val2. Please, note that both penicillins are able
to activate and propagate “abnormal” allosteric signal (or non-
physiological signal patterns of propagation) suggesting that lyso-
zyme function could be compromised in the bound state. These
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allosteric effects could, in fact, have a negative impact in the struc-
ture and flexibility properties of the lysozyme binding site. Indeed,
the presence of cloxacillin and dicloxacillin in the lysozyme bind-
ing site can theoretically affect the low-frequency normal mode
of the lysozyme. In this regard, we suggest that, specifically the
conformational state 1 (normal mode 1), conformational state 2
(normal mode 2), and conformational state 3 (normal mode 3)
are affected by the penicillin interactions, maybe because of the
interaction-based modulation of the conformational dynamics of
the network of effector residues (Arg45, Asn46, Thr47, Asp48)
composing the regulatory alfa-helix (see Fig. 7). In the previous
section, when we compared the results of docking and ITC, we
commented that there was a certain contradiction as to which
penicillin interacts more spontaneously with lysozyme: dicloxacil-
lin according to ITC, and cloxacillin according to docking. We have
just seen how the propagation of the allosteric signal produced by
penicillins varies considerably. We must take into account that the
optimization functions used in docking methods are confined to
specific, small-sized areas, while the experimental ITC measure-
ments refer to a global energy process. Therefore, we can consider
that the origin of the discrepancy in both hypotheses lies in the fact
that the docking methods do not consider the disturbance that the
binding process induces in the protein residues far from the
pocket.

The allosteric signal propagation analysis, allows the visual rep-
resentation of the strength of allosteric perturbations by generat-
ing the matrix of local and global signals from the cited
conformational states and binding conditions (unbound and bound
state of lysozyme) [40]. It is well known that lysozyme structural
fluctuation, typically is measured by the Debye-Waller B-factors,
which in turn is a manifestation of lysozyme flexibility, which
strongly correlates to its biochemical function. In this concern,
we could note from the conformational results that the collective
conformational dynamics of the lysozyme is strictly dependent
on the balance of the flexibility/rigidity properties of the lysozyme
(i.e., flexibility/rigidity index (FRI) in the whole lysozyme struc-
ture). The flexibility-rigidity index (FRI) can be efficiently applied
in our study based on the theory of continuum elasticity with
atomic rigidity representing a robust multiscale formalism for
describing our systems, explained by the main transition confor-
mational states [62]. In this sense, the conformational topological
connectivity of lysozyme can be measured using the rigidity and
flexibility index. The rigidity index can be tackled considering an
N-atom representation of the lysozyme structure under unbound
and bound state. Where the coordinates of lysozyme residues (or
C(o)-atoms) are given as {dj|d; R% j=1,2, .- N}. For this
instance, we call ||d; — dj|| the Euclidean space distance between
the i-th residue and the j-th residue. In addition, a general correla-
tion kernel, ® (||d — djl|; m;), is a real-valued monotonically
decreasing function satisfying the following conditions (Eqgs. (14)
and (15)).

®(|ld - d; n;) = likel|d — djjj — 0 (14)

c1>(||d —d; nj) = Olike||d — dj]] — o (15)

here, m; is to denotes an atomic type of dependent scale param-
eter. While the correlation transition matrix (Mj;) between the i-th
and j-th lysozyme atoms (C(a)-atoms) is given by the Eq. (16):

M; = o(|id ~ dif;: ) (16)

The Mj; represent a correlation transition matrix (refer to Fig. 7;
H, ], and L) which contain relevant information regarding flexibility
and rigidity properties of the lysozyme and can be computationally
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A) Unbound lysozyme

B) Lysozyme + Cloxacillin
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Fig. 6. Graphical representation of the lysozyme signal propagation properties under the three simulation conditions evaluated in the elastic normal mode 1; namely: A)
lysozyme unbound state, B) lysozyme plus cloxacillin, and C) lysozyme plus dicloxacillin. The colored structures are based on the size of deformations from the lysozyme-
sensor residues (x-axis) and the specific triggered response - i.e., activation of effector residue signals (y-axis). On the right of each graph the 3D-cartoon representations for
the simulated conditions are showed with the corresponding color intensity bar where blue-to-yellow labelled regions correspond to weak-to-moderate signal perturbations
whereas the labelled regions orange-to-dark red correspond to regions with high propensity to allosteric signal perturbations. The blue rectangle (y-axis) covering from the
effector regulatory residue Ser50 to Leu75 is to denote the lysozyme binding site region where the propagation of allosteric signals started. More details about the effector

regulatory residue can be found in the Figure SM5.

obtained to visualize the connectivity among lysozyme i-sensor
and j-effector residues (as C(a)-atoms). We define a position (d)
dependent rigidity function R(d) as Eq. (17):

N
=> wo(|d - djs my) (17)
j=1

herein, w; represents an atom type dependent weight like car-
bon, nitrogen, sulfur, and oxygen atoms can have different weights.
We can apply the generalized equations to stablish the position (d)
dependent rigidity function R(d) within the two forms as a gener-
alized exponential function (Eq. (18)) and generalized Lorentz
functions (Eq. (19)); respectively as represented below:

. d. k
= En’:q’(lwdf - djl|; ﬂz‘j) = ei(‘d’njdl“> k>0 (18)
=
N 1
R(d)=;®<”d dill; nij> =Ww>0 (19)

Essentially, the correlation between any two atoms of the lyso-
zyme should decay according to their distance as observed in the
results obtained for lysozyme signal propagation under the bound
state simulation conditions for lysozyme plus cloxacillin, and lyso-
zyme plus dicloxacillin where the effector response signals are
express several differences respect to the unbound state (refer to
Fig. 6, A, B, and C).

The presence and absence of a given effector residue signal is
strongly associated to the lysozyme binding pocket continuity-
based descriptor (Pc_iyso) [63], which is structurally related to attri-
butes as binding site appearance, merging and volume change in
the lysozyme. The continuity descriptor is defined by the Eq. (20):

l)c_lyso = {Pi|Pi n I)ref > 0}7 i= 1» 2a SRR (20)

where, P.f represents the evaluated pocket in the native confor-
mation, P; corresponds to the i-th binding pocket which is spatially
overlapped with the P..f, n represents all the potential cavities or
pockets, and Pc jy5, denotes the binding pocket continuity consec-
utively assembled pockets. The P s, is strongly depends on the
proximity of the neighboring pockets, and on their flexibility prop-
erties which are associated to the different conformational states
(i.e., state 1, state 2, and state 3) that the pocket can adopt under
the presence or absence of ligands (cloxacillin and dicloxacillin)
see Fig. 8. Besides, the lack of pocket continuity P _jys, descriptor
can be associated with the decay of signal propagation [64].

With this in mind, likewise, we can define a position (d) depen-
dent flexibility function for the flexibility index (F(d); as the
inverse of the function represented in the Eq. (17)) according to
the following Eq. (21):

B 1
- we(ld - i m)

The flexibility index F(d) of lysozyme is directly associated with
the Debye-Waller B-factors according to the Eq. (22) and (23) for
the unbound and bound simulation condition in a given conforma-
tional state o.

(21)

Byso = C-F(d), +b;¥; =1,2,-- N (22)

By =c-F(d),+b+f;¥i=1,2,-- N (23)

where {Byys,} represent theoretically predicted B-factors (i.e.,
lysozyme flexibility), and ¢ and b are two constants to be obtained
by simple linear regression. In the Eq. (23), the conformational
flexibility-based B-factor (Bys,) is to capture the intrinsic dynamic
in the bound state under the action given force (f) representing the
perturbations induced by the penicillins (i.e., cloxacillin and diclox-
acillin) in the main lysozyme binding site.
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Fig. 7. In the right (A-F), graphical representation of the lysozyme 3D-structure highlighting the regulatory alfa-helix (labelled-purple) with the corresponding 3D-
conformational network from the conformational state 1 to 3 (normal mode 1 to 3). Herein, the purple arrows are to indicate the movement direction of the target-alfa helix
from pseudo-open (state 1) to fully opened conformation (state 3) starting from the lysozyme binding site, the 3D-conformational network is represented just for the
unbound state and over the regulatory alfa-helix showing different topology associated and patterns of connectivity across the evaluated conformational states (state 1 to 3).
In the left (G-L), are depicted the 3D-structure of the lysozyme-based on the distributions and intensity of allosteric signal propagations and the corresponding 2D-correlation
transition matrix (or Mj-based flexibility/rigidity index) of the inter-residue communication network where color intensity bar blue-to-yellow labelled regions correspond to
low-to-moderate signal propagation and orange-to-dark red correspond to regions with high propensity to allosteric signal propagation.
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Lysozyme Binding
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Fig. 8. Schematic 3D-representation of the main lysozyme binding pocket in the best-ranked collective normal modes (or conformational states 1, 2, and 3). Herein, is
depicted the three simulation conditions as: A-C) unbound lysozyme, the bound state represented by D-F) cloxacillin/lysozyme docking complex, and G-I) dicloxacillin/
lysozyme docking complex considering the conformational state of the main binding site from pseudo-open conformation (state 1) to the fully opened conformation (state 3).
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4. Conclusions

In this study we have characterized the physical basis and fun-
damentals involved in the binding process between lysozyme and
two penicillins that differ in a single atom (H and Cl, respectively).
The performed 2D-lig-plot diagrams revealed that the most rele-
vant penicillin-lysozyme interactions are essentially based on a
predominance of aromatic hydrophobic van der Waals interactions
like aromatic m-mt stacking. Followed by conventional hydrogen
bond interactions which contribute to the stability in the case
cloxacillin-lysozyme docking complex. These conclusions were
confirmed by microcalorimetry and fluorescence measurements.
On the other hand, the best-ranked conformations of the complex
obtained by molecular docking confirm the static quenching mech-
anism suggested by fluorescence experiments, this is, the peni-
cillins and the residues are very close. Besides, performed
mechanistic approaches using conformational network models
with allosteric signal propagation analysis revealed that both peni-
cillins; theoretically induce long-distance allosteric signal propaga-
tion which strongly suggests non-physiological conformational
perturbations in large blocks of lysozyme j-effector residues affect-
ing mainly the conformational dynamics of the network of effector
residues (Arg45, Asn46, Thr47, Asp48) composing the regulatory
alfa-helix in the low-frequency normal modes 1, 2, 3 closely-
associated to the lysozyme biochemical function. In this aspect, it
is important to emphasize that the slight dissimilarity of the
results in the free energy of interaction that we obtained between
ITC and molecular docking was related precisely to this allosteric
signal propagation. Finally, we show the significant relevance of
the balance between the conformational flexibility and rigidity
index analysis to capture the intrinsic dynamic function of the
lysozyme under theoretical physiological conditions and under
the unbound state with cloxacillin and dicloxacillin. This approach
is of paramount relevance because could be efficiently used with
experimental data to validate the flexibility/rigidity properties,
not only for the lysozyme, but also for large macromolecular sys-
tems with a low-computational complexity and cost.
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