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Abstract

Glycosyltransferase activity of Bgl2 which mediates 1,3 beta-glucan biosynthesis, and
phosphomannomutase/phosphoglucomutase (PMM/PGM) which catalyzes the synthesis of precursors for alginate and the
O-antigen chain of lipopolysaccharide, are key enzymes in C. albicans and P. aeruginosa, respectively. These enzymes facilitate
the synthesis of extracellular matrix components in biofilms. This study aimed to identify potential ligands in silico that
demonstrate conformational fitness with the active sites of both Bgl2 and PMM/PGM, and to experimentally determine their
inhibitory effects on the extracellular matrix formation in C. albicans-P. aeruginosa mix biofilms. Additionally, the study
evaluated the effects of these ligands in combinatorial antibiofilm treatments with fluconazole and meropenem. Molecular
docking and molecular dynamics (MD) simulations predicted glucosamine to act as a competitive inhibitor of both Bgl2 and
PMM/PGM. The dynamic behavior of glucosamine indicated stable binding within the active site pockets of these target
proteins. In vitro experiments demonstrated that glucosamine inhibited the formation of the extracellular matrix in C. albicans,
P. aeruginosa, and C. albicans-P. aeruginosa biofilms by 76.5%, 51.0%, and 45.1%, respectively. Furthermore, glucosamine
enhanced the efficacy of fluconazole and meropenem against C. albicans-P. aeruginosa biofilms. The combination of
fluconazole (8-fold MIC) and meropenem (1-fold MIC) resulted in the highest and complete suppression.
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1. Introduction associated pneumonia, otitis media, cystic fibrosis, and other

Co-infection by two major pathogens, Candida albicans and
Pseudomonas aeruginosa, is frequently observed in ventilator-
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infectious diseases, where the pathogens can form a
polymicrobial biofilm. The associated virulence factors are the
glycosyltransferase activity of Bgl2 mediating 1,3 beta-glucan
biosynthesis and the
phosphomannomutase/phosphoglucomutase (PMM/PGM),
which catalyzes the synthesis of precursors required for the
biosynthesis of alginate and the O-antigen chain of
lipopolysaccharide.l'! These two enzyme activities are key to
the problem and are the primary targets of this study.

C. albicans and P. aeruginosa tend to be co-isolated from
clinical samples and have been shown to interact in multiple
modes within polymicrobial biofilms (PMBFs). Co-infection
by C. albicans and P. aeruginosa has been identified as the
leading cause of high mortality among nosocomial infections.
Among the infectious diseases caused by bacterial and fungal
PMBFs, P. aeruginosa plays a significant role alongside C.
albicans. Additionally, viruses and parasites can interact with
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both bacteria and fungi within PMBFs.?) A biofilm is a
heterogeneous community of microorganisms attached to
abiotic or biotic surfaces or to each other, forming cell
aggregates covered by a self-produced extracellular matrix
(ECM) and creating a complex 3D structure.’) The ECM
chemically and physically protects the microbes from adverse
actions of host immunity and antimicrobial agents. PMBFs,
consisting of mixed microbial species, are the dominant form
of microbial life in nature. Crosstalk through quorum sensing
between C. albicans and P. aeruginosa has been reported to
induce resistance to widely used antifungals.

Antimicrobial combination therapy against C. albicans - P.
aeruginosa biofilms does not provide maximum efficacy, even
at very high doses, up to 256-fold the minimum inhibitory
concentration (MIC), after 24 hours of treatment.’] Moreover,
administering very high doses of antimicrobials beyond
clinically approved levels is highly toxic to humans. To devise
effective treatment approaches, compounds that inhibit ECM
formation in C. albicans and P. aeruginosa biofilms, when
combined with antibiotic therapy, are hypothesized to
demonstrate synergistic effects. A previous in silico
screening study by our group predicted certain compounds,
including glucosamine, which could compete with the
substrate for the active site of the Bgl2 enzyme through
docking analysis using AutoDock Vina and AutoDock4. [n
vitro experiments later confirmed the inhibitory activity of
glucosamine against Bgl2, suppressing ECM formation in C.
albicans biofilms and enhancing the -effectiveness of
antifungal treatment.”! However, ligands that inhibit ECM
components of P. aeruginosa biofilms have not yet been
reported.

In this study, a bottom-up approach was developed to
identify a potent ECM-based antibiofilm agent by analyzing,
in  silico, the docking of glucosamine to the
phosphomannomutase (PMM) / phosphoglucomutase (PGM)
of AlgC enzyme, which is a bifunctional enzyme required to
synthesize precursors for the biosynthesis of alginate
exopolysaccharides and lipopolysaccharides (LPS) in P
aeruginosa biofilms. The results of this docking study were
compared with those of L-tartaric acid (TLA), a ligand and the
original substrate of PMM/PGM. Prediction of the
competitive inhibitory activity of glucosamine against
PMM/PGM, as determined through docking studies, was
further supported by in vitro assays demonstrating its
inhibitory activity on ECM formation.

The global increase in antibiotic resistance and the high
mortality rates associated with ventilator-associated
pneumonia (VAP) have prompted a search for novel
therapeutic strategies to combat pneumonia, particularly VAP
polymicrobial infections. Addressing this issue, a novel
strategy is reported here, using glucosamine as an antibiofilm
agent targeting the PMBFs of C. albicans and P. aeruginosa.
Additionally, its synergistic effects in inhibiting PMBF
formation were demonstrated through the administration of a
combination of antimicrobials, fluconazole, and meropenem as
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an effort to overcome resistance to antimicrobial therapy.

2. Experimental section

2.1 Structural preparation

The structure of BglL2 (PDB ID: 1EQC) and PMM/PGM
(PDB ID: 1K2Y), selected as the target biomolecules, were
obtained from the Protein Data Bank. These biomolecules
are produced by C. albicans® and P aeruginosa,”
respectively. The protonation states of all ionizable amino acid
residues were calculated at pH 7.0 using the H++ web server
(http://newbiophysics.cs.vt.edu/H++/). Moreover,
castanospermine (CTS) and L(+)-tartaric acid (TLA) bind to
the pocket site of each target, respectively. Specifically, the
1K2Y structure contains a zinc ion (Zn?") that binds to its
pocket site. Native ligand coordinates were extracted using
Chimera 1.13 software to determine the pocket site of the target
protein. Glucosamine (Glu) was chosen as a potential inhibitor
due to its availability and safety for antimicrobial therapy. The
electrostatic potential (ESP) charge of Glu was calculated
using the semi-empirical quantum Austin model-1 (SQM-
AM1) method. Additionally, the Antechamber and AMBER
FF14SB force field was used to calculate several parameters,
such as restrained charge, bonded, and non-bonded interactions.

2.2 Pharmacokinetic properties

The modeled compounds (CTS, TLA, and Glu) in this
study were wused to predict their pharmacokinetic
properties, including drug-likeness, bioavailability, and
ADMET (absorption, distribution, metabolism, excretion, and
toxicity). The input files in SMILES format were used for these
predictions. The SwissADME web service was employed to
calculate the bioavailability and drug-likeness of the modeled
compounds.'! Meanwhile, the pkCSM server was used to
predict their ADMET properties.[?!

2.3 Molecular docking

Molecular docking was performed using the Dock6 package
through redocking and docking analysis. The redocking step
aimed to determine the pocket site based on the native ligand
coordinates. Several crucial parameters, such as grid spacing,
center, and dimensions, were applied for successful redocking.
Specifically:

e 1EQC: grid spacing = 0.3 A, center (X: 36.44, Y: 39.12,
Z: 58.01), dimensions (X: 13.67, Y:11.14, Z: 16.69).

e 1K2Y: grid spacing = 0.1 A, center (X: 53.57,Y: 48.72, Z:
13.24), dimensions (X: 22.79, Y: 23.87, Z: 18.07).

The energy interaction was described using gas terms,
followed by grid score (GS), van der Waals (EvdW), and
electrostatic (Eele) energies.'®!'l The redocking step was
considered acceptable if the RMSD value was below 2.0 A.l11]
The parameters obtained from redocking were used to
determine the initial conformation of Glu against the target
protein.
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2.4 Molecular dynamics simulation

The initial conformation from molecular docking was further
evaluated using molecular dynamics (MD) simulation.!'?! The
MD simulation steps were performed with the Amber18 and
AmberTools19 packages. The tleap tool was used for topology
preparation for each system.!'¥) Key parameters in topology
preparation included TIP3PBOX solvate box (distance: 10 A)
and sodium ions (Na*). The 1K2Y system contained a Zn*" ion
in the pocket site. To generate parameters and coordinates for
Zn**, the 12-6-4 Lennard-Jones (LJ) non-bonded AMBER
force field (frcmod.ions234lm_1264 tip3p) was applied. The
solvated topology was minimized through three steps:

1. Water and ion minimization,

2. Ligand-receptor minimization,

3. Whole system minimization.

The steepest descent (maxcyc: 4500 steps) and conjugate
gradient (ncyc: 1500 steps) methods were applied. Subsequent
steps included heating, equilibration, and production.!4
o The heating step ran for 200 ps, gradually increasing from
0Kto310K.

e The system was equilibrated in four steps with restraint
forces of 30, 20, 10, and 5 kcal/mol for a total of 1300 ps.

e After equilibration, each system was simulated under
periodic boundary conditions with the NPT ensemble (310 K,
1 atm) for up to 100 ns. The MD trajectory was saved every
1000 ps during production for analysis.

The generated trajectories were analyzed for:

e Root-mean-square deviation (RMSD)

e Radius of gyration (RoG)

e Complex conformation

e Root-mean-square fluctuation (RMSF)

e Hydrogen bonds (H-bonds)

e Solvent-accessible surface area (SASA)

e Radial distribution function (RDF)

e Free energy binding (AGuind)

e Energy decomposition (AGLidue

Free energy binding (AGuind) and energy decomposition
(AGESi9%) were calculated using 2000 MD snapshots from the
last 20 ns of trajectories. The molecular mechanics-
generalized born surface area (MM-GBSA) method was
applied."” The estimation of AGuping included enthalpy (AH)
and entropy change (-TAS) (Eq. (1)). The -TAS term was
ignored due to computational cost. Changes in
conformational entropy were ignored when only relative
binding free energies of similar ligands were needed. The AH
term consisted of gas-phase free energy (AGgs) and
solvation energy (AGsolv) (Eq. (2)). The AGgas was influenced
by Eq. (3):

e Van der Waals energy (AEyqw)
o Electrostatic energy (AEi)
e Bonded energy (AEbonded)
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The AEponded included bond, angle, and torsion energies,
which were negligible. The AGsoly included:

e Generalized Born electrostatic solvation energy (AGES,

e Nonpolar solvation energy (AG™™°™) (Eq. (4))

solv

Finally, all energy components contributed to AGpind (Eq. (5)).

AGy,;n¢=AH-TAS (1)
AGying=AG e tAGs,1,-TAS )
AGigas=AE gy +AEie++AEponded 3)

AG o =AGE +AGy o™ @)
AGing==AE, gy TAE e +AGES +AGY PO (5)

2.5 Microbial strains and culture conditions

P aeruginosa ATCC 27853 and C. albicans ATCC 14053
were rejuvenated on solid Sabouraud dextrose agar (SDA) and
tryptic soy agar (TSA) media, respectively. A single colony
from each rejuvenated solid culture was suspended in PBS to
obtain 100 pL of each microbial suspension. The suspensions
were inoculated in 20 mL of yeast peptone dextrose (YPD) or
tryptic soy broth (TSB) and then incubated on a rotary shaker
at 150 rpm and 37 °C to obtain the C. albicans and P,
aeruginosa inocula respectively. For the planktonic and
biofilm assays, the Roswell Park Memorial Institute-1640
(RPMI-1640) medium (Sigma-Aldrich, USA) was used.

2.6 Biofilm preparation

Planktonic cultures (inocula) of C. albicans and P. aeruginosa
were centrifuged at 3,000 g, 4 °C for 10 minutes, and the cell
pellets were resuspended in RPMI-1640 until suspensions of
107 cells/mL were obtained. A cover glass was inserted into the
well of a 24-well microtiter plate, the microbial suspensions
with or without glucosamine and antimicrobials were added,
and then the plate was incubated at 37 °C for 48 hours.

2.7 Measurement of MIC of fluconazole and meropenem
against planktonic cells

The MIC of single and combined antimicrobial agents was
determined using the liquid microdilution method according to
the European Committee on Antimicrobial Susceptibility
Testing (EUCAST). The MIC of a single antimicrobial agent
was determined against a single microbial planktonic cell,
while the combined antimicrobial agents were tested against
polymicrobial planktonic cells. The susceptibility of each
planktonic cell culture to antimicrobials was determined based
on the MIC value.

The single microbial suspension was at 10 cells/mL, while
the polymicrobial suspension was 2 x 10° cells/mL. The
suspensions were each added to the wells of 96-well microtiter
plates with the antimicrobial solution in a ratio of 1:2 so that
the final suspension was 5 x 10° cells/mL. Then, the
antimicrobial solution in RPMI-1640 was added to each well
in a twofold series.
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The negative controls in this experiment included RPMI-
1640 medium, antimicrobial solution, and PBS as the
antimicrobial solvent. The microtiter plate was then incubated
at 37 °C overnight. The MIC was determined by visually
observing the turbidity gradient, which indicated the capacity
of the planktonic cell population to grow in the presence of
antimicrobials. The minimum concentration at which growth
inhibition occurred was equivalent to the MIC.F!

2.8 Assessment of glucosamine effects

The effect of glucosamine on the efficacy of the fluconazole-
meropenem combination in eradicating C. albicans-P.
aeruginosa PMBFs were assessed by measuring the
colony-forming units (CFUs), performing the crystal violet
assay, and using scanning electron microscopy (SEM).

2.9 Measurement of the biofilm ECM by crystal violet assay
Aliquots of the suspensions of the single and PMBFs at 107
cells/mL (100 pL each) were pipetted into different wells of a
96-well microtiter plate. The suspension for the PMBF
consisted of 50% C. albicans and 50% P. aeruginosa, while
the single biofilm consisted of 100% of each cell type. The
microtiter plate was then incubated at 37 °C for 90 minutes to
allow the cells to adhere to each well, and then carefully
washed twice with PBS.

Control experiments were also carried out to grow single
and PMBFs, with ligand solution and RPMI-1640. Then, 100
pL of 0.1 g/mL glucosamine was added to each well to
evaluate its potential as an antibiofilm agent. Meanwhile, 100
pL of RPMI-1640 was added only to the growth control well,
and the microtiter plate was incubated again for 48 hours. The
biofilm formed in each well was washed twice with PBS and
then fixed with 100 pL of methanol for 15 minutes. Next, the
96-well microtiter plate was dried, and 125 pL 0of 0.1% crystal
violet was added to each well, incubated for 5 minutes, and
then washed with 100 pL of PBS. Finally, 100 pL of 30%
acetic acid was added, incubated for 10 minutes, and the
0OD595 was read.

2.10 Determination of CFUs
The suspensions of 50% C. albicans and 50% P. aeruginosa
were mixed. Then, 100 pL of the mixture was pipetted into a 96-
well microtiter plate and incubated at 37 °C for 90 minutes. For
biofilm formation, 100 puLL of RPMI-1640 was added to each
well and incubated for 24 hours. The planktonic suspension
was discarded, and the lost volume was replaced with a
solution containing RPMI-1640, glucosamine, and an
antimicrobial agent with increasing concentrations (up to 8-
fold of the MIC). The 96-well microtiter plate was then
incubated at 37 °C for 60 hours. Every 12 hours, a specific
volume was sampled from each well for CFU, SEM, and MIC
analysis. The lost volume was replaced with a fresh mixture of
ligand and antimicrobial solution.

The determination of CFUs of the microorganisms was
conducted using the spread-plate method on suitable selective
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solid media. SDA supplemented with 0.1% of the
antimicrobial meropenem was used to cultivate P. aeruginosa,
while TSA supplemented with 0.1% of the antifungal
fluconazole was used to cultivate C. albicans. The total plate
count was then used to calculate the CFUs.

2.11 Observation of biofilm morphology using SEM

A coverslip was inserted into the well of a 24-well microtiter
plate. Microbial suspensions with or without glucosamine and
antimicrobials were added and incubated at 37 °C for 48 hours.
The biofilm formed on the surface of the coverslip was
carefully washed twice with sterile PBS and fixed with 2.5%
(w/v) glutaraldehyde in cacodylate buffer overnight or for 24
hours. The biofilm was dehydrated using methanol for 30
minutes and then coated with Auw/Pd. The sample was thus
ready for observation using SEM.

3. Results and discussion

Synthesis and metabolic enzymes that contribute to the
formation of the ECM in the C. albicans-P. aeruginosa PMBF
are Bgl.2 and PMM/PGM. BglL2 catalyzes the conversion of
glucose to B-1,3-glucan, a key component of the C. albicans
biofilm ECM. PMM/PGM belongs to the subclass of
phosphohexomutases and catalyzes the formation of mannose-
1-phosphate from glucose-6-phosphate or mannose-6-
phosphate. Mannose-1-phosphate is a precursor in the
synthesis of exopolysaccharide alginate, a constituent of the
biofilm matrix and the O-antigen of LPS, both of which are
associated with P. aeruginosa virulence. Other constituents of
the ECM  include  rhamnolipids and  various
exopolysaccharides.

An antibiofilm strategy that prevents ECM formation has
emerged as one of the most promising approaches in recent
years to eradicate tolerant microorganisms in biofilms, which
are otherwise difficult to manage.!'® Therefore, a novel ECM-
based antibiofilm compound was designed to act as a
competitive inhibitor of virulence-contributing enzymes in
microbial pathogens. This strategy can also target other
biomolecules, such as receptors that play essential roles in
microbial virulence.

In this context, glucosamine (GlcN) was evaluated in silico
as a potential inhibitor by assessing its ability to bind to target
biomolecules based on binding energy values. The structural
similarity of GIcN to known biofilm inhibitors, such as
Castanospermine and L(+)-Tartaric acid, provides a distinct
advantage. This similarity may enhance the likelihood of GIcN
adopting the binding conformation of known inhibitors at the
protein’s binding pocket. A smaller (more negative) binding
energy value indicates an enhanced ability to form a stable
complex with the target biomolecule. Furthermore,
glucosamine was tested in vitro and in vivo for its potential as
an antibiofilm agent (Fig. 1).

3.1 Drug-likeness, bioavailability and pharmacokinetic
predictions
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The modeled compounds' pharmaceuticals can be
evaluated based on their moiety through bioavailability
and drug-likeness. The results indicate that Glu is a
promising therapeutic candidate that fulfill several drug-
likeness criteria and show similar properties toward CTS
and TLA as references/standards (Table S1). The oral
bioavailability analysis provides clear insights into the
physicochemical properties of the modeled compound (Fig.
2). According to the oral bioavailability is generally expected
to meet the following criteria: flexibility (0 < number of
rotatable bonds < 9), polarity (20 A2 < TPSA < 130 A?),
lipophilicity (—0.7 < X log P3 < 5.0), size (150 D <MW < 500
D), insaturation (0.25 < Csp?® < 1), and solubility (-6 <log S <
0).21 Moreover, the Lipinski rules perform no violations for
the Glu as a drug candidate. The findings indicate that
the Glu meets all the requirements of drug-likeness and oral
bioavailability. This suggests that Glu has greater potential for
use as oral medication similar to the reference compounds.
ADMET prediction helps provide drug information when
entered into the body. This information is useful for redicting
the pharmacokinetic properties of potential drugs. Several
crucial ADMET parameters are Caco-2 permeability, human
small intestine (HIA), blood-brain barrier (BBB), total
clearance, cytochrome isoenzymes (CYP), Salmonella
typhimurium reverse mutation assay (AMES) toxicity, and
hepatotoxicity, and skin sensitization.'’l In detail, the
information on ADMET properties of modeled compounds is
provided in Table 1. Overall, the predictions of ADMET for
the Glu show promising potential as a drug candidate. The
results show that the Glu is well-absorbed in human intestines
(+HIA: 35.37%). Moreover, the Glu does not cross the BBB to
assess its permeability. This finding indicates that Glu does not
affect the nervous system.* In particular, for metabolism and
toxicity parameters, showing the Glu does not interfere with
cytochrome isoenzymes and it is identified as a non-toxic
category. The Glu demonstrates strong potential as a drug
candidate due to its non-interference with these enzymes and
the absence of undesirable side effects during metabolic
processes. The information presented in this section is initial
predictions to see the pharmacokinetic properties of the Glu.

However, the information presented can provide insight and
initial consideration before conducting clinical trials on the
ability of this compound.

3.2 Molecular docking analysis

To determine the initial coordinates of the pocket site, the
redocking step provides an efficient protocol.'”’ As mentioned,
CTS and TLA are native ligands that serve as references for
determining the initial coordinates of the target protein. The
selected cluster spheres are designed to generate specific
coordinates for the pocket site. During the redocking step,
the docking conformation (pose) closely aligns with the co-
crystal ligand coordinates. This alignment is demonstrated by
the superposition with an RMSD value below 2.0 A for each
native ligand (Fig. S1). This result confirms that the
conformation of the native ligand within the pocket site is
accurate. Confidently, these coordinates and parameters can be
used to dock the Glu molecule to 1EQC and 1K2Y as target
proteins. Notably, the lowest dock score or grid score indicates

Enzyme, Receptor, Antibody that

Competitive, non- or un- competitive
inhibitors against the protein
targeted

is virulence factor involved in the
synthesis of the extracellular matrix

In silico assessments,
structure similarity,
energy binding constant

In/Ex vivo assay

Fig. 1: Computational design of ECM-based antibiofilm.
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Fig. 2: Oral bioavailability estimation of modeled compounds: (a) CTS, (b) TLA, and (c) Glu.
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Table 1: Results of ADMET predictions using pkCSM webserver.

Parameters CTS TLA Glu
Absorption:

2Caco-2 0.36 -0.50 -0.43
PHIA 58.01 427 35.57
Distribution:

‘BBB -0.96 -1.10 -1.11
Metabolism:

CYP1A2 Inhibitor No No No
CYP2C19 Inhibitor No No No
CYP2C9 Inhibitor No No No
CYP2D6 Inhibitor No No No
CYP3A4 Inhibitor No No No
Excretion:

dTotal Clearance 0.86 0.87 0.72
Toxicity:

AMES Toxicity No No No
Hepatotoxicity No No No
Skin Sensitization No No No

*Hight Caco-2 permeability > 0.90 (log Papp in 10-° cm/s), "Intestinal Absorption-Human (+HIA > 30% and -HIA < 30%), “BBB Permeability (+log

BB >0.30 and -log BB < -1.00), and 9Total clearance (log mL/min/Kg).

better ligand-protein binding affinity.! Following the analysis,
we docked Glu into the target protein. The results show that
Glu occupies the pocket site of each protein effectively (Fig.
S2). As mentioned, the energy contribution (EvdW + Eele) in
the docking interaction is calculated using a grid-based
scoring function in the gas phase. The grid score (GS) provides
an initial conformation for ligand-protein interactions from a
thermodynamic perspective. The 1EQC-Glu complex (GS:
-34.18 kcal/mol) shows stronger energy interactions
compared to the 1K2Y-Glu complex (GS: -24.25
kcal/mol). This indicates that EvdW and Eele significantly
contribute to the binding of all complexes (Table S2).
Furthermore, the interactions between Glu and amino acid
residues in the pocket site of the target proteins are shown in
Fig. 3. Our investigations reveal that several amino acid
residues interact with Glu through hydrogen bonds, carbon-
hydrogen bonds, and unfavorable donor-donor interactions.
Hydrogen bonds (H-bonds) play a crucial role in maintaining
the stability of ligand binding to the target proteins.!'”!¢]
Specifically, the amino acid residues involved in these
interactions include:
+ 1EQC-CTS: E21, Y23,N185, E186, E286, and W357
+ 1EQC-Glu: E21, Y23, N140, E186, E286, and L298
+ 1K2Y-TLA:H109, K118, and R247
* 1K2Y-Glu: D18 and H308
These results indicate that the Glu structure has advantageous
properties due to its similarity to the native ligands of each
protein (Table S2). This similarity lies in the molecular size and
functional groups (-OH and -NH>).

Based on our investigation, we conclude that Glu shows
promising potential as an inhibitor of BgL.2 and PMM/PGM
proteins. However, molecular docking provides only

6| Eng. Sci., 2025, 34, 1386

preliminary data on the coordinates of Glu binding to the
pocket site. The data generated from molecular docking
can sometimes reflect relatively rigid structures concerning
interaction energy calculations in the gas phase.l'>!!]
Therefore, further analysis of binding affinity and ligand-
protein interactions should be conducted through molecular
dynamics (MD) simulation. Integrating molecular docking
with MD simulation is an efficient protocol for studying
protein-ligand behavior under conditions that approximate
physiological environments.['>""] Hopefully, this study and
exploration of Glu as a potential inhibitor of these two proteins
will yield the expected conclusions during in vitro testing.

3.3 Dynamics conformation: stability, rigidity, flexibility,
and mobility

The trajectory production stage was performed for 100 ns on
each system. For evaluation purposes, both the apo-protein
(1EQC and 1K2Y) and complex (IEQC-Glu and 1K2Y-Glu)
systems were simulated. The goal was to observe the
dynamic behavior of the proteins with and without the Glu
molecule. Trajectories generated over 100 ns were analyzed
using the cpptraj tool available in the AmberTools19
package.’”) The analyzed variables included RMSD, RoG,
RMSF, and inhibitor mobility.

System stability was assessed based on RMSD fluctuations
during the simulation.?'l We performed RMSD analysis and
examined its distribution for each frame (Fig. 4) to determine
the stability levels of the apo-protein and the complexes. A
total of 10,000 frames were analyzed over 100 ns. The data
show that all systems exhibited good stability (RMSD < 0.35
nm). Additionally, the RMSD distribution indicates that the
1EQC and 1EQC-Glu systems have better stability compared

Engineered Science Publisher


https://www.espublisher.com/

Engineered Science

Research article

1EQC-Glu 1K2Y-Glu

(b) ,
N

@)

¢

b |P2

N

Carbon Hydrogen Bond

f\‘l/
Y.
-~ E21 —]@ 7 1L298
& ¢ 3 'Jr‘)’;?f
o N - / -
\ ~N140 o, T ;
___ f W\ B1B’VR15
£
. i A
~‘ ~_pohe _H3Z9 /
\ Y/
\ ) ;
_E186 | H308
. ”
(c) (d)
\": D246
O b, | Ry 0
Ho/s\”%ro 4 OH O 1 OH-- L)
P fpgetle g
"""" oW b, ER H,
=
"""" : Conventional Hydrogen Bond
:"'-'-E Conventional Hydrogen Bond Carbon Hydrogen Bond

(R
o
3
=2
@
>
(R
o
=
o
=
3
Q
=
(o}
=1

uonoRIBUI-az

Fig. 3: The protein-glucosamine interaction represented by complex conformation for (a) 1EQC-Glu, (b) 1K2Y-Glu and 2D
interaction, (¢) 1EQC-Glu, and (d) 1K2Y-Glu.

to the 1K2Y and 1K2Y-Glu systems. Specifically, the RMSD

distribution values for each system are:
e 1EQC:0.14-0.19 nm

e 1EQC-Glu: 0.14-0.21 nm

e 1K2Y:0.18-0.32nm

e 1K2Y-Glu: 0.16-0.34 nm

We found that the 1K2Y-Glu system showed higher RMSD
fluctuations compared to the other systems. Therefore, further
investigation is needed to ensure that the Glu molecule
remains within the 1K2Y pocket site. Nevertheless, all
systems achieved good stability, as indicated by the relatively
low RMSD fluctuations.
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Fig. 4: The system stability was performed along 100 ns simulation time: (a) the RMSD of 1EQC and 1EQC-Glu, (b) the distribution
of 1EQC and 1EQC-Glu, (c) the RMSD of 1K2Y and 1K2Y-Glu, and (d) the distribution of 1K2Y and 1K2Y-Glu.
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Following the analysis, the radius of gyration (RoG) was

investigated to assess the system's rigidity based on its
structure. The RoG value reflects the compactness of the
structure.??! Consistent with system stability (Fig. 4), the
1EQC and 1EQC-Glu systems exhibit better compactness
compared to the 1K2Y and 1K2Y-Glu systems. This is
supported by the average RoG values for each system:
1EQC: 2.02 £+ 0.00 nm
1EQC-Glu: 2.02 + 0.00 nm
1K2Y: 2.28 £ 0.01 nm
1K2Y-Glu: 2.27 £ 0.02 nm (Fig. S3)
Overall, all systems maintained good structural
compactness throughout the 100 ns simulation. This
compactness is visualized by the average structure extracted
from the trajectories (Fig. 5). Additionally, we investigated the
flexibility of amino acid residues within the pocket site of
each targeted protein to observe the influence of Glu binding.
The RMSF value was used to identify the flexibility of
residues within a 5 A radius of the Glu coordinates. Our
findings indicate that the presence of Glu in the pocket site
stabilizes the protein-glucosamine interaction, as shown by the
lower RMSF values in the complex systems compared to the
apo-protein systems (Fig. 4). Therefore, we conclude that the
binding of the Glu molecule in the pocket site of the targeted
proteins enhances system stability.

RMSF (nm)
0.75

1EQC | 1EQC-Glu

(a)

0.15

1EQC-Glu

RMSF (nm)
0.75

- 0.15

=
Q
>
N
X
=

Fig: 5: The average structure of each system was superposed to
perform its compactness. The RMSF was performed to calculate
the flexibility of the targeted protein pocket site. (a) 1IEQC and
1EQC-Glu and (b) 1K2Y and 1K2Y-Glu.
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In addition to investigating the inhibitor mobility at the
pocket site, we visualized the Glu mobility every 20 ns during
the 100 ns simulation (Fig. 6). This analysis was performed to
confirm that the Glu molecule remains bound to the pocket site.
The visualization illustrates how the conformation of the target
protein structure changes throughout the simulation.
Consistent with the previous analysis (stability and rigidity),
the results show that the protein structure did not undergo
significant changes. Furthermore, Glu remained within the
pocket site throughout the simulation. This is evident from the
Glu mobility at the 1EQC pocket site, where it did not
experience significant movement and remained well-occupied
at the pocket site. In contrast, Glu showed some mobility at
the 1K2Y pocket site; however, it remained within the pocket
site and did not leave it. Additionally, the amino acid residue
colored yellow indicates that no significant conformational
changes occurred. These findings provide insight into how Glu
can maintain its position and effectively bind to the pocket
sites of the BgL.2 and PMM/PGM proteins.

3.4 Molecular interaction on the pocket site: hydrogen
bond and water accessibility

To understand the reason why Glu can bind very well to the
pocket site of the targeted protein, the hydrogen bond and
water accessibility were investigated. The analysis was
performed using 10,000 frames extracted from 100 ns of
trajectories. These variables aim to examine the molecular
interactions at the pocket site of each system.

Hydrogen bonds (H-bonds) play a crucial role in ligand-
protein interactions by maintaining complex stability.['->*l The
presence of —OH and —NH2 groups in the Glu molecule
enhances its ability to increase H-bond interactions as
hydrogen donors or acceptors. Note that the H-bond analysis
is calculated by considering the number of frames recorded
during the simulation time. It is recorded as the presentation of
hydrogen bonds (PHB), which represents the number of
frames recorded divided by the total number of frames. The
highest PHB value indicates the likelihood of an intense H-
bond interaction being formed. Additionally, the H-bonds
considered in this analysis are those with a PHB percentage
above 10% (Table 2). The results show that Glu forms a more
intense H-bond interaction with the 1EQC protein than with
1K2Y. This can be seen from the number of H-bonds recorded
during the simulation time (Fig. S4) and reinforced by the PHB
value. This finding also correlates with the molecular docking
results, which show similar findings (Table S1).

It should be noted that during the simulation, each atom in
the system moves dynamically,’>l which leads to the detection
and undetection of several H-bond interactions. For example,
in the molecular docking analysis of 1K2Y-Glu, Glu interacts
with residue H308. However, in the MD simulation, this
interaction was not detected. This is understandable because
Glu's mobility (Fig. 5) was quite intense in the 1K2Y pocket
site during the simulation. As a result, the possibility of an H-
bond forming with residue H308 is smaller. Overall, the
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Table 2: Hydrogen bond analysis using 10,000 frames from 100 ns of trajectories of IEQC-Glu (A) and 1K2Y-Glu (B) Complexes

(Cutoff values: distance (3.5 A) and angle (120°)).

Donor#H...Acceptor Frames Dist. (A) Angle (0) PHB (%)
(A) 1IEQC-Glu Complex

(N140)HD22...0H-C6 6395 3.00 154.58 63.95
(N140)HD22...C1-0-C6 3194 3.04 137.01 31.94
(Y23)H...OH-C1 2798 2.85 161.17 27.98
(N140)H...OH-C6 2767 3.26 151.12 27.67
1C-OH...O(E286) 2727 2.66 164.06 27.27
1C-OH...O(E21) 2598 2.91 159.24 25.98
4C-OH...O(L298) 2499 2.81 160.62 24.99
3C-OH...O(E286) 2312 2.60 166.20 23.12
(Y23)H...OH-C3 2153 2.89 157.13 21.53
2C-NHa...O(E286) 2094 3.04 150.72 20.94
2C-NHb...O(E186) 1265 2.92 159.69 12.65
(B) 1K2Y-Glu Complex

4C-OH...0(D18) 1400 2.70 160.15 14.00

H-bonds formed between Glu and the target protein lead to the
same conclusion: the Glu molecule can form interactions with
the amino acid residues at the pocket site in the form of H-
bond interactions.

Further investigation of molecular interactions at the
pocket site was conducted by examining water accessibility.

Engineered Science Publisher

This analysis aims to assess how water molecules access the
pocket sites of the targeted protein. Water molecules play a
crucial role in maintaining the ligand-protein structure.?>2¢! The
presence of water molecules at the pocket site can increase the
likelihood of H-bond interactions through mediation by water
molecules. Several variables were measured to address this
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issue, such as the solvent-accessible surface area (SASA) and
radial distribution function (RDF) (Fig. 7). The results show
that 1K2Y-Glu is more easily accessible to water molecules
than 1EQC-Glu, as supported by the SASA values for each
system (1EQC-Glu: ~0.37 nm? and 1K2Y- Glu: ~2.63 nm?).
Additionally, water molecules that approach the oxygen (O)
and nitrogen (N) atoms in the Glu molecule were analyzed
using RDF (g(1)), based on the integration number (n(r)) within
a spherical radius (r).?”? The data on the number of water
molecules is provided in Table S3. The lower hydration peaks
observed in the 1EQC-Glu system, compared to 1K2Y-Glu,
are shown in Fig. 7. This data aligns with the SASA values
mentioned earlier, further supporting the conclusion that Glu
is more accessible to water molecules in the 1K2Y pocket site.
At the atomic level, the N atom shows higher hydration
sensitivity. We suggest that the presence of the -NH2 group on
the Glu molecule enhances its stability and maintains
interactions with water molecules. This can be seen in the n(r)
values for the N atom in each system: 1EQC-Glu: 2.81 and
1K2Y-Glu: 2.89. In summary, the O and N atoms in the Glu
molecule enhance water accessibility. All the findings
discussed in this section suggest that the Glu molecule can
bind effectively to the pocket site of the targeted protein.

15 7 15
——1C-0-CB / //
| ——1c-oH 7]/
—4C-OH / /
EN 1.0 0 / B
Q
& —— 2C-NH,
g ]
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Sl 05-
0.0
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T T T
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1EQG-Glu
0 20 40 60 80 100

Time (ns}
Fig. 7: Water accessibility analysis was performed through the
radial distribution function (top) and the solvent-accessible
surface area (bottom).
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3.5 Binding affinity: Free and
decomposition energy
All the findings indicate that Glu has stabilized and binds
effectively to the pocket site of each targeted protein. In this
section, we present the analysis for binding affinity
calculations through free energy binding (AGuind) and energy
decomposition (AGLSU®) 115251 Calculations were performed
using the last 20 ns of the trajectories. It was assumed that the
trajectory range did not experience significant changes, which
is supported by the Glu snapshot at the pocket site, where no
substantial changes in coordinates were observed (Fig. S5).
Following this, the energy components of (AGbind) are
listed in Table 3. The energy values show the contribution of
gas (AGgas) and solvation (AGsol) terms 1?8, AGgas consists
of van der Waals energy (AEvdw) and electrostatic energy

(AEele), while AGsor consists of the Generalized Born

model/polar energy (AGgﬁv) and solvent-accessible surface

area/nonpolar energy (AG™"*°™). In summary, Glu shows a
stronger AGpind With 1EQC than with 1K2Y. This is evident
from the more negative AGpind value for 1EQC-Glu compared
to 1K2Y-Glu, thermodynamically. This result is primarily due
to the higher contribution of AEpind to AGbind in each system.
These findings are consistent with the GS values measured in
the molecular docking section (Table S1). Overall, Glu binds
very effectively to the pocket site of the targeted protein.

energy binding

Table 3: Energy components (kcal/mol) of complexes calculated
with MM-GBSA.

Energy components 1EQC-Glu 1K2Y-Glu
AEydw -21.83 +0.05 -11.85+0.08
AEgle -39.77 +0.14 -44.87 +0.27
AGgas -61.60 +0.13 -56.72+0.29
AGE, 41.06 £0.09 45.95 £0.20
AGRPOlr -3.78 £ 0.00 2.59+0.01
AGsol 37.28 +0.09 43.36+0.19
AGbind -24.31 +0.08 -13.36 £ 0.12

To evaluate the contribution of amino acid residues
toward binding affinity, energy decomposition (AGLSSu
was calculated. This variable aims to identify the key binding
residue that is responsible for stabilizing the Glu binding
and it gives the details about the binding mechanism.?8 It
should be noted that the amino acids considered key binding
residues are those that have a AGISS™ value <-0.50 kcal/mol.
In detail, each system shows that several key binding residues
are 1EQC-Glu (Eight residues: E21, Y23, F138, N140, Y249,
F252, 1.298, and W357) and 1K2Y-Glu (Six residues: S327,
E375, R421, S423, T426, and V430) (Fig. 8). The IEQC-Glu
interaction showed a similar correlation with molecular
docking (Fig. 1). Meanwhile, 1K2Y-Glu showed quite
significant changes in interaction. It has been described
previously that Gluundergoes movement in the 1K2Y pocket
site (Fig. 6). Therefore, MD simulation findings provide more
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Fig. 8: Key binding residues analysis was provided through energy decomposition (AG ™9*®), binding pose, and energy contribution.

comprehensive data in viewing the dynamic behavior of
each system. This investigation provides insight into the
inhibitory mechanism of Glu as a potential inhibitor of
Bgl.2 and PMM/PGM.

3.6 MIC of fluconazole and meropenem against mono- and
poly-microbial planktonic C. albicans and P. aeruginosa

MIC is the lowest concentration of an antibacterial agent,
measured in mg/L or pg/mL, that completely prevents the
growth of a test strain under strictly controlled in vitro
conditions. In this study, we followed the protocol from
EUCAST to first determine the MIC of meropenem and
fluconazole as single compounds,*! as well as in combination,
against planktonic C. albicans and P. aeruginosa. Based on the
experiment shown in Fig. S6, the MIC of meropenem against
a planktonic culture of P. aeruginosa was 0.5, while the MIC of
fluconazole against C. albicans was 0.125. The MICs of
meropenem and fluconazole against mixed cultures of
planktonic C. albicans and P. aeruginosa were 0.25 and 0.031,
respectively (Fig. S7). These values were demonstrated by
color changes at these concentrations, indicating the lowest
concentration at which the drugs begin to affect C. albicans
and P. aeruginosa. The MIC values from the co-culture were
used as reference values to assess their effect as antibiofilm
agents and in combination therapy to enhance the performance
of fluconazole and meropenem against their C. albicans-P.

Engineered Science Publisher

aeruginosa biofilm.

3.7 Influence of glucosamine on the effectivity of
fluconazole and meropenem

The effect of glucosamine on the antimicrobial performance
of meropenem and fluconazole was assessed by measuring the
amount of ECM in the C. albicans and P. aeruginosa PMBFs,
determining the number of CFUs within the biofilm and
conducting qualitative measurements using SEM. As shown in
the histogram in (Fig. 9A), 10% glucosamine improved the
effectiveness of meropenem against C. albicans-P. aeruginosa
PMBFs. Including 10% glucosamine during treatment with
meropenem at 4- and 8-fold the MIC suppressed P. aeruginosa
in the biofilm. In contrast, when exposed to meropenem at 4-
and 8-fold the MIC without glucosamine, the number of CFUs
of P. aeruginosa was 500 cells/uL, while the inclusion of 10%
glucosamine completely eliminated them (0 cells/uL).
These data indicate that glucosamine actively enhances
the effectiveness of meropenem (Fig. 9B).

As shown in (Fig. 9C), fluconazole at 4- and 8-fold the
MIC allowed the number of C. albicans colonies to reach
approximately 500 cells/uL, but the addition of 10%
glucosamine completely eliminated P aeruginosa. These
results demonstrate the significant role of glucosamine in
enhancing the antifungal activity of fluconazole against C.
albicans under conditions where a biofilm was induced. In
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Fig. 9: The effect of glucosamine on forming extracellular matrix in single and polymicrobial biofilm of 48 h. Ca: C. albicans; Pa:
P. aeruginosa; Cat+Pa: C. albicans-P. aeruginosa as measured using the crystal violet method at OD595. (A) The effects of
glucosamine on the activity of meropenem at 48 h against the polymicrobial biofilm of C. albicans-P. aeruginosa grown in a 96-well
microtiter plate, measured by the total plate count method. Meropenem used at 4 x MIC and 8 x MIC, while fluconazole was at 1 x
MIC; (B) The effects of glucosamine on the activity of fluconazole at 48 h against the polymicrobial biofilm of C. albicans-P.
aeruginosa grown in a 96-well microtiter plate, measured by the total plate count method; and (C) Fluconazole was used at 4 x MIC

and 8 x MIC while using meropenem at 1 x MIC.

general, biofilms are formed when microbial cells need
to protect themselves from adverse conditions, such as
nutrient deprivation, the presence of antimicrobial agents
(including antibiotics), and the host's immune system.

3.8 SEM confirmed the effects of glucosamine

The SEM profile of the C. albicans-P. aeruginosa biofilm,
shown in (Fig. 10), suggests an interaction between the two
species due to their proximity. This phenomenon may be
attributed to syntrophy or cross-feeding, where one species
feeds on the metabolic products of another through electron
transfer to overcome energy limitations.%3! In this type of
interaction, the transfer of metabolites can occur between two
or more metabolically diverse species living in close proximity
to each other.*!

The effects of glucosamine were demonstrated by
comparing the SEM images of the PMBFs with and without
glucosamine (Fig. 11). In the absence of glucosamine, P
aeruginosa (smaller cells) and C. albicans (larger cells)
formed large and extensive aggregates, resulting in the

12| Eng. Sci., 2025, 34, 1386

formation of a biofilm (Fig. 11A). In contrast, in the presence
of 10% glucosamine, almost all C.albicans and P. aeruginosa
cells were in their free form (Fig. 11B), referred to as freely
planctonics.

A combination antimicrobial therapy against the C.
albicans-P. aeruginosa PMBFs have been reported,
demonstrating an inefficient performance despite the highest
antimicrobial dose; even after 24 h of treatment, both
microbial species existed in the form of a consortium.! In
addition, administering high antimicrobial doses and
exceeding clinical recommendations was highly toxic to
humans. PolyB and AmB demonstrated synergistic effects
against the mixed planktonic cultures of P. aeruginosa or C.
albicans. However, only very high doses of PolyB, 256 mg/L
(256 x MIC), affected PMBFs, with a loss of cultivability but
not viability in P. aeruginosa at 2 h post-treatment, while the
inhibition of C. albicans only started after 14 h. In this study,
glucosamine with antibiofilm activity was used as a
concomitant agent with fluconazole and meropenem against
aC. albicans - P. aeruginosa PMBFs at low concentrations, 4
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Fig. 10: SEM profile of the C. albicans-P. aeruginosa biofilm, at 5000% (A) and 1000x (B) magnification, attached to the surface of
a 96-well microtiter plate. White circle: association between C. albicans-P. aeruginosa, red circle: biofilm with the thickest matrix.

x MIC of fluconazole and 1 x MIC meropenem.

Glucosamine is a precursor of peptidoglycan in bacteria
and a component of glucosaminoglycans in eukaryotes. In
addition, glucoseamine is a safe food supplement with little or
no toxicity against human cell cultures used to support the
structure and proper functioning of joints and treat and relieve
osteoarthritis pain. Glucosamine is a nonprescription drug.
Glucosamine demonstrated a remarkable antibiofilm activity
against both mono- and polymicrobial biofilms of
Pseudomonas aeruginosa and Candida albicans. Therefore, it
can be a good caudida:e for use as an inclusion agent to treat
lung infections, ¢specially VAP. It also can be used to treat
other polymicrobial biofilm such as cystic fibrosis, otitis
media and urinary and tract infections. ]

There have been many research reports with the aim of
discovering new anti-biofilm agents from natural sources.**!
Natural products from plants, microorganisms, and marine

(A)

$S40
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LPPT UGM

SEI WD11mm

organisms are unpredictable sources of anti-biofilm agents.
Therefore, a top-down research strategy is needed to explore
anti-biofilm agents from natural sources. There are many
examples of top-down approachs, including the approach of
screening, isolating and characterizing alkaloids from marine
sponges that are active against gram-positive and gram-
negative bacteria.l*! Another example is the isolation and
characterization of styrylpyrone and quinic acid derivatives
from Helichrysum italicum polar extract, which are active
against P. aeruginosa and pholretin,% to reduce the formation
of enterohemorrhagic FEscherichia coli O157:H7 (EHEC)
biofilms.B7 The top down research strategy, besides requiring
a long time, often does not succeed in obtaining novel or new
target compounds. Even though they have succeeded in
isolating, characterizing and purifying natural anti-biofilm
agents. Although they have succeeded in isolating,

characterizing and purifying natural anti-biofilm agents, most

(B)

J
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Fig. 11: SEM images of polymicrobial biofilm at 1.000x magnification prepared with (A) and without (B) glucosamine. Blue arrows:
P. aeruginosa biofilm. White arrows: C. albicans biofilm. Yellow arrows: C. albicans biofilm with the thickest extracellular matrix.

Blue circle: Free planktonic cells.
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of the long step isolation processes produce very small yields.
As has been done by researchers in an article exploring anti-
biofilm agents from nature.3%-40]

Meanwhile, the bottom-up method has been successfully
carried out in this research to explore extracellular matrix-
based antibiofilm. We have discovered glucosamine as new
antibiofilm towards both and mix C. albicans and P.
aeruginosa by using this method. The collection of small
molecules that will be tested in the in silico experiments were
based on several criteria, including non-toxic, easy to produce
in unlimited quantities and as far as possible from natural
ingredients. We can choise materials that are suitable for
production as non-hazardous medicinal ingredients at an early
step. In the future, easily available glucosamine can be
developed for application in many cases of infectious diseases
involving C. albicans-P. aeruginosa polymicrobial that is
difficult to treat until now as they are opportunistic pathogens
capable of producing biofilms in clinical devices. These two
pathogens are frequently found at the site of device-associated
nosocomial infections, including ventilator-associated
pneumonia (VAP), bloodstream and urinary tract infections.*!]
Lung infections with P. aeruginosa often appear as secondary
infections following primary lung infections with C.
albicans.™ In cystic fibrosis (CF) patients, cocolonizations of
C. albicans-P. aeruginosa are often found. This kind of co-
infection in CF and VAP cases is associated with prolonged
hospital stay, decreased lung function, and high mortality in
the intensive care unit (ICU).[*-1

4. Conclusion

In conclusion, glucosamine has been developed as an
extracellular matrix-targeting antibiofilm agent against P
aeruginosa-C. albicans biofilms using a simple bottom-up
method. Exposure of P. aeruginosa and C. albicans mixed
biofilms to a combination of the antibiotics meropenem and
fluconazole at MICs of 4 and 8 times, respectively, without
glucosamine caused the number of P aeruginosa and C.
albicans colonies to reach approximately 500 cells/puL (CFU).
In contrast, the same exposure with the addition of 10%
glucosamine completely eliminated the colonies. The
inclusion of glucosamine as an antibiofilm agent in
combination therapy with antibiotics and/or antifungals
presents an attractive therapeutic option fo treating severe
bacterial-fungal polymicrobial infections, such as pneumonia.
These infections frequently involve colonization of
endotracheal tube surfaces, where C. albicans and P. aeruginosa
form drug-resistant polymicrobial biofilms (PMBFs).
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