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Unveiling the therapeutic significance of shikimate pathway-derived 
phenolic acids against penicillin-binding protein 3 of Pseudomonas 
aeruginosa
Yamkela Dwebaa, Christiana E. Aruwaa, Taofeeq Garubab and Saheed Sabiua

aDepartment of Biotechnology and Food Science, Faculty of Applied Sciences, Durban University of Technology (DUT), 
Durban, South Africa; bDepartment of Plant Biology, University of Ilorin, Ilorin, Nigeria

ABSTRACT
This study investigated the modulatory potential of Shikimate pathway-derived 
phenolic acids against penicillin-binding protein 3 (PBP3) of Pseudomonas aerugi
nosa using computational and in vitro methods. The binding and inhibitory cap
abilities of 22 phenolic acids against the catalytic site of PBP3 were evaluated and 
revealed ellagic and chlorogenic acids as the top inhibitors, showing superior 
docking scores of −8.4 kcal/mol each compared to the standard, cefotaxime (−7.5  
kcal/mol). Dynamics simulation of their PBP3 complexes indicated chlorogenic 
acid’s efficacy in inhibiting PBP3 (−33.65 kcal/mol) relative to cefotaxime (−30.10  
kcal/mol), while interacting with key catalytically relevant residues. The quantum 
features analysis using DFT/B3LYP suggested chlorogenic acid’s superior reactivity 
and compatibility with the PBP3 active site. In vitro evaluation revealed an MIC of 
200 mg/ml for chlorogenic acid and 0.8 mg/ml for cefotaxime against Pseudomonas 
aeruginosa ATCC 27,853, while their combination showed a synergistic action 
mechanism (FIC index of 0.5). These observations were validated in time-kill kinetics 
(gradual decrease in viable cells over 24 h). The study concludes chlorogenic acid as 
promising PBP3 inhibitor. Nonetheless, further studies could focus on the structural 
modification of chlorogenic acid to improve its pharmacokinetic properties and 
potential as an antibacterial drug candidate in vivo.
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Introduction

Morbidity and death rates associated with 
Pseudomonas aeruginosa infection are a global 
cause for concern, especially in immunocompro
mised patients [1]. Infections caused by 
P. aeruginosa have become difficult to treat due 
to their multi-drug resistance (MDR) to available 
antibiotics like aminoglycosides, quinolones, car
bapenems, β-lactams and cephalosporins like 
cefepime regarded as the antibiotic of choice in 

pseudomonal infections therapy [2,3]. As such, 
this pathogen is one of the bacterial strains con
tributing tremendously to the ongoing antimi
crobial resistance (AMR) crisis. This led to the 
World Health Organization (WHO) designating 
P. aeruginosa as an important pathogenic spe
cies requiring new antimicrobial development to 
enhance the treatment of associated infections 
[4]. The extensive use of antibiotics exacerbates 
drug resistance development in P. aeruginosa 
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and leads to the ineffectiveness of conventional 
antibiotics, thus limiting treatment options [5]. 
This emphasizes the need for and importance of 
identifying and developing novel antimicrobial 
agents to combat infections caused by drug- 
resistant P. aeruginosa.

Bacteria rely on the integrity of their cell 
walls containing peptidoglycan layers for survi
val, and this layer aids in AMR expression [6,7]. 
Peptidoglycan comprises a disaccharide with 
peptide links known as NAG-NAM (N-acetyl glu
cosamine-N-acetylmuramic acid), on the NAM 
unit [8]. The synthesis of NAG-NAM subunits 
and cross-linking of the peptide stems from 
a mature cell wall, a process catalyzed by peni
cillin-binding proteins (PBPs) using their trans
glycosylase and transpeptidase activities, 
respectively [9]. Due to their important role in 
peptidoglycan synthesis, PBPs are good anti
biotic targets, especially β-lactam antibiotics 
[10]. Pseudomonas aeruginosa codes for eight 
PBPs of which the PBP3 is the most essential for 
its growth as it exhibits transpeptidase activity 
needed to catalyze the linking of glycan sub
units [11,12]. In P. aeruginosa, resistance against 
β-lactam antibiotics has been linked to the 
mutations in PBP3 and conditional mutations 
of PBP3 have been reported to cause cell divi
sion failures and lead to increased susceptibility 
to β-lactam antibiotics [11]. Overall, these 
reveal PBP3 as the most essential druggable 
target for the attenuation of resistance in 
P. aeruginosa.

Most recently, many strategies to counter AMR 
have been explored, with combination therapy 
being the most promising strategy to increase 
treatment efficacy and mitigate resistance devel
opment [13]. Over the years, drug development 
has focused on developing antibiotics mainly 
from microbial sources while paying less atten
tion to plant-based antibiotics as potential alter
natives [14]. However, in recent years, plant- 
derived compounds (especially phenolic acids – 
PAs) have gained great interest as alternatives to 
conventional drugs due to being more cost- 

effective, biocompatible and well-developed 
chemistry and biosynthetic pipelines which differ 
from microbe-derived products [15]. Higher 
plants and microbes utilize the shikimic acid (SA) 
pathway for bioproduction of secondary metabo
lites such as PAs, of which most of the plant 
derived PAs are produced through the SA path
way [16]. Plant-derived phenolic acids exhibit 
a wide range of biological activities such as anti
diabetic, antioxidant, anticancer properties and 
notably, strong antimicrobial properties [17–19]. 
These compounds interact with transmembrane 
transporters for entry into the cell as opposed to 
the passive diffusion normally observed with con
ventional antibiotics. They also exert broader anti
microbial effects using a pleiotropic mechanism, 
where they act on multiple targets [20]. This high
lights their greater potential as primary antimicro
bial drug candidates in drug development and 
emphasizes their novel approach in dealing with 
AMR [21].

In novel antimicrobial identification and devel
opment, in silico methods have increasingly 
become invaluable tools in the identification of 
lead drug candidates, drug targets, and mechan
isms of action [22]. Molecular dynamics (MD) 
simulation technique enables the examination of 
interactions between molecules (such as proteins 
and ligands), determination of the binding 
strength and energy of binding complexes, 
which are crucial for assessing the therapeutic 
potential of identified leads. In essence, it allows 
for the comprehension of the thermodynamic 
relationship between molecular systems (protein- 
ligand complex) and their behaviors over time 
[23–25]. On the other hand, molecular docking 
suffices as an advanced in silico tool for lead 
metabolites selection using their docking scores 
[26]. Despite ongoing efforts to curb the progres
sion of drug resistance, it continues to escalate at 
a pace surpassing that of drug development, 
resulting in a decline in the effectiveness of 
most antibiotics [27]. In light of the foregoing, 
the SA pathway-derived PAs could prove to be 
promising leads for novel antibacterial develop
ment. Hence, this study explores PAs derived from 
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the shikimate pathway as P. aeruginosa PBP3 
modulators using in silico analysis, complemen
ted by in vitro evaluations to validate the antibac
terial potential of the PAs either as stand-alone 
bioactive molecules or in combination with cefo
taxime, a conventional antibiotic.

Methodology

In silico analyses

Acquisition and preparation of target protein 
and ligands
The penicillin-binding protein 3 (PBP3) 3D 
structure (3PBN) was obtained from the 
Protein Data Bank (https://www/rcsb.org/pdb), 
and prepared in UCSF Chimera 1.15 (water 
molecules, heteroatoms and nonstandard resi
dues removed) followed by saving in ‘pdb’ for
mat. Prior to performing molecular docking, the 
binding site grid coordinates were determined 
[28]. A total of 22 phenolic acids were selected 
for docking against PBP3. The PubChem com
pounds library (https://pubchem.ncbi.nlm.nih. 
gov/) was used in the retrieval of ligands 3D 
structures in ‘sdf’ format. The UCSF Chimera 
1.15 software was then used to optimize and 
minimize all ligand structures by adding 
Gasteiger charges and H atoms. The ligands 
were thereafter saved as ‘mol2’ structures.

Docking of ligands to protein active site
Using UCSF Chimera with inbuilt AutoDock vina 
and default parameters, the PAs and antibiotic 
standard (cefotaxime) were docked into PBP3 
active site using a grid corresponding to 
x-y-z (size: 43.2764/42.7334/39.8618 Å and cen
ter: 19.0477/-52.1288/20.7001 Å) coordinates. 
Complexes with the best binding poses and 
lowest docking scores were thereafter saved in 
pdb format and viewed using Discovery Studio 
2021 to derive insights on interactions between 
ligands and active site residues. MD simulations 
proceeded using the phenolic acids with best 
binding affinity scores, as well as the stan
dard [29].

Molecular dynamics (MD) simulation
The MDS was conducted on the Center for High 
Performance and Computing (CHPC) cluster 
using the AMBER 14 software and FF18SD 
force field variant. The ANTERCHAMBER ligands 
charges assignment aided the addition of chlor
ide and sodium ions and TIP3P water molecules 
for system neutralization (cutoff was set at 8 Å 
for non-bond interactions). The Leap Module 
Shake algorithm was used to minimize the 
expansion of the chemical bonds involving 
hydrogen atoms, while trajectory processing 
for post-MDS analyses [including root-mean- 
square deviation (RMSD), root-mean-square 
fluctuation (RMSF) and radius of gyration 
(ROG)] was done via the CPPTRAJ program. 
The Molecular Mechanics/GB Surface Area 
method was used to determine binding free 
energies per complex during a 100 ns simula
tion time [30].

Chemical (quantum) reactivity 
determinations
The chemical reactivity and molecular attri
butes of the top-performing PAs were deter
mined using Density Functional Theory (DFT)/ 
B3LYP/631 G/+ basis set analysis [31] via the 
Gaussian 16 software. GaussView Version 
6.0.16 was employed to view and visualize the 
results. Based on conceptual DFT (CDFT), the 
chemical descriptors (ionization energy, energy 
gap, softness, hardness, global electrophilicity, 
among others) that elaborate more on the 
molecular properties were calculated using 
the energies of frontier highest occupied mole
cular orbital (HOMO) and lowest unoccupied 
molecular orbital (LUMO) as foundation. These 
determinations consider the Koopmans theo
rem [32] and Parr and Pearson interpretation 
[33] of DFT.

Pharmacokinetic properties and 
drug-likeness prediction
The SwissADME online resource (https://www. 
swissadme.ch/index.php) was used to deter
mine the pharmacokinetic, that is, absorption, 
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distribution, metabolism and excretion (ADME), 
and drug-likeness features of the top two phe
nolic acids and the cefotaxime positive control/ 
standard [34]. The toxicity profiles of the lead 
compounds and the standard were evaluated 
using Protox-II (https://tox-new.charite.de/pro 
tox_II) webserver [35].

In vitro analyses

Bacterial culture standardization and 
antibacterial susceptibility test
In this study, P. aeruginosa ATCC 27,853 was 
used. Mueller–Hinton (MH) agar, nutrient agar 
and broth media were prepared using distilled 
water. The P. aeruginosa was subcultured onto 
fresh plates and incubated at 37°C for 24 h in 
before conducting in vitro tests. The stock cul
ture was prepared by using the fresh plate to 
inoculate sterile normal saline (0.85%), followed 
by standardization (0.5 McFarland) of suspen
sion to at 600 nm [108 CFU/mL inoculum size 
with optical density (OD) of 0.08]. Using the 
agar well diffusion method, 100 µL of standar
dized bacterial broth was spread under aseptic 
conditions on appropriately labeled Petri plates 
containing solidified Mueller Hinton (MH) agar. 
Then, 6 mm wells were borne into solidified 
plates, and about 50 µL aliquots of compound 
and standard at 200 mg/mL were aseptically 
transferred into respective labeled wells. 
Following adequate diffusion, plates were 
then inverted and placed in an incubator set 
at 37°C for 24 h. The diameter of the inhibition 
zone was then recorded in ‘mm’. The assay was 
conducted in triplicates.

Microdilution assay
The broth microdilution technique described 
by Balouri et al. [36] was employed to deter
mine the minimum inhibitory concentrations 
(MICs) of chlorogenic acid (CGA) and cefotax
ime (CTX) against P. aeruginosa. In a 96-well 
microtiter plate, each well was filled with 50 µL 
Mueller–Hinton broth (MHB), followed by the 
addition of 100 µL two-fold serial dilutions of 

CGA and CTX, and 99.7% DMSO as a negative 
control. Subsequently, 50 µL of standardized 
bacterial inoculum was added into wells and 
the plate was allowed to incubate for 24 h at 
37°C. Thereafter, the observed lowest concen
tration inhibiting bacterial growth (MIC) was 
recorded. In minimum bactericidal concentra
tion (MBC) determination, 50 µl was taken from 
the well showing no turbidity/growth and 
transferred to MH agar plates which were then 
incubated under the same condition conditions 
as for MIC. The lowest concentration showing 
no viable growth after incubation was recorded 
as the MBC.

Synergy test (checkerboard assay)
The synergy of the combined treatments (CGA 
and CTX) was determined using the broth 
microdilution checkerboard assay. A two-fold 
serial dilution of CGA and CTX stock was done 
in a microtiter plate using 50 µL MH broth. 
Subsequently, 50 µL of standardized bacterial 
suspension was added, followed by the pre
paration of positive controls (single treatments 
of CGA and CTX), and then the plate was incu
bated for 24 h at 37°C. After incubation, the 
calculation of fractional inhibitory concentra
tion index (FICI) helped to determine com
pound interaction type (synergism defined at 
FICI ≤ 0.5, additive at 0.5 < FICI ≤ 4, and antag
onism at FICI greater than 4) using the below 
formula:

FICI = (MIC of chlorogenic acid in combina
tion/MIC of chlorogenic acid alone) + (MIC of 
cefotaxime in combination /MIC of cefotaxime 
alone). (1)

Time-kill kinetics
The killing rate of CGA, CTX and their combina
tion against P. aeruginosa within a given con
tact time was determined using the broth 
microdilution technique [37]. In a 96-well 
microtiter plate, 50 µL of treatments (4 × MIC) 
was dispensed into each well containing 50 µL 
MH broth. Then, 50 µL of standardized bacterial 
inoculum was added to wells. The wells 
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containing only the bacterial suspension and 
MH broth served as the growth controls. The 
plate was incubated (37°C) and absorbance 
readings were taken at 600 nm every 2 h over 
24 h period. The assay was conducted in 
triplicates.

Statistical analysis

Results were expressed as mean ± standard 
error of the mean (SEM) and statistical analyses 
were performed on Graph Pad Prism version 5.0 
using non-parametric one-way analysis of var
iance tests to determine significance levels (p  
< 0.05).

Results and discussion

Molecular docking and amino acid residues 
interactions

Twenty-two phenolic acids and one FDA- 
approved drug (cefotaxime) underwent dock
ing into the active site of the PBP3 receptor to 
assess their affinity to bind with the protein 
target, followed by lead identification. The 
results, detailed in Table S1 of the supplemen
tary material, show the binding affinity of the 
phenolic acids as binding free energy (docking) 
score. Ideally, the greater the negative score, 
the stronger the binding, affinity and fitness 
for the protein. Of the 22 compounds, chloro
genic acid (CGA) and ellagic acid (EA) emerged 
with the most favorable binding affinity scores 
(−8.4 kcal/mol each) for PBP3 surpassing the 
standard drug, cefotaxime (CTX) (−7.5 kcal/ 
mol). Study findings are in line with those 
reported by Sahare and Moon [12], where 
both CGA (−9.04 and −8.94 kcal/mol) and EA 
(−6.87 and −5.94 kcal/mol) had higher negative 
binding affinity than the control, methicillin 
(−6.47 and −4.33 kcal/mol) against the wild 
and mutated versions of PBP3. Collectively, 
these findings support the potential of these 
PAs as promising PBP3 modulators.

After docking, complexes formed by CGA, EA 
and standard, CTX, were analyzed via Discovery 
studio for their bond interactions with PBP3 active. 
The results are represented in Table 1 and Figure 
S1 of the supplementary material, from the obser
vations it was revealed that there was a total of 18 
interactions between CGA and PBP3. These 
included three conventional hydrogen bonds 
(Ser634, Tyr636), one C-H bond (Thr603), and 
one unfavorable bond interaction (Thr603) with 
bond lengths of less than 3Å, and several van der 
Waals. Additionally, multiple residues (ArgA428, 
SerA448, AsnA450, ProA660, LeuA663, ThrA619) 
engaged with CGA via Van der Waals bond. Ellagic 
acid, at the active site of PBP3, engaged with 
a total of 15 interactions, including 3 conventional 
hydrogen bond interactions (SerA392, ThrA621 
and SerA429), one C-H bond (GluA620) with ˂ 3 
Å bond lengths (Table 1, Figure S2). The cefotax
ime-PBP3 complex showed 18 total interactions [3 
conventional hydrogen bonds (LysA427, SerA429, 
ThrA621), 2 C-H bonds (SerA448, ThrA603), sulfur- 
x (SerA429), pi-anion (GluA623)] with mean bond 
lengths ranging from 2.02 to 3.92 Å. Van der Waals 
interactions were observed with several residues 
(SerA392, LysA395, ArgA428, TyrA430, AsnA450, 
PheA454, GlnA524, among others) (Table 1, Figure 
S2). Notably, all the three compounds formed 
interactive bonds with key residues at the PBP3 
protein active site, with observation of three con
served structural motifs of PBP3, SXXK (res 392– 
395), SXN (448–450), and KTG (618–620). Ser:392, 
in particular is important for the transpeptidation 
activity of PBP3, hence the interaction of CGA and 
EA with this residue may suggest their successful 
inhibition of PBP3 and this is an indication of 
binding successfully at the transpeptidase domain 
of PBP3 [28] (Figure S1-3).

Molecular docking techniques have 
a tendency of producing false-positive results of 
binding conformations, revealing them to be the 
most energy-minimized poses. To prevent this, 
a further validation protocol is normally done to 
ascertain the credibility and reliability of the dock
ing technique. In this case, the root-mean square 
deviation (RMSD) measurement of the ligand 
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from its point of reference in the resulting com
plex is used to confirm the accuracy of the dock
ing geometry [38]. An RMSD value of <1 between 
docked ligand and the resulting complex is set as 
the acceptable cutoff value that implies the simi
lar binding orientation, which in turn validates the 
docking technique as being one without error 
[39]. In this study, the docking validation via the 
superimposition approach showed the top-two 
docked compounds as having similar binding 
orientation as the native ligand with an RMSD 
value of approximately 0.5 Å (Figure 1) and excel
lent display of the gatekeeper residue (Ser392) 
agrees with a previous study [40].

Structural dynamics of the ligand-protein 
complexed systems

Molecular docking only serves as an initial indi
cator of a compound’s affinity for a target, and 
as such the intrinsic information on the stability 
of their resulting interactions remains unknown 
[41]. Therefore, best-posed complexes of hit 
compounds and the standard were further put 
through a 100 ns MD simulation to assess the 
impact of ligand binding on the protein target, 
PBP3, followed by binding free energy and 
post-trajectory determinations [42]. The calcu
lated binding free energies are presented in 
Table 2 and revealed that CGA (−33.65 Kcal/ 
mol) had the least binding free energy 
(ΔGbind) score relative to the standard 
(−30.10 Kcal/mol) and EA (−18.14 Kcal/mol). As 
such, a better interaction was observed 
between the CGA-PBP3 complex which trans
lates to greater stability [29]. This finding is in 
line with the docking scores which revealed 
CGA as being more fit for the target’s binding 
pocket over CTX. However, this was quite an 
interesting observation considering that both 
CGA and EA exhibited the same fitness in dock
ing scores. Overall, the results accentuate the 
significance of conducting MD simulation to 
help ascertain the docking results in the search 
for lead drug candidates for drug develop
ment [43]. Ta
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PBP3: penicillin-binding protein 3, ΔEvdW: 
van der Waals energy, ΔEelec: electrostatic 
energy, ΔGgas: gas-phase free energy, ΔGsolv: 
solvation energy, ΔGbind: total binding free 
energy, CTX: cefotaxime, CGA: chlorogenic 
acid, EA: ellagic acid.

PBP3: penicillin-binding protein 3, RMSD: 
root-mean-square deviation, RMSF: root-mean- 
square fluctuation, RoG: radius of gyration, 
SASA: solvent accessible surface area, CTX: cefo
taxime, CGA: chlorogenic acid, EA: ellagic acid.

The post-MD trajectory, the root-mean 
square-deviation (RMSD) parameter indicates 
the degree of stability within a protein-ligand 
complex and accounts for changes in the apo- 
protein structure due to compound binding. 
A lower RMSD value indicates greater stability 
of the complex [44]. The RMSD data obtained for 
the top two compounds and the control after 
the 100 ns simulation are represented in 

Figure 2a and Table 3. The CGA-PBP3 (4.18 Å) 
complex had the lowest RMSD value compared 
to apo PBP3 (4.22 Å) and the CTX (5.00 Å) and EA 
(5.81 Å) complexes with PBP3. A convergence 
within all systems was noted at 5 ns from 
where the complexes stabilized as they fluctu
ated between 2–8 Å till the simulation period 
ended (Figure 2a). From these observations, all 
the complexes’ RMSD values including that of 
the apo structure were over the benchmark of 
3.0 Å Ramirez et al. [45]. However, due to the 
RMSD values of CGA and apo PBP3 being non- 
significantly different, both CGA and apo PBP3 
stimulate a comparable degree of stability 
although still in favor of GCA due to the marginal 
difference in RMSD value and the fact that CCA 
outcompetes CTX, a standard drug in stimula
tion more structural stability further highlights 
its prospect as a lead and potential modulator of 
PBP3.

Table 2. Thermodynamic profiles of hit phenolic acids and standard complexes.
Energy components (kcal/mol

Complex ΔEvdW ΔEelec ΔGgas ΔGsolv ΔGbind

CTX+ PBP3 −42.20 ± 6.06 −47.28 ± 13.35 −89.48 ± 9.85 59.37 ± 9.50 −30.10 ± 4.60
CGA+ PBP3 −37.77 ± 4.10 −47.73 ± 14.88 −85.51 ± 14.69 51.86 ±10.74 −33.65 ± 5.52
EA+ PBP3 −28.06 ± 3.23 −8.09 ± 8.77 −36.15 ± 8.90 18.01 ± 5.59 −18.14 ± 4.16

Figure 1. The 3D (a) and 2D (b) representations of docking validation showing superimposition (with a low RMSD 
value of 0.5 Å) of the top-two phenolic acids, chlorogenic acid (red) and ellagic acid (green) assuming a similar 
orientation to the native ligand, cefotaxime (black) at the active site showing the gatekeeper residue (Ser392).
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During the simulation, fluctuations within 
the CTX and EA complexes with PBP3 were 
observed, these fluctuations are indicative of 
the ligands’ instability within the protein’s 
binding pocket as they move around in an 
attempt to find a more favorable binding 
pose prior to reaching a stable. This means 
that the protein’s structure undergoes altera
tions due to new interactions being formed. 
Similar to RMSD, the radius of gyration (ROG) 
parameter measures the extent of 

compactness of a protein after ligand binding 
and relates it to the stability of the complex, 
a lower ROG value means that better stability 
will be achieved within the protein structure 
[46]. In this study, the findings revealed the 
ROG values of the compounds and apo struc
ture to be as follows: CCA (32.75 Å), EA (33.06 
Å), CTX (32.58 Å) and apo PBP3 (31.56 Å) 
(Figure 2b and Table 3). We found that the 
compounds’ ROG values were comparable to 
those of the CTX and apo-protein, while CGA 

Figure 2. Comparative MD simulation plots of the PBP3 complexes formed by the top two compounds and 
standard over 100 ns period. (a) Root-mean square deviation (RMSD), (b) radius of gyration (RoG), (c) Root-mean 
square fluctuation (RMSF) and (d) solvent accessible surface area (SASA).

Table 3. Post-MD simulation attributes of top two compounds and standard-PBP3 
complexes.

Complex

Average (Å)

RMSD RMSF RoG SASA

CTX + PBP3 5.00 ± 0.90 2.93 ± 1.86 32.58 ± 1.09 26634 ± 358
CGA + PBP3 4.18 ± 0.60 1.92 ± 1.09 32.75 ± 0.48 26932 ± 552
EA + PBP3 5.81 ± 1.08 2.61 ± 1.45 33.06 ± 0.90 27535 ± 421
PBP3 4.22 ± 0.83 2.25 ± 1.22 31.56 ± 0.56 27151 ± 473
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and EA compete favorably with CTX and bring 
about a similar degree of compactness within 
PBP3.

On the other hand, the RMSF descriptor 
measures the structural flexibility of amino 
acid residues in the binding pocket of 
a protein and can also help in discerning the 
degree of stability. Fewer fluctuations relate to 
more stable bond interactions and less move
ment [47]. A low RMSF value relates to a more 
structurally stable and less flexible active site 
[41]. From the observations, the RMSF values 
of CGA, EA and CTX were 1.92 Å, 2.61 Å, and 
2.93 Å, respectively, while that of the apo PBP3 
was recorded as 2.25 Å (Table 3). Unlike the 
RMSD values, these values were well within the 
limits of ˂3.0 Å (Ramirez et al., 2018). Once 
again, these findings correlate with those of 
RMSD that prove that CGA is the most promi
nent ligand which brings about more stability 
compared to EA and CTX. This is supported by 
its low RMSF value showing fewer amino acid 
residues flux/movement at the active site upon 
binding. The reverse was the case with EA and 
CTX, same as with their ROG where more fluc
tuations was observed, indicating instability 
and less compactness compared to CGA. This 
outcome accentuates the potential of CGA as 
a potential therapeutic. Our findings align with 
those of a previous study where a phenolic 
compound-alpha amylase complex showed 
lower RMSF score, indicating a well- 
structured and stable system [30]. Most impor
tantly, CGA binding to PBP3 significantly stabi
lized the movement of residues much more 
than CTX, EA, and the apo structure 
(Figure 1c). This could be confirmed by noting 
the movements of the active site residues at 
two of the three structural motifs, SXXK (392– 
395 residues) and SXN (448–450 residues) 
motifs. At these regions, the fluctuations 
observed with CGA are minimal relative to 
those of CTX and EA.

An analysis of SASA scores was used to show 
changes in a surface area accessible to immedi
ate solvent molecules due to ligand binding and 

to study the effects on protein folding, more 
structural stability is achieved with a low SASA 
value, while the reverse denotes reduced com
plex system stability and surface area increase 
[44]. In the results depicted in Table 3 and gra
phically portrayed in Figure 1d, the SASA values 
for CGA, EA and CTX complexes were 26,932.40 
Å, 27535.68 Å, and 26,634.83 Å, respectively, 
while the apo-PBP3 exhibited a SASA value of 
27,151.35 Å. The high SASA values of the apo 
PBP3 and EA indicate a more increased surface 
area and thus more exposure to water which 
leads to compromised stability. However, CGA 
and CTX upon binding to PBP3 induce a change 
within the protein structure that is enough to 
slightly decrease the accessible surface area in 
such a manner that they get buried within the 
active site of PBP3 and experience fewer distur
bances from the outside environment. Thus, 
they achieve more stability. Since CGA competes 
with CTX favorably, this proves its stance as 
a promising PBP3 modulator.

Hydrogen bonding assumes a vital role in 
protein–ligand interactions contributing to the 
stability of the complexes and influencing the 
binding free energy of the system, as high
lighted by Chen et al. [48]. Therefore, this 
study also explores this parameter of protein- 
ligand systems. The complexes’ intermolecular 
hydrogen bonds are represented in Figure 3a- 
c, which show the presence of stable H-bonds 
formed within the complexes, which persist 
throughout the simulation, fluctuating 
between 16.6 and 18.8 H-Bonds. This suggests 
that CGA and EA effectively form and maintain 
strong and stable interactions with the binding 
pocket of PBP3 that is comparable to the stan
dard, CTX. Notably, Kumar et al. [49] reported 
similar findings where sesame seed-derived 
phytochemicals were evaluated against the 
main protease (Mpro) of SARS CoV-2. In their 
research, the metabolites consistently formed 
three to four hydrogen bonds in all complexes, 
underscoring their firm interaction with the 
Mpro active site and the resulting stability of 
the complexes.
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After conducting the MD simulation, snap
shots of the complexes at 100 ns were gener
ated to assess the changes in interactions 
between the hit compounds and amino acid 
residues at PBP3 active site. The snapshots are 
depicted in Figures 4a-c and reveal that all 
compounds formed new interactions different 
from those seen before the MD simulation. 
Similar to the interactions seen after docking, 
there is still a presence of hydrogen bonds, van 
der Waals forces, and pi- and alkyl interactions. 
All these interactions, especially hydrogen 
bonds and van der Waal interaction, are key 
components that facilitate ligand binding, influ
ence binding free energy and tremendously 
contribute to the stability of protein-ligand sys
tems [48]. Cefotaxime, chlorogenic acid and 
ellagic acid exhibited diverse interactions with 
PBP3’s active site with varying degrees and 
numbers. For instance, 29 interactions were 
observed for CTX [7 conventional H-bonds 
(Ser403, Gln479, Thr558, Thr574, Glu578), 1 pi- 
anion interaction (Glu578), 8 C-H bonds, 1 alkyl 
bond (Pro613), 11 van der Waals] as illustrated 
in Figure 4a.

About 20 total interactions were observed 
for the chlorogenic acid-PBP3 complex [6 con
ventional H-bonds, 3 C-H bonds (Thr576, 
Ser384, Gly575), 1 pi-pi T-shaped (Phe386), 1 pi- 
alkyl bond (Pro613), 1 amide pi-stacked bond 
(Ser384), 8 van der Waals bond interactions] 
(Figure 4b). Ellagic acid, on the other hand, 
engaged in 14 interactions with the PBP3 active 
site, a difference of 15 interactions from the 
standard, CTX and six interactions less than 
CGA (Figure 4c). Comparatively, CTX had 
a higher number of overall interactions (includ
ing H, van der Waals bonds) than CGA and EA. 
Despite this, CGA against PBP3 had the highest 
binding free energy compared to CTX and EA. 
Hence the interactions at 100 ns partially con
tributed to its total ΔGbind and do not entirely 
dictate which compound would perform better 
as the ΔGbind sums up ligand–protein interac
tions throughout the simulation. Tallei et al. [50] 
previously highlighted in their study that 
a higher number of hydrogen bonds with 
a single amino acid residue could decrease the 
binding free energy score while strengthening 
the stability. This may explain why CTX has 

Figure 3. Hydrogen bonds formed over a 100 ns simulation period. (a) cefotaxime, (b) chlorogenic acid, and (c) 
ellagic acid, against PBP3.
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a low binding free energy despite having more 
H-bonds. Again, the residue, GluA578 inter
acted with CTX via numerous H-bonds, while 
SerA384, SerA403, ThrA576 formed multiple 
C-H bonds, potentially contributing to the 
decreased ΔGbind. Notably, the ΔGbind observed 
for EA may be attributed to the lack of H-bonds, 
van der Waals and fewer interactions compared 
to its counterparts. Additionally, pi interactive 

bonds serve as facilitators of protein folding 
and intercalators and stabilize ligands at the 
protein active site. Their interactions could 
have contributed to the decreased binding affi
nity energy [51,52].

The density functional theory (DFT) analysis 
was conducted for the top-performing com
pounds to shed light on their molecular proper
ties (Table 4, Figure 5). The Highest Occupied 

Figure 4. Intermolecular interactions formed at 100 ns MD simulation of ligand-protein complexes. (a) cefotaxime, 
(b) chlorogenic acid and (c) ellagic acid, against PBP3.

Table 4. Conceptual density functional theory (CDFT) of the top three 
metabolites.

CDFT parameters (eV) CGA EA CTX

E_LUMO −2.0557 −2.27036 −2.07673
E_HOMO −6.08489 −6.47107 −5.73531
Energy gap (∆E) 4.029192 4.200705 3.658582
Ionization energy (I) 6.084891 6.471068 5.73531
Electron affinity (A) 2.055699 2.270363 2.07673
Hardness (η) 2.014596 2.100352 1.829291
Softness (S) 0.496377 0.476111 0.54666
Electronegativity (χ) 4.070295 4.370716 3.906019
Chemical potential (μ) −4.07029 −4.37072 −3.90602
Electrophilicity index (ω) 4.111817 4.547608 4.170192
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Molecular Orbital (HOMO) and Lowest 
Unoccupied Molecular Orbital (LUMO) para
meters or critical factors help to determine sys
tem chemical reactivity profile [53] and 
mechanism of action of promising therapeutic 
compounds [54]. The HOMO orbital energy 
indicates the donating potential of 
a compound and is proportional to the com
pound’s ionization energy, while LUMO 
describes the energy-withdrawing tendency of 
a compound together with the electron affinity 
descriptor [55]. The energy gap informs on the 
chemical reactivity and stability of a compound, 
with a lower energy gap revealing an unstable 
state while high reactivity implies molecule 
softness [56]. Results showed that CTX had the 
lowest energy gap followed by CGA. This could 
be accounted for by their higher affinity (high 
binding energy) for PBP3.

Ellagic acid had the highest energy gap 
among the three molecules suggesting higher 
stability and less reactivity, which could have 
been influenced by its low affinity for PBP3. 
Also, the binding of the reference standard 

and CGA significantly decreased the accessible 
surface area of the protein, while the binding of 
EA increased the accessible area. This finding 
may indicate the low thermodynamic suitability 
of EA with PBP3. These results are consistent 
with the findings of Ma et al. [57] where lower 
energy gaps were observed for amentoflavone 
and hinokiflavone, which exhibited high bind
ing free energy against SARS-CoV-2 main pro
tease (Mpro). The ionization energy of 
a molecule defines the amount of energy 
needed to separate an electron from an atom 
and electron affinity speaks more on the energy 
that is needed to accept an electron. Lower 
ionization is associated with higher reactivity 
that translates to an unstable compound and 
provides information about the inhibition of 
a molecule.

Contrary to this, a higher electron affinity 
indicates a superior electron-withdrawing 
ability of a compound [55]. As observed in 
Table 4, the standard had the lowest ioniza
tion energy, but upon comparison, CGA had 
the lowest ionization potential compared to 

Figure 5. The associated transition energies and frontier molecular orbitals for (a) chlorogenic acid, (b) ellagic acid 
and (c) cefotaxime.
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EA, suggesting its higher reactivity and high 
inhibition power. These findings agree with 
the higher binding free energies of CGA and 
CTX complexed with PBP3 compared to the 
lower binding free energy of EA. In contrast 
to these findings, EA has a high electron- 
withdrawing ability as it has a higher elec
tron affinity and is more stable. This finding 
is consistent with the high energy gap and 
ionization potential of EA. The CTX displayed 
the lowest hardness followed by CGA and 
EA. A higher softness value was observed in 
the same fashion. A molecule’s softness and 
hardness also speak to its chemical reactivity 
and stability. The low hardness and high 
softness values connote more reactivity and 
low stability [58]. Findings show that CGA is 
the most reactive or less stable after the 
standard which agrees with the low energy 
gap value, ionization potential energy and 
higher binding affinity of CGA.

The electronegativity and chemical poten
tial quantify the capability of an atom or 
functional group to attract electrons. The 
results in Table 4 indicates that EA has the 
highest capacity to bond electrons, while 
CGA and CTX had a low electronegativity 
value. This shows a low ability to attract 
electrons and describes their low stability as 
they easily lose electrons. This is also sup
ported by their low ionization energy and 
low electron affinity. For EA, these findings 
again speak on its chemical stability, as 
a greater electronegativity denotes higher 
stabilization and means it likely forms 
bonds with high bond strength. The electro
philicity index defines the electron withdraw
ing ability of a compound in response to an 
electron from the outside environment. 
A higher electrophilicity index value indi
cates a good electrophile, while a lower 
value describes a reactive nucleophile [55]. 
Taking from the results in Table 4, EA clearly 
showed a great electrophilicity index (good 
electrophile) which was consistent with the 
electronegativity value. Chlorogenic acid and 

CTX displayed a low electrophilicity value 
compared to EA (reactive nucleophiles) 
which was consistent with other descriptors 
and indicated the higher reactivity of both 
CGA and CTX. Overall, CGA is the most active 
phenolic acid, other than the standard, 
attesting to its potential as a modulator of 
PBP3.

CTX: cefotaxime, CGA: chlorogenic acid, EA: 
ellagic acid.

Pharmacokinetic properties prediction of 
the lead compounds

Assessing the pharmacokinetic, drug-likeness 
and toxicity attributes of a compound serves 
as a preliminary indication of how the body 
interacts with an administered drug during the 
period of exposure and allows one to discern 
the compound’s in vivo medicinal friendliness. 
These data give some degree of confidence in 
a compound’s potential as a therapeutic agent 
while aiding in decreasing the chances of the 
drug’s failure during pre- and clinical trials in 
drug development [59,60]. The top two identi
fied compounds, CGA and EA against PBP3 
exhibited fairly good pharmacokinetic proper
ties with 0–1 violations (within acceptable lim
its) of the Ro5. They both had a molecular 
weight ˂ 500 g/mol, lipophilicity (LogP) values 
of ˂ 5 [CGA (0.94), EA (0.79)], and hydrogen 
bond acceptors of ˂ 10 [CGA (9), EA (8)]. The 
reference standard also exhibited good results 
with only one violation of the Ro5 (HBA˃10) 
(Table 5). As all the compounds including the 
standard passed the Ro5, this may be indicative 
of their ability to progress through the systemic 
circulation and reach the target sites while still 
maintaining the relevant concentrations to 
bring about their therapeutic effects [61].

Lipophilicity is a crucial drug property in drug 
design which not only influences drug uptake, 
distribution and metabolism but also 
encourages off-target binding with increased 
values. It also dictates how a drug should be 
formulated and its dosage [62]. All the evaluated 
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compounds in this study did not exceed the set 
benchmark of 5, suggesting their lipophilic nat
ure. This is a crucial property needed to have 
good absorption. It also indicates an ability to 
penetrate the lipid bilayer of cellular mem
branes, be distributed successfully in vivo and 
reach their target sites. This also means that 
the compounds are not highly lipophilic, thus 
limiting the chances of off-target binding and 
consequently less toxicity [63]. Interestingly, 
both the compounds are soluble in water, with 
CGA being the most soluble and easier to trans
port through the bloodstream than EA. Again, 
since both CGA and CTX are very soluble in 
water, it accentuates the potential of CGA as 
a good therapeutic agent because it competes 
favorably with an established commercial drug.

GIT: Gastrointestinal tract, BBB: Blood–brain 
barrier, CYP: Cytochrome P450.

The gastrointestinal tract (GIT) assumes 
a very crucial role in drug absorption of orally 
administered drugs [64]. As such, it is of great 
significance to evaluate such factors (GI 
absorption) so as to determine their effect on 
plasma concentration of oral medications and 

residence time at the absorption site. The 
observations showed that both lead PAs and 
the standard had low GIT absorption (Table 5) 
which could be due to elevated gastric empty
ing, intestinal motility, and unsuitable gut pH 
for optimum absorption [65]. In another sense, 
this may indicate their preference for an alter
native route of administration over oral admin
istration. Both CTX and CGA exhibited a low 
bioavailability score of 0.11 each, suggestive of 
their limited time in the GIT tract, and their low 
GIT absorption influences their bioavailability 
regardless of their high solubility in water. 
Contrary to this, EA had a favorable 0.55 bioa
vailability score (Table 5), suggesting its suit
ability for oral administration and less 
quantities required to exert the expected phar
macological effects, In the case of CGA and 
CTX, a change in route of administration may 
yield a more favorable bioavailability score 
[41,66]. The blood–brain barrier (BBB) is 
a selective semi-permeable membrane that 
blocks most drugs and pathogens in the 
blood from entering the brain and aids in the 
regulation of the microenvironment of the 

Table 5. The pharmacokinetic attributes of lead phenolic acids and cefotaxime.
Property Cefotaxime Chlorogenic acid Ellagic acid

Molecular weight (≤500 g/mol) 455.47 354.31 302.19
H-Bond acceptor (≤10) 12 9 8
H-Bond donor (≤5) 4 6 4
Water solubility Very soluble Very soluble Soluble
Lipophilicity (LogP ≤5) 2.05 0.96 0.79
GIT absorption Low Low Low
Bioavailability score 0.11 0.11 0.55
BBB permeability No No No
P-gp substrate No No No
CYP1A2 inhibitor No No Yes
CYP2C19 inhibitor No No No
CYP2C9 inhibitor No No No
CYP2D6 inhibitor No No No
CYP3A4 inhibitor No No No
CYP3A4 substrate Yes Yes No
Acute oral toxicity class 6 5 4
Carcinogenicity Inactive Inactive Active
Hepatoxicity Inactive Inactive Inactive
Mutagenicity Inactive Inactive Inactive
Cytotoxicity Inactive Inactive Inactive
Immunotoxicity Inactive Active Inactive
Lipinski’s rule[50] Yes (1 violation: HBA˃10) Yes (1 violation: HBD˃5) Yes (0 violation)
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central nervous system (CNS) [67]. All three 
compounds could not penetrate the BBB, an 
advantageous observation since these com
pounds are not intended to be used as treat
ments for neurological diseases that require 
penetrating the BBB to reach their target site 
(CNS). This generally means there is no risk of 
neurotoxicity when they are administered.

Furthermore, CGA and CTX did not inhibit the 
clinically important cytochrome P450 (CYP450) 
isoenzymes which are crucial enzymes partaking 
in drug metabolism and detoxification of foreign 
chemicals within the human body [10]. This find
ing accentuates their superiority over EA in not 
causing drug toxicity due to the malfunctioning 
of the CYP enzymes as a result of inhibition. Only 
EA showed inhibition of CYP1A2 (Table 5), sug
gesting a high possibility of resulting in unfavor
able drug–drug interaction compared to the 
other two compounds. Although CYP1A2 is not 
the most important within the CYP450 family, it 
still plays a significant role in drug metabolism 
and cannot be overlooked. Since half the meta
bolism in the human liver is under the control of 
CYP3A enzymes and most commercial drugs’ 
metabolism is due to CYP3A4, it would seem 
that CGA and CTX also have affinity for this iso
enzyme while EA does not. Findings have shown 
that the co-administering CGA and CTX may likely 
not result in unfavorable reactions. However, this 
claim was further validated by directly docking 
the said compounds against the CYP3A4 isoen
zyme active site with ketoconazole (inhibitor) and 
rifampicin (inducer) serving as the controls. The 
outcome was in line with the previous claim as 
CGA (−9.0 kcal/mol) and CTX (−7.3 kcal/mol) 
exhibited docking scores that were less than 
those of the ketoconazole (−9.6 kcal) and rifampi
cin (−9.4 kcal/mol) (Table S2).

Toxicity is a major limiting factor that influ
ences the development and usage of new 
compounds or drugs as therapeutic agents, 
hence for drug development, it is important 
to ascertain their toxicity levels [68–70]. 
Therefore, in this study, the toxicity profiles 
of the three compounds were evaluated. 

Both CGA and EA were found to be active 
for at least one of the toxicity endpoints, 
immunotoxicity and carcinogenicity, respec
tively (Table 5). This means that these com
pounds are likely to induce adverse side 
effects on the immune system and trigger 
cancer upon ingestion at high concentrations. 
However, these are areas that could be recti
fied by modifying the structures of these com
pounds to improve their toxicity profiles 
[71,72]. The standard, CTX was found to be 
inactive for all toxicity endpoints. This may 
be suggestive of its modification as it is 
already a commercialized drug. These findings 
also reveal the need to modify the structures 
of CGA and EA to further improve their phar
macokinetic and toxicity profiles. The pre
dicted lethal dose (LD50) of CGA and EA were 
5000 mg/kg (class V) and 2991 mg/kg (class 
IV), respectively, while CTX had an LD50 of 
20,000 mg/kg (class VI). Based on the LD50 

values, it is evident that CGA stands a better 
chance of being utilized as a therapeutic than 
EA which is categorized in class 4, with 
a higher lethality profile [35]. It is also quite 
important to understand that the overall toxi
city of a drug may be influenced by other 
factors aside from the chemical structure 
such as lifestyle, life stage, rate of metabolism, 
genetics, route of administration, overall 
health status and dosage [73]. Taken together 
with the thermodynamic profile results 
(Table 3), the overall results support CGA as 
the more promising compound and potential 
PBP3 modulator relative to EA and CTX.

In vitro analyses

The antimicrobial potential of CGA and CTX 
were evaluated against P. aeruginosa to vali
date the computational findings, and the 
results are presented in Table 6. Both com
pounds showed antimicrobial activity [CGA 
(23 mm inhibition zone, MIC of 200 mg/mL) 
and CTX (29 mm inhibition zone, MIC of 0.8  
mg/mL)], although CTX was the most active 
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since lesser concentrations were needed to 
inhibit P. aeruginosa growth in comparison 
with CGA. This may be linked to CGA’s limited 
diffusion into the assay medium. However, CGA 
also exhibited a significant antimicrobial effect. 
Again, as a standard drug CTX’s activity may 
have been boosted by its modifications which 
enhanced its antibacterial action relative to 
CGA used in its unmodified form. The findings 
support in-silico toxicity outcomes where CTX 
was nontoxic at all toxicity endpoints. Higher 
antibacterial concentrations for CGA relative to 
the standard antibiotic have also been 
reported in an earlier study using PAs against 
Gram-positive, P. aeruginosa and other Gram- 
negative microbes where MICs fell within 500– 
2000 mg/mL [74]. Yet the reverse was the case 
in another study where CGA MIC against sev
eral Gram-positive and Gram-negative 
microbes (excluding P. aeruginosa) showed 
a 0.02 to 0.08 mg/mL range [75], suggesting 
strain-dependent susceptibility may play a key 
role.

CTX: Cefotaxime; CGA: chlorogenic acid; 
MIC: minimum inhibitory concentration; MBC: 
minimum bactericidal concentration

Combination therapy has been extensively 
studied and used as a means of enhancing the 
potency of drugs and averting drug resistance 
during treatment [76]. As such, in this study, the 
synergistic (combined) effect of chlorogenic 
acid and cefotaxime against the test organism, 
P. aeruginosa was evaluated using the checker
board microdilution method, and the findings 

of their combined effect are presented in 
Table 7. The checkerboard method allows one 
to distinguish the type of drug interaction or 
effect when two or more drugs are combined, 
such interactions include positive (additive and 
synergistic) and negative (antagonistic) com
bined effects [77]. The concentrations used in 
the combination for CGA varied between 1/256 
× MIC to 4 × MIC while those of CTX varied 
between 1/32 × MIC to 2 × MIC. Based on the 
findings bacterial growth inhibition was 
observed at the lower combined concentra
tions of 50 mg/mL (CGA) and 0.2 mg/mL (CTX), 
and at 25 mg/mL (CGA) and 0.4 mg/mL (CTX), 
where the FICI value of the former resulted in 
0.5, which corresponds to a synergistic interac
tion and the latter had a FICI value 0.625 relat
ing to an additive effect (Table 7). The 
synergistic effect observed at lower concentra
tions than their respective MICs highlights the 
ability of CGA to enhance the activity of CTX 
thus allowing it to exert an increased effect (at 
low concentration) that is greater than when 
given separately, and this interaction resulted 
in a four-fold reduction in MIC value, this obser
vation is in line with literature, where such 
a fold decrease stems from a synergistic inter
action [78]. It should also be appreciated that 
such an interaction may also point to these two 
compounds having different mechanisms of 
action rather than targeting the same target 
[79]. The additive effect observed signifies that 
the addition of CGA at that specific concentra
tion does not alter the degree of therapeutic 

Table 7. Inhibition and interaction effects of chlorogenic acid and cefotaxime combination.
Isolate Treatment MICa (mg/mL) MICc (mg/mL) FICI Interaction

Pseudomonas aeruginosa ATCC 27,853 Chlorogenic acid + cefotaxime CGA (200) 
CTX (0.8)

CGA (50) 
CTX (0.2)

0.500 Synergistic

CGA (25) 
CTX (0.4)

0.625 Additive

Table 6. In vitro antibacterial activity of chlorogenic acid and cefotaxime.

Isolate

Zone of inhibition (mm) MIC (mg/mL) MBC (mg/mL)

CTX CGA CTX CGA CTX CGA

P. aeruginosa ATCC 27,853 29±0.1 23±0.2 0.8 200 3.2 800
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effect of CTX but rather may reduce its side 
effects. However, drug combinations with such 
interactions are highly unrecommended as they 
have a prevalence of causing adverse side 
effects [80]. In a nutshell, CGA facilitates 
a reduction in the minimum dose required for 
effective antimicrobial activity and thus has the 
potential to limit the possibility of side effects. 
However, for actual implementation as 
a therapeutic agent, further studies are war
ranted to gain insight into the exact mechanism 
of the antibacterial action of CGA against 
P. aeruginosa, as well as to understand the 
mechanism behind their combined interaction.

MICa: Alone; MICc: Combination CTX: cefo
taxime; CGA: chlorogenic acid; FICI: fractional 
inhibitory concentration index.

The time-kill kinetics of the test organism by 
chlorogenic acid and cefotaxime is presented in 
terms of changes in the optical density of viable 
cells at 600 nm shown in Figure 6. This assay 
makes it possible to gauge the rate at which the 
treatments’ cidal activity occurs [81]. The treat
ments, chlorogenic acid, and cefotaxime exhib
ited a bacteriostatic effect at 4 × MIC (800 mg/ 

mL and 3.2 mg/mL, respectively) against the 
test bacteria, the same trend was observed 
with the combination of both treatments at 
the same concentrations, this conclusion was 
drawn following the observation that the treat
ments did not manage to reduce 99% of the 
viable cells within 24 h experimental period, 
hence the bacteriostatic effect. However, it 
should be appreciated that all the treatments 
exhibited a significant steady decrease in the 
population of the test bacteria as evidenced by 
the reduction in optical density at each interval 
between 0 and 10 h. This observation is sugges
tive of the potential therapeutic effect of the 
treatments. An increase in optical density, 
which correlates to the regrowth of bacterial 
cells, was observed after 10 h, hence the bacter
iostatic effect mentioned earlier. This shows 
a concentration-dependent killing and the 
increase in populations could also be attributed 
to the saturation and depletion of the treat
ments after a certain period of time, which 
allows persistent cells to reproduce and replen
ish populations due to the absence of antimi
crobial pressure. According to Gregoire et al. 

Figure 6. Time-kill growth curve of top compounds alone and in combination with standard antibiotic at 4×MIC 
against P. aeruginosa ATCC 27,853.
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[82], the regrowth of bacterial subpopulations 
post-treatment exposure could be interpreted 
as models of development of drug resistance. 
The observations from this study are in agree
ment with the findings of Basri et al. [37] where 
the exposure of resistant Staphylococcus aur
eus (HUKM strain) to ɛ-viniferin and vancomy
cin and their combination resulted in regrowth 
after 6 h and continued through to 24 h.

Conclusion

This study explored 22-shikimate pathway- 
derived phenolic acids (PAs) for their affinity 
for the active site of P. aeruginosa PBP3, with 
chlorogenic and ellagic acid emerging as the 
lead compounds with the best binding affinity, 
surpassing that of the reference drug, cefotax
ime. They interacted with the catalytically 
important residues constituting the three con
served structural motifs, SXXK, SXN and KTG, 
especially Ser392, which interacts with the nat
ural substrate of PBP3 during crosslinking of 
glycan subunits, thus indicating potential inhi
bition of PBP3. Thermodynamic stability assess
ment revealed chlorogenic acid as the superior 
inhibitor compared to ellagic acid. Low fluctua
tions at the SXXK motif (Ser392) for all the 
complexes revealed the successful binding 
and blocking of the Ser392 and inhibition of 
the protein. The electronic properties assess
ment highlighted chlorogenic acid and cefotax
ime as the most reactive, reinforcing 
chlorogenic acid’s modulatory potential of 
PBP3 over ellagic acid. In silico evaluations sup
ported the in vitro findings as chlorogenic acid 
exhibited significant antibacterial activity 
against P. aeruginosa, especially in combination 
with the standard. Hence, chlorogenic acid is 
a promising lead for development as a PBP3- 
modulating therapeutic agent. However, added 
morphology and microscopy-based studies 
could shed more light on chlorogenic acid’s 
therapeutic effect when used alone or in com
bination with other antibiotics/compounds, 
and its precise mechanism of antimicrobial 

action. This could aid in the development of 
a broad-spectrum treatment to fight infections 
caused by clinically relevant microbial strains. 
Likewise, the structure of chlorogenic acid 
could be subjected to modification reactions 
to improve its in vitro and in vivo antibacterial 
activities.
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