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Abstract 

Background: Staphylococcus aureus has prevailed against the majority of antibiotics currently in clinical use, making 
it a significant global public health problem. As a safer alternative, bioactive compounds have been explored. Annona 
muricata has been shown to possess antimicrobial activity. However, there are few reports on the molecular activity of 
A. muricata bioactive compounds against S. aureus. Thus, this study was aimed at evaluating the antimicrobial activity 
of its crude extract as well as investigating the potential of its bioactive compounds against the Cap5O capsular poly-
saccharides (CPS) of S. aureus via molecular docking.

Methods: Collection of plant leaves, preparation of extracts, anti-nutrient analysis, phytochemical screening via 
crude method and gas chromatography-mass spectrophotometer (GC-MS), isolation and characterization of S. aureus 
and the antimicrobial activity test were all done using standard protocols. Molecular docking was done using the 
MCULE online tool with emphasis on docking scores, toxicity, and other properties.

Results: Crude screening of the extracts showed the presence of polyphenols, hydroxyanthraquinones, reduc-
ing compounds, flavonoids, saponins, glycosides, alkaloids, anthraquinones, phlobatannins and tannins in different 
concentrations. Anti-nutrient analysis showed the presence of allowable levels of evaluated anti-nutrients. GC-MS 
revealed a total of twenty-nine (29) bioactive compounds, out of which only 4 (13.80%) docked without toxicity and 
these were bicyclo[4.1.0]heptan-2-one 6-methyl, trichloromethane, carbonic acid 2-dimethylaminoethyl propyl ester, 
and 1-methyl-4-phenyl-5-thioxo-1,2,4-triazolidin-3-one on either the NAD-binding or C-terminal substrate binding 
domain of Cap5O.

Conclusion: Results obtained show that Cap5O could be a potential drug target for multi-drug resistant S. aureus, 
however, further studies aimed at evaluating these bioactive compounds individually and in combination are highly 
needed.
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Background
S. aureus is a well-characterized human pathogen with 
an outstanding ability to outwit our immune system 
[1]. Its multi-drug resistance ability makes it one of the 
most intractable pathogens and a significant public 
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health challenge of our time. Since the isolation of the 
first multi-drug resistant S. aureus (MRSA) in the 1960s 
[2], it has been reported in Africa [3, 4], Europe [5], Asia 
[6], and America [7]. It has practically prevailed against 
all antibiotics introduced into clinical practice since the 
1940s [1, 2]. Given the global importance of antibiotics 
resistance, the World Health Organization (WHO) pub-
lished its first-ever list of antibiotics resistant priority 
pathogens for which new antibiotics are urgently needed, 
and this included S. aureus alongside Enterococcus fae-
cium, Helicobacter pylori, Campylobacter spp., Salmo-
nella, and Neisseria gonorrhoeae [8]. There is an urgent 
need for new antibacterial agents to combat the global 
public health threat posed by S. aureus and other patho-
gens [9–11]. As a result of the urgency, several alterna-
tives including the use of phytochemicals have been 
proposed. These metabolites include but are not limited 
to members of alkaloids, flavonoids, quinones, polyphe-
nols, saponins, and tannins families [12–17].

The genus Annona has over 70 species amongst which 
A. muricata is the most widely grown in West, Central 
and Eastern parts of Africa, Southeast Asia, and Central 
and South America [17]. In addition to the edible fruit 
pulp, numerous uses have been found for the plant and 
these include the treatment and management of pains, 
fever, infections (bacterial and parasitic), skin diseases, 
hypertension, inflammation, diabetes, and cancer [7, 17]. 
The antimicrobial activity of the leaf and bark extracts 
of the A. muricata has been tested against MRSA using 
methods that cannot identify potential drug targets [7].

As part of the rational drug design, molecular docking 
has emerged as an in-silico approach to drug discovery. 
It allows for the discovery and identification of lead com-
pounds with therapeutic potentials by allowing efficacy 
evaluation, molecular interaction prediction, toxicity or 
adverse effect prediction, drug repurposing, target fish-
ing and profiling, and it is adaptable to artificial intelli-
gence [18, 19]. One of the virulence factors of S. aureus 
is its CPS Cap5O, an important protein in the biosynthe-
sis of serotype 5 capsular polysaccharides, which inter-
fere with the crucial interaction between the bacteria 
and eukaryotic cells (phagocytic and non-phagocytic) 
making them evade immune system via mechanisms 
that are not well known [20]. In other studies, it is pro-
posed to enhance the biosynthesis of the peptidoglycan 
of the cell wall as well as aid S. aureus in the evasion of 
the host immune system [21, 22]. However, there are few 
reports on the molecular activity of A. muricata bioactive 
compounds against S. aureus, none evaluated their drug 
potential. Therefore, this study was aimed at evaluating 
the antimicrobial activity of the crude extract in addi-
tion to the molecular docking potentials or druggability 
(score, toxicity, and Lipinski’s rule of 5 amongst others) of 

its various bioactive compounds against Cap5O capsular 
protein.

Methods
Collection of plant leaves
Fresh leaves of A. muricata were randomly collected 
from three different mature plants growing in and around 
Nyakasang Village, Atimbo, Cross River State, Nigeria. 
The leaf was identified by a Botanist Professor Ani Nkang 
and identity number AJU/2021/12 assigned. The leaves 
were processed as previously reported [9, 10].

Preparation of the extract
For this study, two types of extracts were prepared using 
methods previously reported and these were aqueous 
(distilled water) and ethanolic (analytical grade) [9, 10]. 
To 200 ml of the respective solvents, 20 g of the pulver-
ized powder were added to obtain a ratio of 1:10. The 
mixtures were then placed on an electrical orbital shaker 
operating at a speed of 200 rpm for 24 h at a temperature 
of 28 ± 2 °C to enhance the extraction efficiency. After 
overnight soaking in the solvents, filtration was per-
formed using a clean Whatman filter paper (No.1). The 
resulting residues were subjected to the same process 
thrice to ensure all the phytochemicals go into solution. 
The final filtrates were then concentrated to slurries using 
an electric water bath operated at 50 °C to obtain yields of 
1.15 g, (5.75%) and 1.05 g (5.25%) of aqueous and ethanol 
extract, respectively. These were then stored using ster-
ile and moisture-free Bijou bottles at room temperature 
(28 ± 2 °C) until needed for further analysis.

Qualitative phytochemical and anti‑nutrients evaluations
A total of ten (10) phytochemicals were evaluated as pre-
viously reported. They were alkaloids [23], glycosides and 
saponins [24], tannins and anthraquinones [25], reducing 
compounds and polyphenol [26], flavonoids, and phlo-
batannins [27], and hydroxymethyl anthraquinones [28]. 
Anti-nutrients were also evaluated as previously reported 
[29].

Gas chromatography‑mass spectrometry analysis
This was performed as described previously [9]. Similar 
operational conditions were utilized in the study. The rel-
ative percentage amount of each component was calcu-
lated by comparing its average peak area to the total area. 
TurboMass Ver 5.2.0 software was employed to handle 
mass spectra and chromatograms. The interpretation was 
done using the NIST14 library.

Collection and processing of skin swabs
Following informed consent, skin swabs were collected 
from students (n = 5) aged 17–22 years without visible 
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signs of any skin disease and not on any antibiotic medi-
cation using a sterile disposable skin swab stick for each 
participant. The skin swabs were collected early in the 
morning and just before bedtime bath to allow for an 
adequate proliferation of the test organism.

Culturing of the test microorganisms
The samples were inoculated onto freshly prepared man-
nitol salt agar (MSA) using surface streaking and incu-
bated at 37 °C for 18–24 h after which microbial load 
was evaluated. Following the growth of the test organ-
ism (golden yellow colonies), discrete colonies were sub-
cultured onto plates containing freshly prepared sterile 
nutrient agar and incubated at 37 °C for 24 h. Purified 
isolates were also maintained on nutrient agar slants for 
further purposes.

Antibacterial activity of A. muricata
The antimicrobial sensitivity was carried out using both 
the disk diffusion method (Cefoxitin) as well as the 
tube method for the extract. Both were done as previ-
ously described by Clinical Laboratory Standard Insti-
tute (CLSI) [30]. In addition, the tube dilution method 
was also used to evaluate the sensitivity of the isolates 
via turbidity measurements at 540 nm. Briefly, approxi-
mately 1.0 g of A. muricata slurry was used to perform 
a ten-fold dilution, and to dilutions  10− 1,  10− 2,  10− 3 and 
 10− 4, 1 ml each of the extract was taken and introduced 
into test tubes containing 4 ml of an overnight culture 
of test isolate, and absorbance measured at 540 nm after 
24 h. For the disk diffusion method, test organisms were 
inoculated into tubes containing sterile peptone water 
and incubated for 18 h at 37 °C. Following incubation, 
the inoculum was adjusted to 0.5 McFarland standard 
(approximately 1.5 ×  108 CFU/ml) and vortexed to ensure 
proper mixing. Consequently, fresh sterile cotton-tipped 
swabs were dipped into the suspension, and excess liquid 
from the swabs removed by pressing it against the sides 
of the tubes. The swabs were then inoculated onto freshly 
prepared MSA with holes bored on the plates to which 
1 ml of different concentrations of extract  (10− 1,  10− 2, 
 10− 3, and  10− 4) respectively were introduced aseptically 
and allowed to stand for 24 h. This was repeated for all 
test isolates and a conventional antibiotic (cefoxitin), a 
control was also set up. All determinations were done in 
triplicates.

Molecular docking of ligands and protein Cap5O
Molecular docking was performed using the 1-click 
docking tool hosted online at MCULE. com. A total of 
twenty-nine (29) compounds obtained from GC-MS 
were utilized as ligands. The Cap5O structure was 
retrieved from the RCSB protein database. The ligands 

were first prepared by converting them into pbd format. 
Next, the structure of the Cap5O was retrieved from the 
MCULE website and confirmed using the Protein Data 
Bank (PDB code: PDB ID: 3ojl) online tool. The docking 
was done blindly, that is, without any prior knowledge of 
the catalytic or binding sites of Cap5O. The ligands were 
then docked onto the Cap5O protein for docking scores 
and poses. After which the toxicity profiles and pharma-
cological parameters of the ligands were also obtained.

Ethical statement
Ethical clearance for the study was sought for and 
obtained from the research and ethical commit-
tee of Arthur Jarvis University with reference number 
REC05/07/22 J03. To the participants, the ethical state-
ment was made available to them and their informed 
consent was also obtained verbally and in writing before 
the commencement of the study. Confidentiality was 
maintained by not labeling the samples with partici-
pant names. All methods were carried out in accordance 
with relevant guidelines and regulations (declaration of 
Helsinki).

Statistical analysis
All the data generated from the microbiological analysis 
and phytochemical quantification were managed using 
Microsoft Excel Office 2016 and analyzed using simple 
descriptive statistics (mean, percentages, and standard 
deviation determinations as applicable).

Results
Phytochemical evaluation of Annona muricata
The result of the qualitative phytochemical evaluation 
of the ethanolic (E.L.E) and aqueous (A.L.E) extracts 
of A. muricata revealed the presence of polyphenols, 
hydroxyanthraquinones, reducing compounds, flavo-
noids, saponins, glycosides, alkaloids, anthraquinones, 
phlobatannins and tannins (Table 1). Polyphenols was the 
most abundant phytochemical in both extracts.

Levels of anti‑nutrients
The result of the anti-nutrients is shown in Table 2. Total 
oxalate had the highest concentration of 268.08 mg/100 g 
of dry matter followed by soluble oxalate with a concen-
tration of 178.55 mg/100 g of dry matter. The least abun-
dant anti-nutrient was phytate with a concentration of 
5.45 mg/100 g per dry matter.

GC‑MS analysis of Annona muricata leaves
The result of the GC-MS revealed the presence of 29 bio-
active compounds as shown in Table 3. In addition to the 
nomenclatures of the compounds, their retention times, 
and areas (concentrations).

http://mcule.com
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In vitro antibacterial activity of A. muricata leaves
Table  4 shows the results of the antimicrobial activ-
ity done via the disk and well diffusion using the extract 
and cefoxitin. The mean zones of inhibition ranged from 
12.20 to 15.56 mm for the strongest  (10− 1) dilution while 
for  10− 2, the range was 6.45 to 9.25 mm, and for  10− 3 and 
 10− 4 dilution, the isolates showed no sensitivity. Table 5 
shows the results of the tube assay for the antibacterial 
activity of the A. muricata and that of cefoxitin as meas-
ured by absorbance at 540 nm. The cefoxitin stock solu-
tion showed turbidity that was slightly lower than that of 
the highest extract concentration with values that ranged 
from 0.12 to 0.18 and 0.23 to 0.48 mm, respectively. Com-
pared to other extract concentrations, the absorbance 
readings were higher implying that these concentrations 
were less bactericidal in action.

Molecular docking analysis
The bioactive compounds obtained via GC-MS were 
utilized as ligands for molecular docking with the 
protein, Cap5O to determine the binding interac-
tions or poses and toxicity using the MCULE tool. 
Out of the 29 bioactive compounds, only 4 (13.79%) 
showed non-toxic interactions with the study protein 
(Table 3). Compounds that returned non-toxic poses 
were carbonic acid, 2-dimethylaminoethyl propyl 

ester, 1-methyl-4-phenyl-5-thioxo-1,2,4-triazolidin-3-one, 
bicyclo[4.1.0]heptan-2-one, 6-methyl- and trichlo-
romethane. Figure  1 shows the three-dimensional 
structure of the CPS Cap5O protein of S. aureus 
while Fig. 2 shows the interactions of the ligands with 
the Cap5O protein together with the amino acid (AA) 
residues. As can be seen from the complexes formed 
between the protein and the bioactive compounds in 
Fig.  2, the bindings occurred at various points and 
with different AA residues. For trichloromethane, the 
interaction occurred with two AA residues namely 
threonine (THR 82) and proline (PRO 31). Similarly, 
bicyclo[4.1.0]heptan-2-one 6-methyl, also interacted 
with two amino acid residues which were glycine 
(GLY 9) and tyrosine (TYR 10). With bioactive com-
pound 1-methyl-4-phenyl-5-thioxo-1,2,4-triazolidin-
3-one, the amino acids residues were isoleucine (ILL 
11), glycine (GLY 11), alanine (ALA 70), glycine (GLY 
12) and proline (PRO 150). Carbonic acid monoamide 
N-(2-ethylphenyl) propyl ester interacted with amino 
acid residues glycine (GLY12), Isoleucine (ILL11), ala-
nine (ALA 79), cysteine (258) and leucine (LEU 259). 
Extended details of docking results using the same 
tool are presented as supplementary tables (Tables 
S1 and S2). These tables show the molecular weights 
of the non-toxic bioactive compounds, the number 
of H-bond donors, H-bond acceptors, and the calcu-
lated Log P values amongst other parameters.

Discussion
In addition to its edible fruits, A. muricata leaves are 
widely exploited for their medicinal properties. The 
high levels of evaluated anti-nutrients in our study 
were comparatively higher than those of commonly 
edible leafy vegetables in Nigeria, and this could 
explain why its leaf is not popular as edible vegetables 
such as Dennettia tripetala and Lasianthera africana 
in Nigeria [10]. Some of its documented medicinal 
properties include the management of various micro-
bial infections such as diarrhea, pneumonia, skin infec-
tions, and urinary tract infections among others [31]. 
Our study showed the presence of various amounts of 
bioactive compounds belonging to the families of phy-
tochemicals namely phenols, tannins, saponins, flavo-
noids, and polyphenols among others in both extracts 
of the plant. The presence of these compounds has 
been linked to the reported antimicrobial activity of 
our studied medicinal plant [10, 31, 32]. Polyphenols 
have been shown to exert their inhibitory properties on 
pathogenic microorganisms via inhibition of their viru-
lence factors [32]. In other studies, these phytochemi-
cals have been reported to act synergistically with some 
antibiotics against a few pathogens [33, 34]. Similarly, 

Table 1 Phytochemical screening of the bark and leaves extracts 
of A. muricata 

Key: E.L.E ethanol leaves extract, A.L.E aqueous leave extract

Phytochemicals E.L E A.L E

Alkaloids ++ +
Glycosides ++ +
Saponins + ++
Tannins + _
Flavonoids ++ +
Reducing compounds ++ +
Polyphenols ++ +++
Phlobatannins _ +
Anthraquinones + +
Hydroxyanthraquinone + ++

Table 2 Level of anti-nutrients in leaves of A. muricata (mg/100 g)

No. of analysis Phytate Total oxalate Soluble oxalate

1 5.45 268.07 176.55

2 5.46 268.10 176.54

3 5.44 268.08 176.55

Mean ± SD 5.45 ± 0.01 268.08 ± 002 176.55 ± 0.01
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it has been shown that titanic acid which constitutes 
a major component of tannins possesses antimicro-
bial activity [34]. Furthermore, they showed that its 

antimicrobial mode of action was via dissolution of 
bacterial cell wall lipids which induces cell leakage and 
apoptosis [34].

Table 3 Bioactive compounds (ligands), docking scores, and toxicity

For some of the bioactive compounds, since they were toxic, no docking scores were generated for them apart from heptasiloxane, 
1,1,3,3,5,5,7,7,9,9,11,11,13,13-tetradecamethyl- that did not return any docking output

Key: Na Not applicable

SN Compounds (Ligands) RT Area Docking scores 
(best score)

Toxicity

1 Trichloromethane 6.37 0.91 − 2.4-2.7 (2.7) None

2 Bicyclo[4.1.0]heptan-2-one 6-methyl- 29.58 1.00 −4.3-4.8(4.8) None

3 1-Tetradecyne 25.43 0.48 −4.6-4.9 Yes

4 Citronellylisobutyrate 30.12 0.48 −4.5-4.8 Yes

5 Hexadecanoic acid, methyl ester 30.62 17.31 −4.3-4.4 Yes

6 9-Octadecenoic acid, methyl ester, (E)- 32.13 50.88 −4.0-4.2 Yes

7 Methyl stearate 32.31 16.65 −4.3-4.4 Yes

8 1-methyl-4-phenyl-5-thioxo-1,2,4-triazolidin-3-one 32.47 0.58 −4.9-5.5 (5.5) None

9 Carbonic acid, monoamide, N-(2-ethylphenyl)-, propyl ester 32.76 0.34 −3.2-3.5 (3.5) None

10 Heptasiloxane, 1,1,3,3,5,5,7,7,9,9,11,11,13,13-tetradecamethyl- 33.73 2.2411 Na None

11 2-(Acetoxymethyl)-3-(methoxycarbonyl)biphenylene 33.44 0.87 −6.3-6.5 Yes

12 Silicic acid, diethyl bis(trimethylsilyl) ester 33.48 1.01 Na Yes

13 Silicic acid, diethyl bis(trimethylsilyl) ester 33.48 1.01 Na Yes

14 Carbonic acid, monoamide, N-methyl-N-phenyl-, 2-methylpropyl ester 33.54 0.49 5.1 Yes

15 Phenanthridinium, 5,6-dimethyl-, iodide 33.64 1.09 Na Yes

16 Pyridine-3-carboxylic acid, 1,4-dihydro-5-cyano-2-hydroxy-4-(4-
isopropylphenyl)-6-methyl-, ethyl ester

33.66 0.84 −6.7-7.3 Yes

17 2-(Acetoxymethyl)-3-(methoxycarbonyl)biphenylene 33.44 0.87 6.4–6.8 Yes

18 Octasiloxane, 1,1,3,3,5,5,7,7,9,9,11,11,13,13,15,15-hexadecamethyl- 34.19 0.97 6.4–6.8 Yes

19 Silicic acid, diethyl bis(trimethylsilyl) ester 34.97 1.06 Na Yes

20 Heptasiloxane, 1,1,3,3,5,5,7,7,9,9,11,11,13,13-tetradecamethyl- 34.98 0.77 Na Yes

21 1,2-Bis(trimethylsilyl)benzene 37.25 0.78 Na Yes

22 Octasiloxane, 1,1,3,3,5,5,7,7,9,9,11,11,13,13,15,15-hexadecamethyl- 33.27 1.19 Na Yes

23 Octasiloxane, 1,1,3,3,5,5,7,7,9,9,11,11,13,13,15,15-hexadecamethyl- 33.27 1.19 Na Yes

24 Octasiloxane, 1,1,3,3,5,5,7,7,9,9,11,11,13,13,15,15-hexadecamethyl- 33.27 1.19 Na Yes

25 Indole-2-one, 2,3-dihydro-N-hydroxy-4-methoxy-3,3-dimethyl- 33.48 1.01 5.6–6.3 Yes

26 1,2-Bis(trimethylsilyl)benzene 35.07 1.18 Na Yes

27 2-(Acetoxymethyl)-3-(methoxycarbonyl)biphenylene 36.68 0.11 −6.3-6.8 Yes

28 Tricyclo[4.2.1.0(2,5)]non-7-ene, 3,4-di(tris(trimethylsilyloxy)silyl)- 36.85 0.24 Na Yes

29 Silicic acid, diethyl bis(trimethylsilyl) ester 36.90 0.12 Na Yes

Table 4 Zones of inhibition of A.muricataextracts and cefoxitin 
(mm)

Key: NI No inhibition

Samples 10−1 10− 2 10−3 10−4 Cefoxitin

1 14.25 9.25 NI NI 21.50

2 15.56 7.40 NI NI 19.25

3 13.25 6.50 NI NI 24.50

4 12.20 6.45 NI NI 23.50

5 14.70 7.60 NI NI 17.30

Table 5 Antibacterial activity of A.muricata leaves and cefoxitin 
in peptone water at  OD540nm

Skin 
swab 
samples

Various conc. of the extracts

Stock 10−1 10− 2 10−3 10−4

1 2.12 ± 0.01 0.34 ± 0.01 0.98 ± 0.03 1.51 ± 0.02 1.67 ± 0.01

2 1.71 ± 0.02 0.24 ± 0.01 1.25 ± 0.01 1.61 ± 0.03 1.84 ± 0.02

3 2.58 ± 0.03 0.23 ± 0.02 1.19 ± 0.02 1.59 ± 0.01 1.79 ± 0.03

4 1.73 ± 0.01 0.28 ± 0.01 1.03 ± 0.03 1.62 ± 0.01 1.73 ± 0.01

5 2.13 ± 0.02 0.48 ± 0.01 1.12 ± 0.01 1.45 ± 0.03 1.69 ± 0.02
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In addition to the crude phytochemical screening, we 
also utilized GS-MS to evaluate bioactive compounds. 
The result showed more bioactive compounds via 
GC-MS compared to the crude extraction method. The 
compounds included trichloromethane, bicyclo[4.1.0]
heptan-2-one 6-methyl,  1-tetradecyne, citronellylisobu-
tyrate, hexadecanoic acid, methyl ester, 9-octadecenoic 
acid methyl ester (E)-, 1-methyl-4-phenyl-5-thioxo-1,2,4-
triazolidin-3-one and carbonic acid 2-dimethylami-
noethyl propyl ester among others. In an earlier study, 
9-octadecenoic acid, methyl ester, and linoleic acid were 
shown to have various desirable properties namely anti-
acne, antihistaminic, anti-eczemic properties in addition 
to acting as a hypo-cholesterolemic, 5-alpha reductase 
inhibitor [35]. In another study, 1,2-bis (trimethylsilyl) 
benzene is reportedly a plasticizer compound with anti-
microbial and antifouling properties [36]. Venkata-
Raman et al. [37] reported that hexadecanoic acid methyl 
ester, a fatty acid ester that possesses haemolytic 5-alpha 
reductase inhibitor potentials as well as other properties 
including lubricative, anti-androgenic, nematicidal, and 
pesticidal. Conversely, Gavamukulya et  al. [31] reported 
twenty-five (25) bioactive compounds from the chro-
matogram of A. muricata extract while in our study A. 
muricata leaf revealed twenty-three (23) bioactive com-
pounds including esters and aromatic-nitro compounds 
whose synergistic effect may be responsible for the anti-
microbial potentials observed in extracts of A. muri-
cata against S. aureus. In addition to their synergistic 
effect, studies indicates that the type of solvent drives 
the potency of the extract as well [38, 39]. This may be 
due to the ability of ethanol to have a favourable polarity 

index, thereby enhancing the extraction of the bioactive 
compounds in this plant. This observation is in line with 
previous reports on the potency of ethanol extract of A. 
muricata leaf [40–42]. Although, the molecular mecha-
nisms of action of the leave extract of A. muricata are yet 
to be ascertained; however, its high antimicrobial activ-
ity against S. aureus observed in this study was consist-
ent with earlier reports [43]. S. aureus strains employed 
in this study showed significant sensitivity to varying 
concentrations of the extract of A. muricata leaves that 
was slightly lower than that of cefoxitin used as control. 
This observation was in line with earlier reports and fur-
ther confirms the potency of the extracts of A. muricata 
leaves in the management of S. aureus-related infections 
and diseases [43].

According to Gruszczyk et  al. [20] capsular protein-
5O (Cap5O) belongs to the UDP-glucose/GDP-mannose 
dehydrogenase family, a group of enzymes that cata-
lyse the NAD-dependent 2-fold oxidation of alcohol (of 
UDP-N-acetyl-mannosamine) to an acid. Thus, Cap5O 
is reportedly important for the synthesis of serotype 5 
CPS, responsible for preventing the interaction of bac-
teria with eukaryotic phagocytes and non-phagocytes. 
In the presence of Cap5O, bacterial interaction with 
eukaryotic cells is limited, and as such, host immune 
reactions including the polymorphonuclear leukocytes 
phagocytosis that induces the production of reactive oxy-
gen species are brought to a halt [44]. In this study, the 
antimicrobial activity observed following treatment with 
the plant extracts showed a reduction in microbial load 
loosely suggesting that these phytochemicals could syn-
ergistically have antimicrobial activity as evident by the 
favourable binding poses recorded by some of the bio-
active compounds. From the docking outputs, trichlo-
romethane, bicyclo[4.1.0]heptan-2-one 6-methyl and 
1-methyl-4-phenyl-5-thioxo-1,2,4-triazolidin-3-one both 
interacted with the N-terminal NAD-binding domain 
which comprises of amino acids residues numbered 
1–150. By binding to this subunit of the protein, they 
could disrupt the essential energy metabolism role of this 
co-factor. On the other hand, carbonic acid monoamide 
N-(2-ethylphenyl) propyl ester interacted with both the 
N-terminal NAD-binding domain as well as C-terminal 
substrate binding domain (amino acids 197–301) via it 
amino acid residues which were glycine (GLY12), Isoleu-
cine (ILL11), alanine (ALA 79), cysteine (258) and leucine 
(LEU 259). In their study, Gruszczyk et  al. [20] showed 
that oxydo/reduction of the catalytic Cys-258 could con-
trol Cap5O activity and also proposed that regulation of 
the protein can be achieved using both tyrosine phos-
phorylation and reversible reduction of a disulfide bond 
involving the catalytic residue Cys-258. By binding with 
the catalytic residue CYS-258, carbonic acid monoamide 

Fig. 1 3D structure of Cap5O
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N-(2-ethylphenyl) propyl has the potential to interfere 
with Cap5O catalytic activity.

Furthermore, the binding of the bioactive compounds 
to the Cap5O protein could potentially limit its abil-
ity to evade the human immune system, thus corrobo-
rating earlier reports that showed A. muricata leaves 
possesses antimicrobial potentials, anti-tumour, anti-
inflmmatory, insecticidal, and nematicidial, properties 
among others [45, 46]. According to Lipinski’s rule of 
five (5), poor absorption or permeation for a predicted 
compound is most likely to be the case if certain condi-
tions abound. These conditions include the new molec-
ular entities having more than 5 hydrogen (H) bond 
donors, 10 H-bond acceptors, molecular weight greater 
than 500, and calculated Log P greater than 5 [47]. 
Interestingly, all four non-toxic bioactive compounds 
met Lipinski’s rule for the new molecular entities. This 
implies that these compounds will be better absorbed 
in-vivo.

The present study has a limitation. Our study was lim-
ited to only one CPS and we did not establish whether 
or not, the four bioactive compounds could be substrates 
for efflux transporters that abound in resistant patho-
gens. Future studies should be targeted at Cap5O and 
other CPS to completely understand how this pathogen 

evades the host immune system and design better drug 
candidates against S. aureus.

Conclusion
The crude extract of A. muricata leaves possessed phy-
tochemical and slightly higher than allowable limits of 
anti-nutrients in leafy vegetables. In line with previ-
ous studies, the extract reduced the microbial load of S. 
aureus isolates with zones that were comparable to those 
of Cefoxitin. The bioactive compounds of A. muricata 
leaves showed favourable interactions against the S. 
aureus CPS. By binding favourably to the Cap5O, it has 
the potential to interfere with the catalytic reaction that 
leads to the synthesis of CPS which drives the evasion of 
the human immune system. Synergistically or individu-
ally, these bioactive compounds could be a favorable drug 
target considering Cap5O importance in the production 
of CPS.
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