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a b s t r a c t

Objective: Methicillin-resistant Staphylococcus aureus (MRSA) strains are a leading cause of communica-
ble disease in community and nosocomial settings. They are responsible for high morbidity and mortal-
ity. Researchers currently pursue novel antimicrobials from natural sources against non-traditional drug
targets of staphylococci to ensure a pipeline of potent drugs, in the face of rising drug resistance. The
focus of this study was to screen compounds from a freshwater isolate of Chlorella sorokiniana for anti-
staphylococcal activity, using traditional microbiology, phytochemical analysis and bioinformatics
approaches.
Methods: Chlorella sorokiniana methanol extract was investigated for its antimicrobial potential on
Staphylococcus aureus strains (ATCC and MRSA isolates) by Kirby Bauer disc diffusion, broth microdilu-
tion, cell cytotoxicity and thin layer chromatography-bioautography (TLC-BA). Two antimicrobial TLC-
BA antimicrobial fractions (A and B) were subject to gas chromatography mass spectrometry (GCMS).
The structures of 9 compounds representing GCMS peaks were tested in silico, for their pharmacokinetic
properties and binding energy efficiency with the target, using Molinspiration tool and Autodock 4.2.
Results: Mean zone diameter of inhibition of growth by CSME (20 mg) was 21 mm, MIC/MBC was
0.31/2.5 mg/L. GCMS analysis of TLC fraction-A revealed 31 phytochemicals, of which 2-pentanone,4-
hydroxy-4-methyl- had the highest area % (65.61) and TLC fraction-B revealed 4 peaks of which pentade-
canoic acid and 1-(+)-ascorbic acid 2,6-dihexadecanoate had the highest area % (45.57, 48.09).
In silico analysis of 9 peak compounds on the target of interest showed that compound 2: 2-

pentanone,4-hydroxy-4-methyl- and compound 7: 1,2 – benzene dicarboxylic acid, mono (2- ethylhexyl)
ester, satisfied Lipinski’s rule of 5, and displayed the least binding energies �6.93 and �5.74 with ClpP
protease, thus holding pharmaceutical potential, and supporting further investment into in vitro and
in vivo studies.
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Conclusions: C. sorokiniana, a less studied microalga thus offers a promising natural resource for anti-
MRSA phytochemicals, capable of targeting ClpP1 protease.
(290 words)

� 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Staphylococcus aureus are Gram-positive cocci. They have
pathogenic potential and may possess antibiotic resistance and vir-
ulence genes. Infections of the skin, soft-tissues, bone, blood and
lower respiratory tract may exacerbate into severe illnesses such
as osteomyelitis, endocarditis and toxic shock syndrome (Brinkac
et al. 2017). Methicillin resistant S. aureus (MRSA) account for
25–50% of infections acquired in hospital settings and are a major
cause of treatment failure. MRSA are resistant to both beta-lactam
antibiotics and semisynthetic b-lactamase-insensitive drugs, such
as methicillin, oxacillin and nafcillin. Drug resistance occurs by
acquisition of the mecA gene, which encodes the PBP2A (Penicillin
binding protein 2A), that possesses lower-affinity for methicillin.
The mecA and related genes when present (mecB, mecC), are hori-
zontally transferred on the mobile genetic element SCCmec
(staphylococcal chromosome cassette mec). MRSA are known to
be simultaneously resistant to aminoglycosides, macrolides and
quinolones. Vancomycin, daptomycin, linezolid and newer drugs
such as fifth-generation cephalosporins (ceftaroline, ceftobiprole),
dalbavancin, oritavancin, iclaprim and delafloxacin are often the
last resort to save critically ill patients infected with MRSA strains
(Ohlsen et al. 1998; Kırmusaoğlu, 2017). Thus, there is a dire need
for alternative sources of antimicrobials and efforts to focus on
non-traditional drug targets. Among > 300 such candidates
(Hossain et al., 2013), a major homeostatic protein, ATP-
dependent ClpP (caseinolytic protease P), is a subject of interest.
ClpP protease degrades and recycles misfolded proteins that are
produced by immunological and treatment stress, thus prolonging
survival time (Farrand et al. 2015; Ohlsen et al. 1998). In its
absence, as in clpP- strains, regulons that control important
stress-response functions such as stationary phase adaptation,
nutrient starvation, cell motility and temperature challenges are
inactivated. Additionally, hemolysin and biofilm formation are
reduced. Owing to its indispensability in homeostasis, ClpP is
thought to be a promising target for new anti-MRSA drugs. Cur-
rently beta-lactones and depsinopeptide are among the few
already studied compounds with anti-ClpP function. They are
known to eliminate biofilms and cure persistent infections
(Farrand et al. 2015; Moreno-Cinos et al. 2019; Böttcher et al.
2008).

Scientists often look to nature for new sources of antimicrobials.
Traditionally, research may involve solvent extraction of natural
sources (example - plants, algae, fungi) and bioactivity guided frac-
tionation. When coupled with bioinformatics, numerous drug can-
didates can be tested for their potential to engage with targets of
interest. This helps narrow down candidates that can enter the
pipeline for further in vitro and in vivo testing (Pinz & Rastelli,
2019) and reduce costs invested. Photo-autotrophic green microal-
gae are a rich natural resource capable of synthesizing a plethora of
compounds of biomedical interest (Khan et al. 2018).

Our Microalgal laboratory at Ngee Ann Polytechnic screens
locally isolated algae for compounds of pharmaceutical value.
The focus of this paper is on one laboratory maintained local iso-
late of Chlorella sorokiniana [CS], which was studied in-depth due
to antimicrobial activities detected in preliminary studies. CS
microalgae are known fast-growers that possesses saturated fatty

acid contents and are reported to have antioxidant, biofuel feed-
stock potential, biofertilizer, emulsification and wastewater treat-
ment potential (Yun et al., 2020). Recent studies on CS have
shown antimicrobial activity on Escherichia coli (Shaima et al.,
2021), cell & cytokine modulatory action (Cilliberti et al., 2019);
synergistic roles with probiotics (Cantu-Bernal et al., 2020), and
chemo-protective action (Lin et al., 2020). This study focusses on
traditional antimicrobial in vitro investigations of a laboratory-
maintained freshwater isolate of CS, followed by in silico molecular
docking analysis of peak compounds with staphylococcal ClpP pro-
tease (Fig. 1).

2. Materials and Methods

2.1. Microalgal processing

2.1.1. Identification and laboratory cultivation
Identification of the laboratory maintained microalgal isolate

Chlorella sorokiniana [CS] was performed in a previous study
(Lloyd et al. 2021), wherein pure cultures were identified based
on morphology and sequencing of the D1-D2 LSU rDNA sequence.
The strain CS, was maintained in Bold’s Basal Medium (BBM)
(Sigma) supplemented with 2% Bacto agar (BD) on streak-plates
in a plant tissue culture facility, at 23 �C with 12-hour cycles of
light–dark alternation. For upscaling purposes, pure colonies were
grown in 100 mL BBM flasks for 10-days in a shaker incubator.
After testing for purity, the contents were inoculated into 5l in-
house bioreactors with constant sterile air aeration, for 10–15 days.
Late exponential phase cultures were pelleted in batches by
centrifugation.

2.1.2. Extraction of microalgal compounds
Wet algal pellets were resuspended in 1x phosphate buffered

saline (PBS) and washed thrice before being lyophilized. Dried pel-
lets were resuspended in methanol at a 1:3 ratio and subjected to
sonication in a Microson Ultrasonic Cell Disruptor to lyse algal cell
walls (Araujo et al. 2013) at 8 W for 10 mins, on ice. The sonicated

Fig. 1. Legend: CSME – Chlorella sorokiniana extract; MIC – Minimum inhibitory
concentration; MBC – Minimum bactericidal concentration; TLC-BA – Think layer
chromatography-bioautography; GCMS – Gas chromatography-Mass spectrometry.
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mixture was transferred into a sterile flask containing sterile glass
beads (0.2–2.5 mm) and methanol (1:3 ratio) and was incubated in
a shaker at 23 �C, at 400 rpm for 24 h. Successive methanol extrac-
tion was performed until the algal pellets were pale. The CS metha-
nol extract [CSME] was dried in a rotary evaporator.

2.2. Testing of CSME

2.2.1. Disc diffusion
Dried CSME was weighed and resuspended in methanol. What-

man paper 1 discs were impregnated with CSME at 20 mg/disc and
10 mg/disc concentration and left to air-dry completely. Solvent
control discs comprising methanol were also dried. Penicillin
(10U) was used as a positive control. Sterile Mueller Hinton agar
(MHA) plates were swabbed with S. aureus ATCC 25923 log phase
culture (adjusted to McFarland 0.5 turbidity standard) and discs
were placed on the seeded plate (Myers & Koshi, 1982; Lloyd
et al. 2005). The plates were incubated at 37 �C for 18–24 h. The
diameter (mm) of the zone of inhibition around each disc was
measured.

2.2.2. Determination of Minimum inhibitory concentration (MIC) and
Minimum bactericidal concentration (MBC)

Minimum inhibitory concentration (MIC) of CSME was deter-
mined using microbroth dilution followed by an MTT (3-(4,5-dime
thylthiazol-2-yl-2,5-diphenyl tetrazolium bromide) (Sigma) assay
(Benov, 2019) on S. aureus ATCC 25923 and three MRSA human
clinical isolates (obtained from National University Hospital, Singa-
pore). All MRSA isolates were blood-stream isolates and positive
for mecA.

Dilutions of CSME were prepared in Mueller-Hinton Broth
(MHB) (Difco) in a 96-well microtiter plate (20 to 0.07 mg/L). To
the extract-broth dilutions (volume: 150 ll) in each well, 2 ll of
broth culture of the test strain, adjusted to McFarland’s turbidity
standard 0.5, was added. After incubation for 18–24 h at 37 �C,
40 ll of 0.5 mg/ml MTT (prepared in PBS) was added into each
well, followed by incubation of the plate in the dark, at room tem-
perature (RT), until a color change was observed in control wells
containing S. aureus culture. Wells where microbial growth was
inhibited, showed no colorimetric change and the highest dilution
at which growth inhibition occurred, was taken as the Minimum
inhibitory concentration (MIC). Five microliter volumes were
sub-cultured from the wells onto Nutrient agar (before the MTT
step for MIC) to determine the minimum bactericidal concentra-
tion (MBC), which is the highest dilution of extract at which there
is no growth of the test bacteria upon subculture.

2.2.3. Cytotoxicity assay
The crude methanolic extracts were tested for cell cytotoxicity

against an available healthy laboratory cell line Raw 264.7 using
a MTT assay (Karakas et al. 2017). Briefly, in a 96-well microtiter
plate, a cell suspension of Raw 264.7 in DMEM containing
5 � 104 cells/ml was added to all wells of the microplate to a final
volume of 200 ll per well and incubated for 24 h at 37 �C in 5%
CO2. The media was aspirated, and the cells were washed with
1x PBS. The CSME dilutions (20 to 0.07 mg/L) were prepared for
this assay in Dulbecco’s Modified Eagle Medium (DMEM) in a sec-
ond microtiter plate. Volumes of 100 ll were transferred from the
second plate to the corresponding wells in the first plate contain-
ing cell growth.

A solution of 0.5 mg/ml MTT in DMEMwas prepared and 100 ll
was added to each well, followed by incubation at 37 �C for 1 h. The
MTT solution was then removed, 100 ll of DMSO was added to
each well, followed by incubation at RT for 10 mins before the
wells were visualized under a light microscope.

2.2.4. Qualitative screening for phytochemicals
First, a series of phytochemical tests was performed on CSME to

detect the presence of simple phenols, flavonoids, tannins, fura-
nocoumarins, phenylpropenes, anthraquinones, tropolenes, iri-
doids, diterpenoids, triterpenes, phytosterols, cardiac glycosides,
saponins, gibberellins, sesquiterpene lactones, fatty acids, alkaloids
and tannins (Harborne, 1980). Second, the Folch method to screen
for types of lipids was performed. A columnwas packed using silica
gel mixed with dichloromethane in a CR30/50 glass column. 1 mL
of extract in dichloromethane was layered on the column and was
first eluted with 10 mL of dichloromethane for neutral lipids; next
with 15 mL of acetone: methanol (9:1) to elute glycolipids; and
last, 10 mL methanol for the elution of phospholipids
(Heinzelmann et al. 2014). The three eluates were collected in glass
tubes and were analyzed spectrophotometrically at 260 nm in a
quartz cuvette. The fractions were dried and tested for antimicro-
bial activity.

2.2.5. Thin layer chromatography bioautography (TLC BA)
TLC sheets (Sigma) were used to fractionate compounds in the

methanolic algal extract. Dried CSME was resuspended in metha-
nol and spotted on TLC sheets in duplicate. A mobile phase of 7:3
hexane: acetone was used for extract fractionation in a sealed
TLC tank. Sheets were left to air dry in a laminar air flow hood
and then cut into strips. A bacterial agar suspension was prepared
by mixing molten MHA cooled to 40 �C and the test S. aureus broth
culture (3 � 108 CFU/ml) in a 5:1 ratio. This was poured over one of
the strips and left to solidify in a closed sterile petri plate, followed
by incubation 37 �C for 16 h. The overlay was then sprayed with
0.5 mg/ml MTT and developed at RT, in a dark chamber. Inhibition
of microbial growth was indicated by the presence of clearings
against a purple background and was used to identify the fractions
A and B containing antimicrobial compounds. Rf values were calcu-
lated, where Rf = distance travelled by the active band divided by
distance travelled by the solvent (Mcgaw et al. 2013).

Active bands from the duplicate TLC plates were cut and eluted
into a tube with methanol. The mixture was spun at 10,000 rpm for
15 mins to separate the silica from the extract. The supernatant
was examined for GCMS.

2.3. Characterization of active fractions A and B

2.3.1. GCMS analysis of the antimicrobial TLC polar fraction A
GCMS of the polar fraction A was facilitated using an Agilent

GCMS 7890 gas chromatograph-mass spectrometer with a DB-5
MS column (30 m � 0.25 mm ID., 0.25 lm film thickness) through
Setsco services, Singapore. Samples were reconstituted in 5 ll of
HPLC grade methanol and injected under the in-house standard-
ized conditions: Carrier gas: Helium; Flow rate: 1 mL/min. A split-
less injection was performed in splitless mode. Ion source
temperature and interface temperature was set at 200 �C. Detector
voltage was maintained relative to the tuning result. The GC tem-
perature program started at 40 �C, elevated to 280 �C after 2 min at
a rate of 10 �C/min with a 20 min hold at 280 �C. Injector temper-
ature was set at 250 �C, and injection volume was 1 ll.

2.3.2. GCMS analysis of the antimicrobial TLC non-polar fraction B
The non-polar fraction B sample was prepared as a 10% (w/v)

solution in n-hexane. Saponification steps were as follows - equal
volume of 3 M methanolic KOH added and incubated in a 37�C sha-
ker incubator for 30mins, followed by treatment with equal vol-
ume of saturated NaCl solution and additional 30 min incubation.
The hexane layer was extracted and analyzed using an in-house
Shimadzu single quadrupole GCMS-QP2010 Ultra gas
chromatograph-mass spectrometer with a STABILWAX column
(30.0 m � 0.5 lm thickness). Samples were injected under the
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in-house standardized conditions: Carrier gas: Helium; Flow rate:
2 mL/min. Normal injection mode was used, split injection 30.0.
Ion source temperature and interface temperature was 200�C, with
a solvent cut-time of 2 min, and scanning range of 35–500m/z. The
detector voltage was maintained relative to the tuning result. The
GC temperature program started at 40�C, was then elevated to 60�C,
at a rate of 5�C /min with a 20 min hold at 60�C, then elevated to
200�C, at a rate of 10�C/min with a 20 min hold at 200�C. The injector
temperature was set to 240�C, and injection volume was 1 ll. Com-
pounds were identified via their individual retention times and
mass fragmentation patterns by comparison with data from the
NIST11 (National Institute of Standards and Technology) mass
spectral database.

2.4. In-silico analysis of potential targets for select antimicrobial
components

Nine compounds namely compound (1) 3-penten-2-one,4-
methyl-, (2) 2-pentanone,4-hydroxy-4-methyl- (3)
benzaldehyde,2,4-dimethyl-, (4) pentadecanoic acid,14-methyl-,
methyl ester, (5) octadecanal, (6) 9,12-octadecadienoic acid (Z,
Z)-, methyl ester, (7) 1,2-benzenedicarboxylic acid, mono(2-
ethylhexyl) ester, (8) l-(+)-ascorbic acid 2,6-dihexadecanoate and
(9) pentadecanoic acid on ClpP was attempted and were chosen
for docking analysis based on their GCMS peak % concentration
(Tables 1 and 2) and structures were generated and optimized
using Chemsketch. The target structure of ClpP was retrieved from
PDB database with the PDB ID as 5DL1 (https://www.rcsb.org/pdb,
PDB ID: 5DL1, A Chain). For optimization, water molecules and
complex moieties were removed. The drug likeliness properties
of the 9 compounds were predicted using Molinspiration tool.
Structures were saved in MDL-mol format and converted to pdb
format using Open Babel molecular converter program. The struc-

ture of ClpP was uploaded in Autodock software version 4.2 with
the addition of polar hydrogen and Kollman charges, with the final
saved pdbq format. The structures of the compounds were also
uploaded with the centre node and torsional bonds selection and
the file was saved in pdbqt format. In grid preparation, the grid
box was set as 126x126x126Å points with a grid spacing of
0.560 Å, whole protein was covered, and the initial search was car-
ried out. The region of the most populated of the first ten clusters
was selected as the probable binding region and the accurate
search was executed in the probable binding region with a smaller
grid map. Lamarckian genetic algorithm (GA) was applied in the
drug-ligand interactions and 10 GA runs were performed with
the following parameters: population size of 150, maximum num-
ber of 2.5 � 106 energy evaluations, and maximum number of
27,000 generations, and other parameters were default. The result-
ing conformations were clustered using a root-mean square devia-
tion (RMSD) of 2.0 A. The least energy conformation among the ten
conformations was chosen and saved in pdb format. The complex
formed was visualized using Biovia discovery studio visualize soft-
ware programme.

3. Results

3.1. Analysis of anti-staphylococcal activity

3.1.1. Kirby-Bauer disc diffusion
Mean inhibition diameter produced by a 20 mg/disc was 21 ±

0.5 mm, whereas the 10 mg/disc gave 8 ± 0.8 mm This was less
than the positive control of Penicillin 10U which gave 32 mm.
Methanol disc controls did not produce any zones.

3.1.2. Determination of MIC and MBC
For broth microdilution tests for MIC and MBC on standard and

clinical MRSA strains, visual read-outs of inhibition (without MTT
dye) were unreliable due to the greenish turbidity caused by col-
ored extracts. Upon addition of MTT, growth was indicated by a
violet colour (Fig. 2) and was 0.313 mg/L for Staphylococcus aureus
ATCC 25923 and MRSA strains and was taken as the MIC. Upon
subculture, the MBC was 2.5 mg/L for all strains. Due to the low
concentrations of extract, these tests were performed only in
duplicate and were reproducible.

3.2. Cytotoxicity

Microscopy was used to assess the viability of cells in each dilu-
tion, instead of optical density, as the MTT assay in the presence of
greenish algal extract produced false cell growth positives as also
described by Karakas et al. (2017) with plant extracts. The cytotox-
icity tests of CSME on the cell lines revealed that lower concentra-
tions of CSME active on S. aureus seemed to be cytotoxic to the Raw
264.7 cell lines at 0.313 ± 0.3 mg/L.

Table 1
Compounds present in TLC fraction A of CSME, as analysed by GCMS.

Retention time
(min)

Compound (IUPAC Name) Area
%

6.62 3-Penten-2-one,4-methyl- 1.77
7.24 2-Pentanone,4-hydroxy-4-methyl- 65.61
9.01 Benzaldehyde 0.39
9.46 Decane,2,3,5,8-tetramethyl- 0.18
9.54 Dodecane,4,6-dimethyl 0.18
9.67 Dodecane,2,6,11-trimethyl- 0.43

12.95 Benzaldehyde,2,4-dimethyl- 1.43
13.15 Dodecane,2,7,10-trimethyl- 0.16
13.24 Dodecane,2,6,11-trimethyl- 0.15
14.01 Cyclohexasiloxane, dodecamethyl- 0.55
14.30 Hexadecane 0.16
15.27 3-Octadecene, (E)- 0.09
15.51 Pentadecane 0.09
16.10 Heptadecane 0.16
16.20 Pentadecane, 2,6,10-trimethyl- 0.26
16.25 Cycloheptasiloxane,tetradecamethyl- 0.17
16.67 Heptadecane 0.24
17.08 Hexadecane,2,6,10,14-tetradecamethyl- 0.24
19.05 Hexadecane,2,6,10,14-tetramethyl- 0.6
19.55 Heneicosane 0.16
20.37 Hexadecanal 0.22
21.15 Heptadecane,2,6,10,15-tetramethyl- 0.11
21.33 Eicosane 0.25
21.46 Pentadecanoic acid,14-methyl-,methyl ester 0.53
21.76 Tetratriacontane 0.23
22.45 Octadecanal 0.51
23.13 9,12-Octadecadienoic acid (Z,Z)-,methyl ester 0.52
23.26 Heptadecanenitrile 0.4
23.39 Pentadecane, 8-hexyl- 0.27
24.17 Cyclononasiloxane,octadecamethyl- 0.72
27.00 1,2-Benzenedicarboxylic acid, mono(2-

ethylhexyl) ester
0.5

Table 2
Compounds present in TLC fraction B of CSME, as analysed by GCMS.

Retention time (min) Compound (IUPAC Name) Area%

3.480 3-Methylbenzyl alcohol, tert-
butyldimethylsilyl ether

0.09

43.357 Hexadecanoic acid, methyl ester <1
53.876 Pentadecanoic acid 45.57
53.902 Tridecanoic acid 0.16
53.880 l-(+)-Ascorbic acid 2,6-dihexadecanoate 45.09
54.500 n-Octanoic acid, methyl (tetramethylene)

silyl ester
0.01
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3.3. Qualitative analysis of CSME

3.3.1. Phytochemical analysis
Qualitative analysis of the CSME indicated only the presence of

sesquiterpene lactones, fatty acids and alkaloids. The extracts were
negative for the other compounds tested.

3.3.2. Lipid analysis
Analysis of the types of lipids gave highest absorbance for the

third eluate > first eluate > second eluate (2.6 > 0.162 > 0.0016)
interpreted as the concentration of phospholipids > neutral
lipids > glycolipids.

3.4. Thin layer chromatography-bioautography

Two clear antimicrobial bands were obtained in TLC bioautogra-
phy with all test strains. The band closer to the start-line was
labelled TLC fraction A band and the non-polar band further away,
as TLC fraction B band. Rf values of locations that flanked the inhi-
bitory fractions could be found in the range 0.46–0.61 for fraction
A and 0.7–0.9 for fraction B. The bands A and B were extracted and
analyzed using GCMS.

3.5. GCMS analysis

The polar fraction A when analyzed by GCMS gave 31 products
of which 2-pentanone,4-hydroxy-4-methyl- was in the highest
concentration (65.61%) among 30 other peaks (Fig. 3, Table 1). This
was speculated to be a key antimicrobial in the fraction. The non-
polar fraction gave 4 peaks of which pentadecanoic acid (45.57%)
and l-(+)-Ascorbic acid 2,6-dihexadecanoate (45.09%) were in high-
est concentration (Fig. 4, Table 2). There were 25 peaks that could
not be identified, of which only one was > 2% (2.1%).

3.6. In-silico analysis

Based on Lipinski’s rule of five (Lipinski et al., 1997), hydrogen-
bond donors are to be below 5, hydrogen-bond acceptors below 10,
molecular mass below 500 Da, XlogP3 (lipophilicity) to be less than
5, and the total polar surface area (TPSA) not>140 Å. Four candi-
dates (1), (2), (3), (7) possessed zero violations of the Lipinski’s rule
of five (Table 3), suggesting the efficiency of these molecules to act
as drug candidates with good pharmacokinetics, whereas (4), (5),
(6), (9) had slight deviation in Log P and (8) had > 5 hydrogen bond
donors. Fig. 5 represents the schematic representation of the dock-
ing interactions of the compounds (1, 2, 3, 7) with ClpP that were
visualized and generated using the software (Biovia Discovery stu-
dio visualizer). Key residues in ClpP forming hydrophobic, hydro-
gen and Van der Waal interactions with atoms of bioactive
compounds are provided in the figure. The ClpP bound with com-
pound (2) shows least binding energy with �6.93 kcal/mol with
two hydrogen bonds with THR169 and GLN124; compound (4)
forms two hydrogen bonds with GLN132, THR146 (OG1. . .O); com-
pound (6) forms two hydrogen bonds with THR146, HIS142 with
binding energy of �6.52 and �6.37 kcal/mol respectively; com-
pound (7) forms four hydrogen bonds with TYR18, LYS26 amino
acids of ClpP with the binding energy of �5.74 kcal/mol. Key resi-
dues in ClpP forming hydrophobic, hydrogen and Van der Waal
interactions with atoms of bioactive compounds are provided in
the figure. The ClpP bound with compound (2) shows least binding
energy with �6.93 kcal/mol with two hydrogen bonds with
THR169 and GLN124; compound (4) forms two hydrogen bonds
with GLN132, THR146 (OG1. . .O); compound (6) forms two hydro-
gen bonds with THR146, HIS142 with binding energy of �6.52 and
�6.37 kcal/mol respectively; compound (7) forms four hydrogen
bonds with TYR18, LYS26 amino acids of ClpP with the binding
energy of�5.74 kcal/mol (Table 4). Compounds (1, 3, 5 and 9) form
one hydrogen bond with binding energy of �4.69, �4.99, �5.54
and �5.6 respectively. Compound 8 had the least binding energy

Fig. 2. Minimum Inhibitory Concentration (MIC) of MRSA isolates using microbroth dilution method and MTT assay. Legend: Purple coloured wells are indicative of
bacterial growth.
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Fig. 3. GCMS characterization of the CSME TLC-BA fraction A.

Fig. 4. GCMS characterization of the CSME TLCBA fraction B.

C. Lloyd, Malcolm Wai Kit Wong, L.J. Sin et al. Journal of King Saud University – Science 35 (2023) 102668

6



at 0.82 kcal/mol. Compounds that did not satisfy Lipinski’s rule of 5
(4,5,6,8,9) and had low binding energies with ClpP (1,3) were not
be studied further. Compounds (2 and 7) satisfy both criteria and
therefore are chosen to be studied in future. Additionally they have
below 10 rotatable bonds, which makes them stable (Anza et al,
2021).

4. Discussion

MRSA infections, are still a major concern in hospital and com-
munity settings. Preliminary screening of microalga C. sorokiniana
crude methanol extract CSME by disc diffusion against S. aureus
ATCC 25923 showed antimicrobial activity. Preliminary qualitative
phytochemical analyses of the crude extract CSME, revealed fatty
acids, alkaloids, sesquiterpene lactones and phospholipids.

Prior to investing time and funds into testing the individual GC
components, computational analysis to filter compounds with
good pharmacokinetic properties out of the 35 GCMS peaks
obtained was attempted. Among the major 9 compounds studied,
(1 to 7) were identified in TLC fraction A and (8) and (9) from
TLC fraction B. Computational analysis of docking properties elim-
inated compounds that did not satisfy Lipinski’s rule of 5 (4,5,6,8,9)
and had low binding energies with ClpP (1,3) leaving compounds
(2 and 7) as prospective candidates.

We can speculate that compound (2) and (1) in TLC fraction A
might have contributed to the antimicrobial activity of CSME
wherein the MIC/MBC was 0.313 mg/L/ 2.5 mg/L. Our in silico stud-
ies show that it has ideal pharmacokinetics and binding energy
values. Literature shows that compound (2) which was retrieved
at 65.61% (area %) in TLC fraction A, is commonly referred to as
diacetone alcohol or 2-pentanone, 4-hydroxy-4-methyl- (HMP),
and compound (1) 1.77% (area %) is a breakdown product of (2).
It is interesting to note that these compounds were previously
reported from extracts of marine species, as antagonists to fish
pathogens (Wefky & Ghobrial, 2008), also with anti-biofilm poten-
tial (El Zawawy et al., 2020). Further support to include this com-
pound in future animal studies is that it was reported to be non-
toxic up to 50 mg/kg in rats (Johnson, 2004) in an unrelated study.

TLC fraction B could have contributed to the cell cytotoxicity in
our crude extract CSME, and could have been due to fatty acids
(compound 9, area % = 45.57), as fatty acids with > 10C atoms
are capable of lysing cell membranes (De Morais et al. 2015). Fatty
acids are also part of alkaloids (as seen in the phytochemical tests)
and are reported in algae e.g. Spirulina spp. (Kata et al. 2018; Güven
et al. 2010). Compound (7), which is our next promising com-
pound, is commonly referred to as a phthalate, and is also found
in weeds with antimicrobial potential (Shanab et al., 2010). In
our study, it showed good docking and binding energy properties
as well.

Compounds that did not qualify through bioinformatics analysis
included compound (4) also previously reported to have antibacte-
rial and antifungal activity (Ghazala et al. 2004); compounds (5, 6)
along with other minor compounds have been reported in red
algae (Qhairul et al., 2011; Mohy El-Din and El-Ahwany, 2016),
and compound (9)-coupled with fatty acid moieties are reported
to have natural antioxidant potential (Bose et al. 2018).

Apart from the 9 major compounds studied in detail, some of
the minor compounds have also found mention in past reports,
for example - benzaldehyde in seaweeds (Yamamoto et al. 2014);
decane,2,3,5,8-tetramethyl-, dodecane,2,6,11-trimethyl-, octade-
canal and cyclononasiloxane, octadecamethyl- in red algae (Izreen
et al. 2011; Mohy El-Din et al. 2016); decane, 2,3,5,8-tetramethyl-,
dodecane, 2,6,11-trimethyl-; hexadecane, eicosane, hexadecane
2,6,10,14-tetradecamethyl-, hexadecane, 2,6,10,14-tetramethyl-,
in sea buckthorn oils (Yue et al. 2017); 3-Octadecene, (E)- in leaf
extracts of Ricinus spp, (Altameme et al. 2015); heptadecane,
2,6,10,15-tetramethyl- in Gymnema spp. (Subramanian et al.
2020); heneicosane, penta- and heptadecanes, hexadecanal in
brown algae (Ávila et al. 2019); eicosane an antifungal from Strep-
tomyces spp. (Ahsan et al. 2017); tetratriacontane from traditional
Ashtawarga plants (Singh and Patra, 2019); heptadecanenitrile
from Spirulina sp. (Chen et al. 2019); and pentadecane, 8-hexyl-
from chrysanthemum flowers (Pubchem, n.d.). Dodecane, 2,6,11-
trimethyl- or Farnesan and pentadecane, 2,6,10-trimethyl- was
previously documented in walnuts (Centre, n.d.), microalgae
(Gutierrez et al. 2012), jasmines and diatoms (CSIR, n.d.; Peters
et al. 2008) and are examples of sesquiterpene lactones, that were
identified in our qualitative analysis studies. Phospholipids, are
also associated with antimicrobial activity in red algae (Alves
et al. 2020) and were also detected in the qualitative analysis.

Computational analysis showed that among the candidates that
satisfy Lipinski’s rule of 5, two compounds (2) and (7), from the
non-lipid polar fraction A, displayed better binding energy proper-
ties with ClpP and can be considered candidates for further in vitro
and in vivo analysis. We acknowledge that we have used the wild-
type staphylococcal ClpP protease for analysis in this study, and
the outcomes may not be applicable to possible mutants that lack
ClpP or possess a defective ClpP.

5. Conclusions

CSME extract inhibited MRSA strains at MBC/MIC of 0.313 mg/
L/ 2.5 mg/L and was cytotoxic at the same concentrations. Fraction
B which possesses a high percentage of fatty acids could have con-
tributed to cytotoxicity in vitro and need not be considered further
from fractionated extracts. Fraction A, particularly compounds (2):
2-pentanone,4-hydroxy-4-methyl- and (7) 1,2 - benzenedicar-
boxylic acid, mono (2- ethylhexyl) ester, showed good docking

Table 3
Drug-Likeness Predictions of Compounds 1 to 9 computed by Molinspiration tool.

Compound
number

Compound name Molecular weight
(g/mol)

Hydrogen Bond
Donor

Hydrogen Bond
Acceptor

XLogP3 Rotatable
bonds

TPSA
Å2

1 3-Penten-2-one,4-methyl- 98.14 0 1 1.53 1 17.07
2 2-Pentanone,4-hydroxy-4-methyl- 344.4 1 2 4.79 6 37.30
3 Benzaldehyde,2,4-dimethyl- 148.20 0 1 2.93 1 17.07
4 Pentadecanoic acid,14-methyl-, methyl ester 270.5 0 2 6.84 14 26.30
5 Octadecanal 268.5 0 1 8.50 16 17.07
6 9,12-Octadecadienoic acid (Z,Z)-, methyl

ester
294.5 0 2 7.17 15 26.30

7 1,2-Benzenedicarboxylic acid, mono(2-
ethylhexyl) ester

278.34 1 4 4.49 9 63.60

8 Ascorbic acid 176.12 4 6 �1.6 2 107
9 Pentadecanoic acid 242.4 1 2 5.8 13 37.3
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Fig. 5. 3-D and 2-D images of (a) compound 2 and (b) compound 7 interacting with staphylococcal ClpP protease using Biovia Discovery studio visualizer. (a) Compound 2: 2-
Pentanone,4-hydroxy-4-methyl- ClpP - pink colour stick model; 2-Pentanone,4-hydroxy-4-methyl-: blue colour Scaled ball and stick model visualized using Biovia Discovery studio
visualizer. 2D Diagram showing 2-Pentanone, 4-hydroxy-4-methyl- in blue colour and key amino acid residues of ClpP visualized using Biovia Discovery studio visualizer. (b)
Compound 7: 1,2-Benzenedicarboxylic acid, mono(2-ethylhexyl) ester ClpP - pink colour stick model; 1,2-Benzenedicarboxylic acid, mono(2-ethylhexyl) ester: blue colour scaled
ball and stick model visualized using Biovia Discovery studio visualizer.
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Fig. 5 (continued)
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and binding energy properties with the protein target ClpP pro-
tease, and may be upscaled for further studies in animal models.
We do not attest any of these compounds for clinical use, as they
have been tested in vitro only. Overall, our antimicrobial studies,
coupled with bioinformatics analysis shows that CS is a source of
valuable anti-staphylococcal compounds.
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