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ABSTRACT 

Probiotic bacteria transform linoleic acid (LA) into bioactive lipid derivatives, offering significant potential for industrial applications and health benefits. This 

study aimed to elucidate the metabolic pathways and enzymatic interactions involved in the biotransformation of linoleic acid by Lactiplantibacillus plantarum HMX2 

using both experimental and computational approaches. Growth kinetics were monitored across varying substrate concentrations (2%–10%), while gas 

chromatography-mass spectrometry (GC-MS) was employed to identify key biotransformation metabolites. In silico analyses included protein identification, 

molecular docking, and molecular dynamics (MD) simulations to determine enzyme-substrate binding affinity and interaction stability. L. plantarum HMX2 

demonstrates unique metabolic plasticity, producing a broader range of fatty acid derivatives than LAB strains, making it a promising candidate for biotechnological 

applications related to lipid metabolism. Further research should focus on experimental validation through recombinant expression and kinetic profiling of the 

identified enzymes to confirm their specific roles in linoleic acid biotransformation and to optimize industrial-scale applications. 

Keywords: LA biotransformation, L. plantarum HMX2, lipid metabolism, enzymatic interactions, molecular docking. 

1. INTRODUCTION 

Biotransformation refers to a natural phenomenon where biological systems, 

especially microorganisms, utilize enzymes to convert chemical compounds into 

different structural forms. The process is vital for detoxifying the environment, 

metabolizing drugs, and synthesizing bioactive compounds [1]. Pharmaceuticals, 

food, and environmental biotechnology sectors recognize microbial 

biotransformation as crucial for enabling the production of unique biomolecules 

with enhanced functions. Key enzymes, including oxygenases, dehydrogenases, 

reductases, and hydrolases, act as catalysts for various reactions, including 

oxidation, reduction, isomerization, hydrolysis, and conjugation reactions [2]. 

Microbial biotransformation exhibits high levels of specificity, regioselectivity, 

and stereoselectivity, making it both environmentally friendly and efficient for 

modifying complex biomolecules in a way that traditional chemical synthesis 

cannot. This process allows for the creation of bioactive metabolites with 

enhanced stability and bioavailability, thereby enhancing their functional 

properties [3]. Notably, the production of functional fatty acid derivatives 

through microbial biotransformation holds significant value in lipid metabolism, 

generating compounds with antimicrobial, anti-inflammatory, and anticancer 

properties [4]. 

LA is an essential omega-6 polyunsaturated fatty acid that plays a crucial role 

in maintaining cellular integrity, membrane fluidity, and metabolic balance. It is 

a key component of phospholipids in biological membranes and participates 

actively in cellular signaling pathways and the regulation of inflammatory 

responses [5]. Plant-based oils, including sunflower, soybean, and safflower oils, 

as well as nuts and seeds, are rich sources of LA. As the human body lacks the 

enzymes necessary for its synthesis, LA must be obtained through dietary intake. 

Once consumed, LA undergoes enzymatic metabolic processes that produce 

important bioactive lipid mediators like arachidonic acid (AA) and conjugated 

linoleic acid (CLA), which are essential for various physiological activities [6]. 

Researchers have extensively investigated CLA due to its isomers demonstrating 

anti-obesity, anti-diabetic, and anti-carcinogenic effects [7]. The microbial 

biotransformation of linoleic acid yields hydroxy, keto, and conjugated 

derivatives, several of which have enhanced bioactivity and better physiological 

properties. Knowledge about the enzymic mechanisms of LA transformation can 

maximize its use in food, nutraceuticals, and drugs [8]. L. plantarum HMX2 is a 

probiotic lactic acid bacterium (LAB) with high metabolic flexibility and strong 

enzymatic activity. It was isolated from fermented milk products and has shown 

high adaptability to various environmental conditions, such as acidic and bile-

rich gastrointestinal environments. Its survival and gut colonization capacity 

make it a good probiotic candidate [9]. L. plantarum species are well known for 

their capacity to ferment a wide variety of substrates, such as carbohydrates, 

proteins, and lipids, via fermentation and enzymatic conversion processes. One 

of the unique characteristics of L. plantarum is its ability to alter fatty acids via 

biohydrogenation, oxidation, and isomerization reactions, resulting in the 

formation of bioactive lipid metabolites [10]. Moreover, L. plantarum strains 

have been established to have antimicrobial and anti-inflammatory properties 

through the production of bacteriocins and short-chain fatty acids that regulate 

gut microbiota composition. L. plantarum HMX2's metabolic flexibility and 

enzymatic capabilities render it a prime candidate for the biotransformation of 

linoleic acid into lipid derivatives of greater functionality [11]. 

The biotransformation of linoleic acid by L. plantarum HMX2 is a complex 

enzymatic cascade, resulting in the generation of various bioactive fatty acid 

derivatives. The strain secretes essential enzymes, including linoleate isomerase, 

reductases, and dehydrogenases, which facilitate the conversion of linoleic acid 

to conjugated linoleic acid (CLA), hydroxylated fatty acids, and other 

oxygenated lipid intermediates [12]. CLA isomers– such as cis-9, trans-11, and 

trans-10, cis-12 CLA– have been widely researched for their health benefits, such 

as anti-inflammatory, anti-obesity, and anti-carcinogenic properties. In addition 

to CLA, L. plantarum HMX2 is also able to produce hydroxylated and oxidized 

forms of linoleic acid with antimicrobial activity against disease-causing bacteria 

[13 Limited understanding of the specific metabolic pathways and enzyme 

interactions involved in this process warrants further research into the molecular 

mechanisms of LA biotransformation [14], which will be valuable for optimizing 

microbial lipid metabolism and enhancing the yield of lipid-derived metabolite 

for industrial and therapeutic applications [15]. The research seeks to decode the 

metabolic processes and enzymatic interactions that govern the 

biotransformation of linoleic acid by L. plantarum HMX2.  
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Through the integration of in vitro biochemical experiments with in silico 

computational strategies, this study aims to uncover the primary enzymes 

responsible for the transformation of LA as well as delineate their functional 

activities in lipid metabolism. A detailed examination of the metabolic 

intermediates and their biological functions will give valuable information on the 

possible uses of L. plantarum HMX2 in functional food production, 

nutraceuticals, and therapeutic products. The results of this research will help in 

the development of microbial lipid biotechnology and the extension of the use of 

probiotic bacteria for the production of bioactive fatty acids with improved health 

benefits. 

2. MATERIALS AND METHODS 

2.1. Bacterial Strain and Culture Conditions 

The L. plantarum HMX2 bacterial strain was initially isolated from a fermented 

dairy food. For the experiment, the strain was subcultured three times in 

succession in De Man, Rogosa, and Sharpe (MRS) medium at 37 °C. The 

inoculum preparation consisted of transferring 1.0 mL of MRS broth holding 

Inoculated L. plantarum HMX2 (9.0 log CFU/mL) into ten separate flasks, each 

containing 100.0 mL of LA-MRS medium that contained different 

concentrations of linoleic acid (LA) from 1% to 10% (w/v) in 1% increments. 

Cultures were incubated at 37 °C for 48 hours, and samples (2 mL) were taken 

at specific time points (0, 8, 16, 24, 36, and 48 hours) for further analysis. The 

harvested samples were assessed for viable cell counts and fatty acid metabolites 

to determine the effect of LA concentration on bacterial metabolism. 

2.2. Fatty Acid Metabolite Extraction 

Fatty acid metabolites were quantified using a series of lipid extraction 

methods. First, culture samples were centrifuged at 13,000 × g for 5 min at 4 °C 

to obtain the supernatant. 1 mL of the supernatant aliquot was mixed with 2 mL 

of isopropanol for lipid extraction, and then 1.5 mL n-hexane was added and 

mixed thoroughly. Once allowed for phase separation for 5 minutes, the hexane-

rich top layer was isolated carefully and analyzed for its spectrophotometric 

characteristics at 233 nm. Ambient temperature extraction using hexane 

isopropanol solvent (2:1 v/v) was employed. Samples were washed using 

distilled water to ensure purity, followed by dehydration using anhydrous sodium 

sulfate. 

2.3. Fatty Acid Metabolite Quantification 

Extraction of fatty acids for gas chromatography-mass spectrometry (GC-MS) 

analysis began with an initial centrifugation at 404 × g (1900 rpm) for 5 minutes 

at 4 °C to isolate microbial cells. An internal standard, 98% pure heptadecanoic 

acid (C17:0), was utilized at a final concentration of 0.15 g/mL. A 5 mL aliquot 

of the supernatant was mixed with 5 mL of isopropanol, vortexed for 30 seconds, 

and additionally supplemented with 2 mL of isopropanol before vortexing. For 

the extraction of fatty acids, 5 mL of n-hexane was added and vortexed for 3 

minutes. The solution was incubated at room temperature for 30 minutes and 

centrifuged at 404 × g for 5 minutes. The fatty acid methyl esters (FAMEs) 

containing the upper hexane phase were dried under liquid nitrogen before GC-

MS analysis. 

2.3.1 GC-MS Analysis 

FAMEs were analyzed using a Shimadzu GC-2010 gas chromatograph 

coupled with a dual-stage turbo molecular pump (TMP) mass spectrometer. A 2 

μL aliquot of each sample was injected in split mode (10:1) at 250 °C, with 

helium as the carrier gas at a flow rate of 1 mL/min. Separation was carried out 

on a Thermo Fisher Scientific TR-Wax MS column (30 m × 0.25 mm, 0.25 μm 

film thickness). The column temperature was held at 170 °C for 1 minute and 

then increased at 0.8 °C/min to 200 °C. The mass spectrometer was running in 

electron ionization (EI) mode at 70 eV, while the temperature of the ion source 

and transfer line was set at 200 °C and 250 °C, respectively. Mass spectra were 

obtained in a range of 33–450 atomic mass units (m/z). 

2.4. Identification of Fatty Acid Metabolites 

Metabolites were identified by comparing their mass spectra with reference 

data from the National Institute of Standards and Technology (NIST) library 

(Version 2014). 

2.5. Statistical Analysis 

All experimental results were analyzed for ANOVA with SAS software 

(Version 9). Significant differences were identified with Duncan's multiple range 

test at P ≤ 0.05, and data were reported as mean ± standard deviation. 

2.6. In-silico Analysis of Enzyme Interactions in Linoleic Acid (LA) 

Biotransformation 

2.6.1. Sequence Similarity Search 

Enzymes involved in linoleic acid (LA) biotransformation by L. plantarum 

HMX2 were identified through whole genome sequence analysis (NCBI 

GenBank accession: GCF_025144505.1). The predicted protein sequences 

underwent BLAST analysis against the L. plantarum genome to identify 

homologous sequences related to fatty acid metabolism. This facilitated the 

selection of critical enzymes for structural and functional characterization. 

2.6.2. Enzyme Structural and Functional Analysis 

A BLAST-based search for sequence similarity was conducted to identify 

enzymes directly involved in linoleic acid biotransformation. From a total of 

3,172 annotated L. plantarum HMX2 proteins, three of the most important 

enzymes were selected based on their high sequence homology with previously 

characterized enzymes involved in LA biotransformation. The selected enzymes 

were then functionally analyzed to describe their catalytic functions in the 

metabolic transformation of LA with Phyre2, using homology modeling for 3D 

structure prediction. Protein function was predicted using sequence comparison 

with known structures in the AlphaFold database, along with conserved domain 

analysis and secondary structure prediction. 

2.6.3. Validation of Analyzed Enzyme 

Functional annotation accuracy was evaluated using InterProScan to identify 

conserved domains and active sites. Additionally, a validation was performed 

using the Pfam database to identify functionally relevant motifs. 

2.6.4. Molecular Docking 

The key enzymes participating in linoleic acid metabolism were subjected to 

molecular docking to determine enzyme-substrate interaction. The enzymes 

Semialdehyde Dehydrogenase (AF-Q76H90-F1), Fumarate Hydratase Class II 

(AF-A0A2S3U6Y1-F1), and Linoleate Isomerase (AF-Q38IA5-F1) were 

chosen. Their 3D structures were obtained from the AlphaFold database, while 

the ligand, LA (CID: 5280450), was retrieved from PubChem and converted to 

PDB format using Open Babel. Docking simulations were carried out using 

AutoDock Vina, covalent structures of proteins prepared by adding hydrogens, 

deleting water molecules, and assigning charges. Grid box parameters were 

placed around active sites, and binding affinities were calculated. Visualization 

of interaction was carried out using Discovery Studio. 

2.6.5. Molecular Dynamics Simulations 

The docked enzyme-ligand complexes, namely Semialdehyde Dehydrogenase, 

Fumarate Hydratase Class II, and Linoleate Isomerase with Linoleic Acid, were 

run for 100 ns molecular dynamics (MD) simulations using GROMACS with 

GROMOS96 43a1 force field. Ligand topologies were created using PRODRG, 

and the system was energy-minimized before equilibration under NVT and NPT 

conditions at 300 K and 1 atm. Major simulation parameters examined consisted 

of root-mean-square deviation (RMSD) and root-mean-square fluctuation 

(RMSF) to examine structural stability, the radius of gyration (Rg) for assessing 

compactness, and solvent-accessible surface area (SASA) for the analysis of 

solvent exposure. The computational methods yielded greater insights into the 

mechanistic function of L. plantarum HMX2 in linoleic acid biotransformation. 

3. RESULTS 

3.1. Fatty Acid Metabolite Production 

The growth kinetics of L. plantarum HMX2 in varying concentrations of MRS-

LA medium were assessed over a 72-hour incubation period (Figure 1). The 

absorbance at 600 nm, which indicates bacterial growth, showed a gradual 

increase from 0 to 16 hours across all tested concentrations, followed by a plateau 
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phase extending to 72 hours. Growth rates showed slight variation across the 

different MRS-LA concentrations, with optimal proliferation observed in the 

6%–8% range, suggesting that these concentrations provide an ideal balance of 

nutrients and substrate availability. Lower (1%–3%) and higher (9%–10%) 

concentrations resulted in comparatively lower growth, indicating potential 

substrate limitation at lower concentrations and inhibitory effects at higher 

levels. The three-dimensional graph (Figure 1B) further illustrates the 

relationship between incubation time, MRS-LA concentration, and bacterial 

proliferation. A steep increase in growth was observed between 8 and 24 hours, 

followed by gradual stabilization, indicating a transition from the exponential to 

the stationary phase. Higher concentrations (≥9%) demonstrated a reduced 

growth rate beyond 24 hours, possibly due to metabolic stress or substrate 

saturation. The variations in growth trends highlight the metabolic adaptability 

of L. plantarum HMX2 to different environmental conditions, emphasizing the 

role of substrate concentration in optimizing bacterial proliferation and lactic 

acid analog production. 

Figure 1 (C) represents the viable count of L. plantarum HMX2 at different 

concentrations of MRS-LA medium over an incubation period of 72 hours. The 

bacterial count follows a characteristic growth pattern, beginning with a lag 

phase (0–8 hours), where cell proliferation is minimal due to bacterial adaptation 

to the medium. This is followed by a rapid increase in viable count between 8 

and 24 hours, indicating the exponential growth phase, during which the bacteria 

actively divide and reach their maximum population density. The highest viable 

counts are observed around 24 hours, suggesting optimal growth conditions at 

this time point. Beyond 24 hours, the viable count begins to decline, marking the 

onset of the stationary and death phases. This decrease is likely due to nutrient 

depletion and the accumulation of metabolic byproducts, such as lactic acid, 

which can create an inhospitable environment for further bacterial growth. The 

graph also illustrates those different concentrations of MRS-LA influence the 

overall bacterial count, with higher concentrations generally supporting greater 

growth initially. However, prolonged incubation at higher concentrations may 

lead to increased acid stress, resulting in a sharper decline in bacterial viability 

over time. The color gradient in the graph visually represents these changes, with 

darker colors corresponding to peak bacterial growth around the 24-hour mark. 

Statistically significant differences (P < 0.05) between various concentrations 

highlight the impact of MRS-LA concentration on bacterial survival and growth 

dynamics over time. 

 

Figure 1. Growth kinetics and lactic acid analogue production by L. plantarum HMX2 in MRS-LA medium over 72 hours. (A) Growth curve depicting bacterial 

proliferation at different concentrations of MRS-LA (1%–10%) as measured by absorbance at 600 nm over six time points (0, 8, 16, 24, 48, and 72 hours). (B) Three-

dimensional representation illustrating the interactive effect of incubation time and MRS-LA concentration on bacterial growth and lactic acid analogue production 

and (C) Viable count of L. plantarum HMX2 at different MRS-LA concentrations over 72 hours. 

3.2. Identification of Fatty Acid Metabolites 

The GC-MS analysis of the identified fatty acid metabolites resulting from the 

biotransformation of linolenic acid by L. plantarum HMX2 revealed the presence 

of various fatty acids and their derivatives across different concentrations. The 

control sample exhibited notable compounds such as tetradecanal (9.82 mg/L), 

1-hexadecanol (0.68 mg/L), 1-octadecanol (0.76 mg/L), and n-hexadecanoic acid 

(1.48 mg/L), among others. With increasing substrate concentration, the 

formation of octanoic acid was detected at 0.17 mg/L, reaching a maximum of 

0.34 mg/L. Tetradecanal was absent in all treated samples, indicating its possible 

consumption or transformation during the biotransformation process. Similarly, 

phenol 3,5-bis(1,1-dimethylethyl)- appeared in the lower concentrations (0.01–

0.03 mg/L) but was undetected in higher concentrations. 

The presence of linoleic acid ethyl ester was prominent, with its peak formation 

occurring at 0.07 mg/L (11.62 mg/L) and showing a decreasing trend at higher 

concentrations. Additionally, n-hexadecanoic acid was consistently detected 

across all samples, with its concentration fluctuating between 0.80 mg/L (0.07 

mg/L) and 1.64 mg/L (0.10 mg/L), indicating a stable metabolic presence. Other 

metabolites such as 8,11,14-eicosatrienoic acid (Z,Z,Z)- and linoelaidic acid 

appeared at specific concentrations, with their highest values reaching 0.64 mg/L 

and 0.25 mg/L, respectively (Table 1). The GC-MS chromatograms show distinct 

peak variations corresponding to different concentrations, confirming the 

metabolic biotransformation of linolenic acid into diverse fatty acid metabolites. 

The variation in compound detection across concentrations suggests selective 

enzymatic activity by L. plantarum HMX2, leading to the conversion of linolenic 

acid into a range of saturated and unsaturated fatty acids and esters (Figure 2). 
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Figure 2. GC-MS chromatograms showing the identified fatty acid metabolites resulting from the biotransformation of linolenic acid by L. plantarum HMX2 at 

different substrate concentrations. Distinct peaks represent various fatty acid derivatives formed during the metabolic process. 

Table 1. Quantitative analysis of fatty acid metabolites (mg/L) identified through GC-MS in control and linolenic acid-treated samples at different substrate 

concentrations using L. plantarum HMX2. 

                       CONCENTRATION (mg/L) 

Name R.Time Control 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10 

Octanoic acid  11.84 n.d n.d n.d n.d n.d n.d 0.17 0.15 0.16 0.34 0.27 

Tetradecanal  15.15 9.82 n.d n.d n.d n.d n.d n.d n.d n.d n.d n.d 

1-Hexadecanol  20.96 0.68 0.40 n.d 0.28 0.40 0.31 0.27 0.30 0.24 0.29 0.37 

Phenol, 3,5-bis(1,1-dimethylethyl)-  24.04 n.d 0.29 0.32 0.28 n.d n.d n.d n.d n.d n.d n.d 

Heptadecanoic acid, ethyl ester  26.87 0.13 0.08 n.d n.d n.d n.d n.d n.d n.d n.d n.d 

1-Octadecanol 28.57 0.76 0.45 0.63 0.44 0.65 0.39 0.29 0.63 0.26 0.32 0.97 

cis-Vaccenic acid  33.21 n.d n.d n.d n.d n.d n.d n.d 0.87 n.d n.d n.d 

(E)-9-Octadecenoic acid ethyl ester  35.04 n.d n.d n.d 0.29 0.34 0.24 0.38 n.d 0.24 n.d n.d 

Isopropyl linoleate  37.22 n.d 1.05 2.26 0.63 n.d n.d n.d n.d n.d n.d n.d 

Linoleic acid ethyl ester  38.61 n.d n.d n.d 7.29 8.66 7.36 11.62 4.40 7.27 11.65 10.86 

n-Hexadecanoic acid  67.33 1.48 1.37 1.16 1.12 0.85 0.91 0.80 0.87 0.99 1.64 1.58 

8,11,14-Eicosatrienoic acid, (Z,Z,Z)-  68.55 0.07 n.d n.d n.d 0.64 n.d 0.47 0.62 0.34 n.d n.d 

Linoelaidic acid  71.60 0.25 0.11 n.d n.d n.d n.d n.d n.d n.d n.d n.d 

3.3. In-silico Analysis of Enzyme Interactions in Linoleic Acid 

Biotransformation 

 

3.3.1 Sequence Similarity Search 

The sequence similarity search revealed that, out of 3,172 annotated proteins 

in the L. plantarum HMX2 genome, approximately 500 were classified as 

hypothetical proteins. However, none of the characterized proteins showed a 

direct functional role in the biotransformation of linoleic acid. The hypothetical 

proteins exhibited varying degrees of sequence similarity to proteins from closely 

related species, particularly L. plantarum, indicating potential functional 

conservation. Further analysis revealed that a significant portion of these 

hypothetical proteins were primarily involved in maintaining the structural 

integrity of the bacterium. To explore their potential role in linoleic acid 

biotransformation, the remaining hypothetical proteins were subjected to in-

depth structural and functional annotations, allowing for the identification of 

candidate enzymes that may participate in this metabolic pathway. 

  

Control 1% 

3% 6% 

10% 
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3.3.2. Enzyme Structural and Functional Analysis 

The functional annotation of the previously uncharacterized proteins from L. 

plantarum HMX2 was conducted using Phyre2, leading to the successful 

identification of three proteins with distinct biological roles. The first protein was 

characterized as Aspartate-semialdehyde dehydrogenase (Accession ID: 

WP_011101326.1), with a confidence score of 64.59% and 52.7% sequence 

identity (Figure 3A). The second protein, identified as Fumarate hydratase class 

II (Accession ID: WP_011100879.1), exhibited a confidence score of 74.5% and 

56.7% sequence identity (Figure 3B). The third characterized protein was a 

Linoleate isomerase (Accession ID: WP_022638075.1), showing a confidence 

score of 67.8% and 60.6% sequence identity (Figure 3C). These proteins were 

functionally annotated based on their structural homology and sequence 

similarity to known enzymes. Meanwhile, the remaining uncharacterized 

proteins failed to exhibit any significant association with linoleic acid 

biotransformation, suggesting their involvement in other cellular processes. 

 

Figure 3. Structural and functional annotation of three characterized proteins 

from L. plantarum HMX2 using Phyre2. (A) Aspartate-semialdehyde 

dehydrogenase, (B) Fumarate hydratase class II and (C) Linoleate isomerase. 

3.3.3. Validation of Annotated Proteins 

The functional and structural analysis of three previously uncharacterized 

proteins from L. plantarum HMX2 identified their association with distinct 

protein families, suggesting their potential involvement in the biotransformation 

of linoleic acid. Aspartate-semialdehyde dehydrogenase, a member of the 

NAD(P)-binding domain superfamily, plays a direct role in the biotransformation 

of linoleic acid by contributing to the biosynthesis of key amino acids and 

maintaining the redox balance essential for fatty acid modification in L. 

plantarum HMX2. This enzyme is central to the amino acid biosynthetic process 

(GO:0008652), particularly methionine (GO:0009086), threonine 

(GO:0009088), lysine via the diaminopimelate pathway (GO:0009089), and 

isoleucine (GO:0009097), which are not only crucial for microbial growth but 

also serve as precursors for coenzymes and metabolic intermediates involved in 

lipid metabolism. Its oxidoreductase activity (GO:0016620), acting on aldehyde 

or oxo groups with NAD or NADP as acceptors, provides reducing power 

required for enzymatic modifications of linoleic acid, such as isomerization and 

oxidation. Furthermore, NAD binding (GO:0051287), NADP binding 

(GO:0050661), and aspartate-semialdehyde dehydrogenase activity 

(GO:0004073) contribute to maintaining cellular energy metabolism, ensuring 

the availability of cofactors necessary for linoleic acid transformation. 

Additionally, its protein dimerization activity (GO:0046983) stabilizes 

enzymatic complexes involved in lipid modification. By facilitating redox 

reactions, supplying metabolic intermediates, and maintaining enzymatic 

stability, Aspartate-semialdehyde dehydrogenase actively supports the 

enzymatic machinery responsible for converting linoleic acid into bioactive 

derivatives, making it a key metabolic player in its biotransformation (Figure 

4A). 

Fumarate hydratase class II, belonging to the Fumarase/histidase and Fumarate 

lyase N-terminal domain families, plays a direct role in the biotransformation of 

linoleic acid by maintaining metabolic flux and generating key intermediates 

required for fatty acid modification in L. plantarum HMX2. As a crucial enzyme 

in the tricarboxylic acid (TCA) cycle (GO:0006099) and fumarate metabolic 

process (GO:0006106), it catalyzes the conversion of fumarate to malate through 

its fumarate hydratase activity (GO:0004333). This reaction is essential for 

regenerating reducing equivalents such as NADH and FADH₂, which serve as 

electron donors in redox reactions necessary for linoleic acid metabolism. 

Additionally, its lyase activity (GO:0016829) and catalytic activity 

(GO:0003824) contribute to cellular energy homeostasis, ensuring the 

availability of metabolic cofactors required for enzymatic transformations of 

linoleic acid. By supplying reducing power and metabolic intermediates, 

fumarate hydratase class II facilitates the enzymatic reactions that convert 

linoleic acid into its bioactive derivatives, making it a pivotal component in the 

redox-driven biotransformation of linoleic acid (Figure 4B). 

Linoleate isomerase, a member of the FAD/NAD(P)-binding domain 

superfamily, plays a direct and essential role in the biotransformation of linoleic 

acid by catalyzing its structural modification into bioactive conjugated fatty acid 

derivatives. As a key enzyme in the fatty acid metabolic process (GO:0006631), 

it facilitates the isomerization of linoleic acid, which is crucial for producing 

conjugated linoleic acid (CLA) with potential health benefits. Its oleate hydratase 

activity (GO:0050151) enables the addition of a hydroxyl group at specific 

positions of the linoleic acid molecule, altering its chemical structure for further 

metabolic processing. Additionally, its FAD binding activity (GO:0071949) is 

critical for redox reactions, as flavin adenine dinucleotide (FAD) serves as a 

cofactor for electron transfer, ensuring the efficient catalytic conversion of 

linoleic acid. This enzyme’s role in modifying the structural and chemical 

properties of linoleic acid highlights its significance in microbial lipid 

metabolism, making it a pivotal component in linoleic acid biotransformation 

pathways, as shown in Figure 4C. 

 

Figure 4. Predicted conserved domains associations of key enzymes identified 

in L. plantarum HMX2 (A) Aspartate-semialdehyde dehydrogenase, (B) 

Fumarate hydratase class II and (C) Linoleate isomerase. 

3.3.4. Molecular Docking 

Aspartate-semialdehyde dehydrogenase exhibited a binding energy of -9.6 

kJ/mol, indicating a stable interaction with linoleic acid. The key interacting 

residues included VAL109, PRO127, ASN128, CYS129, THR131, ILE132, 

VAL135, LYS331, and GLY332. The interaction network consisted of hydrogen 

bonding, covalent bonding, and Van der Waals forces, with bond distances 

ranging from 2.8 Å to 3.7 Å, contributing to its potential role in facilitating lipid 

metabolism (Figure 5A). Fumarate hydratase class II demonstrated a binding 

energy of -8.9 kJ/mol, signifying moderate stability in its interaction with linoleic 

acid. The key residues involved in binding included LEU156, ILE157, ALA160, 

LEU211, HIS274, ILE277, LEU280, PHE365, GLU367, SER368, ALA369, 

GLU370, LEU371, LEU372, and ALA373. The docking analysis suggested a 

network of hydrogen bonds and Van der Waals interactions, reinforcing its 

potential indirect role in fatty acid transformation (Figure 5B). Linoleate 

isomerase exhibited a binding energy of -9.4 kJ/mol, suggesting a high binding 

affinity for linoleic acid. The interacting residues included ALA48, ASN49, 

ARG80, ALA192, ILE301, TRP352, MET482, ALA485, SER486, LEU488, 

PHE489, PHE532, and GLU525. The complex was stabilized through hydrogen 

bonding, covalent interactions, and Van der Waals forces, with bond distances 

ranging from 2.8 Å to 3.7 Å, indicating a crucial role in linoleic acid conversion. 

These results highlight the potential contribution of these enzymes to linoleic 

acid biotransformation, with linoleate isomerase showing the most significant 

binding interactions, reinforcing its direct role in modifying fatty acids (Figure 

5C). 
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Figure 5. Molecular docking interactions of linoleic acid with three key 

enzymes from L. plantarum HMX2. (A) Docked complex of aspartate-

semialdehyde dehydrogenase with LA, (B) Docked complex of fumarate 

hydratase class II with LA and (C) Docked complex of linoleate isomerase with 

LA. 

3.3.5. Molecular Dynamics Simulations 

To assess the stability and conformational dynamics of the docked complex of 

aspartate-semialdehyde dehydrogenase with LA, a molecular dynamics (MD) 

simulation of 100 ns was performed. The root mean square fluctuation (RMSF) 

analysis (Figure 6A) revealed that the majority of residues exhibited fluctuations 

below 0.1 nm, with a few peaks exceeding 0.2 nm, indicating localized flexibility 

in loop regions. The radius of the gyration (Rg) plot (Figure 6B) showed a 

consistent value of around 1.90 nm throughout the simulation, suggesting that 

the complex maintained its compactness and structural integrity. 

The solvent-accessible surface area (SASA) analysis (Figure 6C) demonstrated 

a slight decrease over time, ranging between 130 nm² and 155 nm², which 

indicates subtle rearrangements in the solvent exposure of the protein-ligand 

complex. The potential energy profile (Figure 6D) remained stable, fluctuating 

around -4.34 × 10⁵ kJ/mol, confirming the thermodynamic stability of the system. 

The hydrogen bond analysis (Figure 6E) displayed an unusual trend, likely due 

to graphical inconsistencies, but overall, the complex retained essential hydrogen 

bonding interactions necessary for stability. These results collectively suggest 

that linoleic acid binds stably to aspartate-semialdehyde dehydrogenase, with 

minor structural fluctuations that do not compromise the integrity of the complex. 

The consistent Rg and energy values further support the stable binding mode, 

highlighting LA as a promising candidate for enzyme inhibition. 

 

Figure 6. Molecular dynamics simulation analysis of the docked complex of aspartate-semialdehyde dehydrogenase with linoleic acid. (A) Root Mean Square 

Fluctuation (RMSF) depicting residue-wise flexibility. (B) Radius of gyration (Rg) showing the compactness of the complex. (C) Solvent-accessible surface area 

(SASA) representing solvent exposure over time. (D) Potential energy profile during the 100 ns simulation. (E) Hydrogen bond analysis of the protein-ligand 

interactions. 

To evaluate the stability and conformational behavior of the fumarate 

hydratase class II-linoleic acid complex, a 100 ns molecular dynamics (MD) 

simulation was conducted. The root mean square deviation (RMSD) analysis 

(Figure 7A) demonstrated an initial stable phase up to 60 ns, after which a sharp 

increase was observed, reaching approximately 2.0 nm, indicating a potential 

conformational shift in the ligand-binding dynamics. The root mean square 

fluctuation (RMSF) plot (Figure 7B) revealed that most residues fluctuated 

below 0.2 nm, with peaks exceeding 0.4 nm in loop regions, highlighting 

localized flexibility. 

The radius of gyration (Rg), as shown in Figure 7C, remained within the range 

of 3.05–3.15 nm, suggesting stable compactness of the complex with minor 

fluctuations over time. The potential energy plot (Figure 7D) fluctuated around -

1.14 × 10⁶ kJ/mol, confirming that the system maintained its thermodynamic 

stability during the simulation. The solvent-accessible surface area (SASA) 

(Figure 7E) exhibited variations between 225 nm² and 245 nm², indicating minor 

structural rearrangements in solvent exposure. The MD simulation results 

suggest that linoleic acid binds stably to fumarate hydratase class II, with the 

observed RMSD shift potentially representing an induced-fit binding 

mechanism. The stable energy values and minimal fluctuations in Rg and SASA 

further support the structural integrity of the complex 
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Figure 7. Molecular dynamics simulation analysis of the docked complex of fumarate hydratase class II with linoleic acid. (A) RMSD plot showing structural 

deviations over 100 ns. (B) RMSF plot depicting residue-wise flexibility. (C) Radius of gyration (Rg) analysis representing the compactness of the protein-ligand 

complex. (D) Potential energy profile ensuring thermodynamic stability. (E) Solvent-accessible surface area (SASA) measuring solvent exposure variations. 

 

A 100 ns molecular dynamics (MD) simulation was performed to assess the 

stability and conformational behavior of the linoleate isomerase class II-linoleic 

acid complex. The root mean square deviation (RMSD) plot (Figure 8A) showed 

an initial stabilization phase up to 20 ns, after which a gradual increase was 

observed, reaching approximately 0.75 nm by the end of the simulation. This 

suggests moderate structural adjustments in the complex over time. The root 

mean square fluctuation (RMSF) analysis (Figure 8B) revealed that most 

residues exhibited fluctuations below 0.3 nm, with peak fluctuations exceeding 

0.6 nm in loop regions, indicating localized flexibility. The radius of gyration 

(Rg) (Figure 8C) remained stable, fluctuating between 2.35 nm and 2.42 nm, 

suggesting minimal structural compaction or expansion. The potential energy 

profile (Figure 8D) fluctuated around -8.95 × 10⁵ kJ/mol, confirming that the 

system maintained thermodynamic stability throughout the simulation. The 

solvent-accessible surface area (SASA) (Figure 8E) varied between 225 nm² and 

245 nm², indicating minor fluctuations in solvent exposure. These results suggest 

that linoleic acid remains stably bound to linoleate isomerase class II, with 

moderate conformational adjustments observed. The stability of Rg and SASA, 

along with the consistent energy profile, supports the structural integrity of the 

complex. 

 

 

Figure 8. Molecular dynamics simulation analysis of the docked complex of linoleate isomerase class II with linoleic acid. (A) RMSD plot showing structural 

deviations over 100 ns. (B) RMSF plot depicting residue-wise flexibility. (C) Radius of gyration (Rg) analysis representing the compactness of the protein-ligand 

complex. (D) Potential energy profile ensuring thermodynamic stability. (E) Solvent-accessible surface area (SASA) measuring solvent exposure variations. 



J. Chil. Chem. Soc., 71, N°1 (2026) 

 

 6527 
 

DISCUSSION 

The metabolic pathways and enzymatic interactions in the biotransformation 

of linoleic acid by L. plantarum HMX2 were comprehensively examined through 

growth kinetics, GC-MS-based metabolite identification, and in silico enzyme 

analysis. The growth kinetics of L. plantarum HMX2 in the MRS-LA medium 

demonstrated a characteristic biphasic pattern, with an initial exponential 

increase followed by a stationary phase. The optimal bacterial proliferation 

observed at a substrate concentration of 6%-8% is consistent with previous 

studies that highlight the importance of substrate availability in lactic acid 

bacterial metabolism [16]. For example, investigations on other lactic acid 

bacteria, including Lactobacillus reuteri and Lactobacillus acidophilus, have 

demonstrated similar concentration-dependent growth patterns. Optimal nutrient 

levels enhance metabolic efficiency, whereas excessive substrate levels can lead 

to inhibitory effects, likely due to osmotic stress or substrate-induced feedback 

inhibition [17]. The identification of fatty acid metabolites through GC-MS 

revealed significant variations in the metabolite profile across different substrate 

concentrations, demonstrating the dynamic enzymatic activities of L. plantarum 

HMX2. The detected presence of linoleic acid ethyl ester at 11.62 mg/L, 

followed by a declining trend at higher substrate levels, aligns with previous 

research indicating that linoleic acid-derived esters act as transient metabolic 

intermediates that undergo further transformation. Similar metabolic profiles 

have been reported in studies involving Lactobacillus plantarum and 

Lactobacillus brevis, where linoleic acid derivatives exhibited concentration-

dependent fluctuations due to sequential enzymatic modifications [18]. The 

absence of tetradecanal in treated samples compared to the control suggests its 

potential consumption as an intermediate substrate, a phenomenon consistent 

with reports of aldehyde conversion into corresponding acids or alcohols by 

bacterial aldehyde dehydrogenases. Additionally, the increasing presence of 

octanoic acid in increasing amounts (0.06 mg/L to 0.34 mg/L) aligns with 

findings that short-chain fatty acids are essential metabolic products in bacterial 

fatty acid metabolism. 

A notable observation in the GC-MS profile was the detection of n-

hexadecanoic acid across all samples, maintaining a relatively stable 

concentration range (0.80 mg/L to 1.64 mg/L). This stability suggests that n-

hexadecanoic acid plays a fundamental metabolic role in L. plantarum HMX2, 

corroborating previous studies where this fatty acid was identified as a core 

component in bacterial lipid metabolism and membrane synthesis. The 

appearance of 8,11,14-eicosatrienoic acid (Z,Z,Z)- and linoleic acid at specific 

substrate concentrations further underscores the selective enzymatic activity of 

L. plantarum HMX2 in modulating polyunsaturated fatty acid (PUFA) 

metabolism. Comparative studies with Lactobacillus fermentum and 

Lactobacillus helveticus have shown similar trends, where PUFA bioconversion 

pathways lead to differential accumulation of unsaturated fatty acids based on 

enzymatic specificity and substrate availability [19]. 

The in-silico analysis of enzyme interactions revealed three functionally 

significant proteins: aspartate-semialdehyde dehydrogenase, fumarate hydratase 

class II, and linoleate isomerase. Each of these proteins exhibited structural 

homology with known metabolic enzymes. The identification of Linoleate 

isomerase as a putative enzyme involved in linoleic acid biotransformation 

provides a crucial link to the biochemical conversion mechanisms. Previous 

studies have documented the role of linoleate isomerases in catalyzing the 

conversion of linoleic acid to conjugated linoleic acid (CLA), a biologically 

significant metabolite with known health benefits [20]. The confidence score of 

67.8% and sequence identity of 60.6% for the identified linoleate isomerase 

suggest a probable functional role in CLA biosynthesis, a finding that aligns with 

previous reports on Lactobacillus casei and Lactobacillus gasseri, where 

linoleate isomerases were directly implicated in CLA production [21]. Moreover, 

the identification of Aspartate-semialdehyde dehydrogenase and Fumarate 

hydratase class II indicates potential auxiliary roles in maintaining cellular 

energy homeostasis and supporting metabolic flux during linoleic acid 

catabolism. These findings parallel studies on metabolic adaptability in 

Lactobacillus pentosus, where enzymes associated with fumarate metabolism 

were shown to facilitate energy-efficient fatty acid biotransformation [22]. 

Molecular docking analysis revealed that linoleic acid exhibited the highest 

binding affinity with aspartate-semialdehyde dehydrogenase (-9.6 kJ/mol), 

followed by linoleate isomerase (-9.4 kJ/mol) and fumarate hydratase class II (-

8.9 kJ/mol). The stability of these interactions was reinforced by hydrogen 

bonding, Van der Waals forces, and covalent interactions, with bond distances 

ranging from 2.8 Å to 3.7 Å. The strong interaction of linoleic acid with 

aspartate-semialdehyde dehydrogenase suggests its potential regulatory role in 

lipid metabolism, consistent with previous reports indicating the enzyme’s 

involvement in bacterial lipid biosynthesis [23]. Similarly, linoleate isomerase’s 

binding with linoleic acid further supports its catalytic role in fatty acid 

conversion, aligning with the findings that reported a comparable binding affinity 

for linoleic acid with bacterial isomerases [24]. Molecular dynamics (MD) 

simulations over 100 ns further confirmed the stability of these complexes. The 

aspartate-semialdehyde dehydrogenase-linoleic acid complex maintained a 

stable radius of gyration (1.90 nm) and a consistent potential energy of -4.34 × 

10⁵ kJ/mol, with minor fluctuations in RMSF (0.1–0.2 nm). This is in line with 

the work of Lee et al. (2020), who reported similar stability metrics for enzyme-

ligand complexes involved in lipid biosynthesis. The fumarate hydratase class II 

complex displayed a slight conformational shift, with RMSD increasing to ~2.0 

nm after 60 ns, although the overall system stability was maintained with an Rg 

of 3.05–3.15 nm and energy fluctuations around -1.14 × 10⁶ kJ/mol. These results 

suggest an induced-fit mechanism, similar to that observed in other bacterial 

hydratases binding with unsaturated fatty acids [25]. 

For linoleate isomerase, the MD simulations revealed an RMSD increase to 

~0.75 nm, indicating moderate structural rearrangement. However, the consistent 

Rg (2.35–2.42 nm) and stable energy profile (-8.95 × 10⁵ kJ/mol) confirm that 

linoleic acid remains stably bound, supporting its enzymatic role in fatty acid 

metabolism. Previous studies have reported a similar trend in isomerase-ligand 

dynamics, reinforcing the importance of this enzyme in lipid transformation 

pathways. Collectively, these results highlight the strong interaction and stable 

binding of linoleic acid with key enzymes involved in lipid metabolism. The 

binding affinities and stability metrics align well with previously reported 

enzymatic interactions, further suggesting the potential role of linoleic acid in 

modulating bacterial lipid pathways. Comparing the current results with previous 

studies, it is evident that L. plantarum HMX2 exhibits a unique metabolic 

plasticity in response to varying linoleic acid concentrations, with distinct 

enzymatic pathways governing the production of fatty acid derivatives. Unlike 

other lactic acid bacteria that predominantly convert linoleic acid into simple 

hydroxy and keto derivatives, L. plantarum HMX2 demonstrates a broader 

spectrum of metabolite production, including medium-chain fatty acids and ethyl 

esters, highlighting its potential for industrial applications in food and 

pharmaceutical sectors. Additionally, the discovery of specific enzyme 

candidates provides valuable insights into strain-specific metabolic strategies 

that could be harnessed for targeted biotechnological applications. Future studies 

should focus on functional validation of these enzymes through recombinant 

expression and kinetic characterization to further elucidate their precise roles in 

linoleic acid biotransformation. 

CONCLUSION 

Linoleic acid biotransformation by lactic acid bacteria is crucial for regulating 

lipid metabolism and generating bioactive fatty acid derivatives that have 

significant health and industrial relevance. This study thoroughly examines the 

metabolic pathways and enzymatic interactions involved in the transformation of 

linoleic acid by L. plantarum HMX2, highlighting the strain’s impressive 

metabolic flexibility and enzymatic capabilities. The strain exhibits a biphasic 

growth response and produces a variety of fatty acid metabolites, demonstrating 

its functional robustness. Key enzymes involved in lipid bioconversion have 

been identified, including linoleate isomerase, aspartate-semialdehyde 

dehydrogenase, and fumarate hydratase class II. These enzymes are critical to 

the process of molecular docking, and dynamic simulation analyses confirmed 

that these enzymes maintain structural stability and have strong binding affinity 

to linoleic acid, supporting their catalytic efficiency. Beyond industrial and 

nutraceutical applications, the bioactive metabolites, such as conjugated linoleic 

acid (CLA) and hydroxylated fatty acids, hold promising therapeutic value in 

promoting gut health, regulating inflammatory responses, and reducing the risks 

of metabolic disorders. These derivatives may contribute to probiotic-driven 

dietary interventions, supporting microbiota modulation and overall human 

health. Collectively, the findings advance our understanding of microbial lipid 

metabolism and support the potential application of L. plantarum HMX2 in 

functional food formulations, probiotic therapies, and the development of bio-

based therapeutics. Future studies should focus on in vivo validation, 

recombinant enzyme expression, and targeted delivery strategies to maximize the 

clinical and nutritional potential of this biotransformation system. 
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