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Introduction 

Fossil fuels have been the primary source of energy for 

the past two centuries. Their finite resources and 

increasing use every year create future challenges with 

fuel energy-related concerns (Wang & Azam 2024). By 

the end of the twenty-first century, fossil fuel resources 

are expected to be depleted (Holechek et al. 2022). As a 

result, improving biofuel production through sustainable 

ways is critical (Liu et al., 2021). In this context, 

microbial-driven enzymatic conversion appears to be a 

promising alternate technique for addressing the problem 

(Zheng et al., 2024). Several research studies have 

revealed that trial runs demonstrated the manufacture of 

ethanol (EtOH) from biomass and boost microorganisms 

such as Escherichia coli (Abdel-Salam et al., 2023), 
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ABSTRACT 

Zymobacter palmae, a Gram-negative bacterium from the Halomonadaceae 

family, is a facultative anaerobic and mesophilic organism. It is extremely rare 

and has been researched for its unusual capacity to contribute to natural 

fermentation processes, resulting in different compounds. Z. palmae can 

efficiently make ethanol by breaking down simple sugars and carbohydrates, 

such as monosaccharides and oligosaccharides. It also contains enzymes such 

as cellulase, protease, and lyase, all of which are essential for ethanol 

formation.  The study also examined the stability of these enzymes in a wild 

E. coli strain and compared the results with Z. palmae. However, structural 

information on these enzymes remains unavailable. The principal objective of 

the learning focused onto model and validate three-dimensional (3D) 

structures of cellulase, protease, and lyase enzymes in Z. palmae, with a focus 

on understanding their structural characteristics and functional significance in 

ethanol production. The National Center for Biotechnology Information 

(NCBI) database provided the annotated genomic sequence of Z. palmae and 

E. coli for this study. The CGview program revealed the organism's circular 

genome structure. Protein modeling and secondary structure analysis were 

done with AlphaFold2 and NetSurfP, respectively. A molecular dynamic 

simulation (MDS) study was also evaluated using the WebGRO program. The 

outcomes exhibited excellent confidence on projected local distance 

difference test (pLDDT) scores: 95.2% for cellulase, 91.9% for lyase, and 

93.2% for protease. MDS analysis at 50 nanoseconds (ns) validated the 

structural stability of cellulase, lyase, and protease, with RMSD values of 

around 0.2 nm, 0.8 nm, and 0.5 nm respectively. These findings imply that Z. 

palmae can manufacture stable enzymes, hence contributing to long-term 

ethanol synthesis. Some of the Z. palmae ethanol production key enzymes 

were comparable with the wild strain of E. coli.  
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Erwinia chrysanthemi (Piriya et al., 2012) & Klebsiella 

oxytoca (Tao et al., 2019). These microbes carry the pet 

operon on their plasmids or chromosomes, essential for 

EtOH synthesis from cellulosic sources. Despite 

substantial study, producing higher EtOH yields on a 

commercial scale remains difficult. Exploring novel 

genes through whole genome research of other 

microorganisms offers a prospect to evaluate enzyme 

stability and efficiency. Identifying and incorporating 

these genes into modified bacterial strains may greatly 

improve EtOH production, opening the path for more 

sustainable and commercially viable biofuel alternatives. 

The wild strain of Z. palmae was initially isolated from 

palm sap (Okamoto et al., 1993). This microbe has 

sparked widespread scientific attention due to its amazing 

metabolic capabilities and various enzymatic pathways, 

which include homofermentative metabolism (Quinn et 

al., 2019). Its metabolic pathways, which are controlled 

by individual genes, are well-known for their 

involvement in fermentation and EtOH synthesis. This 

critical function not only improves biofuel production but 

also has the potential for a variety of biotechnological 

applications (Panahi et al., 2022). 

Fermentation processes are classified according to the 

physical state of the biomass. The first stage comprises 

suspended liquid-phase fermentation, which is 

extensively employed in industrial applications with 

stirred reactors. Planktonic microbial cells grow freely, 

producing both biomass and metabolites (Todhanakasem 

et al., 2019). The following stage is sessile-state 

fermentation, in which bacteria form biofilms—

structured colonies immersed in a polysaccharide matrix 

and adhering to surfaces. Biofilms have long been used 

for wastewater treatment, bioremediation, and off-gas 

purification (Philipp et al., 2023). Furthermore, biofilms 

show significant promise for the long-term 

manufacturing of bio-based products. Their advantages 

include fast fermentation rates, structural compactness, 

efficient recycling, high resistance to hazardous 

inhibitors, and sustained enzymatic activity, all of which 

help to reduce manufacturing costs (Leonov et al., 2021). 

Biofilms have recently gained recognition as effective 

biocatalysts in industrial manufacturing, allowing for the 

production of biofuels, chemicals, amino acids, 

antibiotics, surfactants, exopolysaccharides, and other 

valuable secondary metabolites (Todhanakasem et al., 

2019; Philipp et al., 2023). 

Zymobacter palmae and E. coli may ferment a 

variety of substrates, including hexose, c-linked di- and 

tri-saccharides, and sugar alcohols (Kojima et al., 2013). 

Notably, maltose fermentation is extremely efficient, 

with 15% of maltose being transformed. Glucose 

concentrations above 10% cause delayed fermentation 

onset and reduced culture development (Bušić et al., 

2018). Z. palmae has a unique metabolic pathway 

centered on the enzyme pyruvate decarboxylase (PDC), 

which converts pyruvate into CO₂ and acetaldehyde. This 

emphasizes its evolutionary distinctiveness and 

metabolic plasticity (Quinn et al. 2019). The obtained 

crystal structure of PDC (PDB ID: 5EUJ) providing vital 

insights into its function and establishing the framework 

for future research of metabolic complexity (Alcover et 

al., 2019). Aside from PDC, Z. palmae has a broad 

variety of enzymes, including cellulase, protease, and 

lyase, which are required for EtOH synthesis. However, 

the lack of specific structural information on these 

enzymes has restricted our knowledge of their metabolic 

operations. Gaining thorough insights into their structural 

and functional roles will greatly increase our 

understanding of EtOH production, potentially leading to 

better biofuel-generating strategies. Z. mobilis AX101, E. 

coli KO11, and S. cerevisiae 424A (LNH-ST) are already 

reported organisms that are capable of producing ethanol 

between 82.4% and 93.2% of metabolic theoretical yield 

metabolic yield (Lau et al., 2010).   

The scope of this research is to model and validate the 

3D structures of cellulase, protease, and lyase enzymes in 

Z. palmae and E. coli using NCBI genomic data and 

advanced structural bioinformatics tools. It also aims to 

clarify structural and functional functions of these 

enzymes in EtOH generation, providing insights into 

optimizing biotechnological uses and promoting 

sustainable biofuel production. The findings of this study 

will enhance our understanding of the metabolic structure 

of Z. palmae and lay the groundwork for future 

experimental advancements in ethanol production upon 

comparison with E. coli for the eligibility of an ideal 

organism for potential candidate organism for large scale 

ethanol production.  
 

Materials and Methods 

Retrieval of genome sequence  

The genome sequence of Zymobacter palmae was 

retrieved from the NCBI database 

(https://www.ncbi.nlm.nih.gov/datasets/genome/GCF_0

03610015.1/) and , with the NCBI RefSeq assembly 

number GCF_003610015.1 and E. coli from wild strain 

was retrived from PRJNA1138183.. Utilizing the 

annotated genome file, a circular representation 

displaying coding regions, non-coding regions, tRNA, 

GC content, and total base pairs was generated using the 

CGview webserver (Grant & Stothard, 2008). 

 

Protein modeling 

The ChimeraX version 1.4 software package 

(Pettersen et al., 2021) was used to predict three-

https://www.ncbi.nlm.nih.gov/datasets/genome/GCF_003610015.1/
https://www.ncbi.nlm.nih.gov/datasets/genome/GCF_003610015.1/
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dimensional (3D) protein structures based on amino acid 

sequences using the AlphaFold2 tool. The structure 

determination process included selecting AlphaFold2 

from the software's tools area. In essence supplying input 

of amino acid sequence onto query box is required for 

running the prediction with the default parameters. The 

resulting tertiary protein structures were then assessed for 

stereochemical quality with the PROCHECK tool 

(Laskowski et al., 1993), which produced a 

Ramachandran plot for validation. 
 

Secondary Structure Prediction  

The NetSurfP tool visualized secondary protein 

structure by supplying amino acid sequences in FASTA 

format with default parameters, as described by Høie et 

al. (2022). 
 

Evaluation of physical and chemical properties of 

enzymes 

The amino acid sequences were converted to FASTA 

and entered into the query box of ExPASy's ProtParam 

server (Gasteiger, 2005). Following submission, the 

server examined the sequences to identify different 

physiochemical parameters, including number of 

negatively charged residues, molecular weight, 

instability index, isoelectric point (pI), total amino acid 

composition, and average hydropathicity. 
 

Active site prediction 

Before docking, identifying the specific active site of 

each protein is crucial, as the ligand binds to this region. 

The PrankWeb server (https://prankweb.cz/) was 

employed to envisage the dynamic sites of the target 

proteins. The highest-ranked binding pocket was then 

selected for docking site for synthetase t-RNA 

complexes. 
 

Molecular Dynamics Simulation (MDS) 

To evaluate the stability of the modeled protein 

structures, molecular dynamics simulation was 

performed using the WebGRO server 

(https://simlab.uams.edu/). The simulation used the 

GROMOS96 43a1 force field, with the system arranged 

in a triclinic periodic box and solved using a simple point 

charge (SPC) water model (Bekker, 1993). To maintain a 

physiological salt content of 0.15 M, enough amounts of 

Na⁺ and Cl⁻ ions were supplied. The steepest descent 

approach was used in 5,000 stages to minimize energy. 

The simulation was run under constant temperature and 

pressure (NVT/NPT) conditions of 1.0 bar and 300 K. 

The data, which spanned 50 nanoseconds (ns) and 

included 1,000 frames, were examined by measuring the 

root mean square deviation (RMSD) with time relative to 

the initial protein structure. 
 

Results and Discussion  

Z. palmae has an impressive EtOH production capacity, 

producing around 2 moles of EtOH per mole of glucose 

while creating no undesirable byproducts. This efficiency 

is comparable to that of Z. mobilis, a well-known ethanol 

producer (Aminian & Motamedian, 2023). Notably, 

while toxic compounds found in lignocellulosic 

hydrolysates frequently inhibit the growth and enzymatic 

functions of many bacteria and yeasts involved in 

saccharification and EtOH production, Z. mobilis 

biofilms have shown increased resistance to these 

inhibitors (Cao et al., 2023; Shabbir et al., 2023). Z. 

palmae, Z. mobilis, and similar species can produce 

EtOH efficiently under severe environmental conditions. 

Therefore, investigating the genome of Z. palmae and 

similar bacteria namely this wild strain of E. coli is 

crucial for modeling and assessing the stability of key 

enzymes involved in bioethanol production. 
 

Genome sequencing analysis  

The CGview program is a popular platform for 

genome visualization, allowing for the depiction of 

essential genomic parameters such as GC concentration, 

GC skew, and gene density. These findings aid in 

identifying functional and structural sections of the 

genome, which contributes to our understanding of 

microbial adaptations and ecological functions in their 

habitats (Grant & Stothard, 2008; Leo  & Grin, 2012). 

The genome of the investigated organism was found to 

be around 3 mb in size, with a total ungapped length of 3 

Mb. The genetic material was organised across two 

chromosomes, then assembled into two scaffolds and 

further divided into two contigs. Notably, both the 

scaffold and contig N50 values were 3 Mb, implying that 

at least half of the genome was contained within 

sequences of this length or greater. The scaffold and 

contig L50 values were both equal to one, indicating that 

the genome assembly was complete. The guanine-

cytosine (GC) content was determined as 56%, which 

represents the fraction of these base pairs in the genome. 

Additionally, genome coverage was recorded at 7.7×, 

indicating that each base in the genome was sequenced 

approximately 7.7 times on average. The genome 

assembly was classified at the "Complete Genome" level, 

signifying a well-structured and comprehensive 

representation of the organism's genetic material. 

 

Genome annotation  

The genome of Z. palmae was annotated using 

Prokaryotic Genome Annotation Pipeline (PGAP) from 

the NCBI RefSeq database. PGAP is a powerful genome 

annotation tool that identifies coding sequences, RNA 

genes, and functional elements while maintaining 

uniform annotations. It also makes it easier to identify 

https://prankweb.cz/
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microbial genes involved in stress tolerance and 

biogeochemical cycles (Tatusova et al., 2016). The 

annotation procedure, which began on February 13, 

2024, discovered a total of 2,685 genes, 2,575 of which 

encoded proteins. The investigation was carried out with 

the NCBI PGAP software version 6.6. These 

computational tools offered useful information on the 

identified genes and their functional roles within the 

organism’s genomic structure (Figure 1a). 

 

 

 

Fig 1. Complete genome structure of Z. palmae. 

 

Structure Predictions  

The AlphaFold2 tool was used to predict protein 

structures based on amino acid sequences, with default 

parameters (Figure 2). AlphaFold2 makes it easier to 

model protein structures, allowing you to identify variants, 

active sites, and binding domains. This structural 

knowledge is critical for understanding the ecological 

roles and biotechnological possibilities of microbial 

proteins involved in biosynthetic pathways, 

biogeochemical cycles, and stress response (Yang et al., 

2023; Boland & Ayres, 2024).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 2. Prediction of a protein structure using AlphaFold2 

a) cellulase b) lyase and c) protease. 

 

Model confidence was assessed using the pLDDT, 

which yielded a mean confidence score of 95.2% for the 

cellulase model, 91.9% for the lyase model, and 93.2% for 

the protease model. A mean pLDDT score of over 90% 

suggests a high-confidence model that closely 

corresponds with empirically confirmed structural data 

(Jumper et al, 2021). The PROCHECK program was used 

to examine the correctness and dependability of 

AlphaFold2-predicted protein structures by evaluating 

structural attributes such as bond angles, torsion angles, 

stereochemical accuracy, and Ramachandran plot 

distribution. This validation phase is critical for ensuring 

the accuracy of predicted protein structures, especially 

when researching microbial proteins involved in 

metabolism, biosynthesis, or stress tolerance. Ensuring 

structural validity improves the trustworthiness of results  

in various biological processes (Laskowski et al. 1993; 

Agnihotry et al. 2022). Figure 3 shows the Ramachandran 

plot analysis of the predicted protein structure with the 

PROCHECK program. The Ramachandran plot analysis 

of the cellulase model revealed that 93.9% of the residues 

were in the most favorable areas (A, B, and L), with an 

additional 6.1% in the allowed regions (a, b, l, and p). 

There were no residues found in the generously authorized 

(~a, ~b, ~l,  and ~p) or banned regions. Similarly, the lyase 

model showed 87.5% of residues in the most preferred 

regions, 9.5% in the permissible regions, 2.2% in the 

generously allowed regions, and 0.7% in the disallowed 

areas. The protease model has a higher quality structure, 

with 95.9% of residues in the most preferred areas, 3% in 
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allowed regions, 1.1% in generously allowed regions, and 

none was found in banned regions.  

Fig 3. Ramachandran plot in the PROCHECK tool a) 

cellulase b) lyase and c) protease. 

 

Secondary structure prediction 

NetSurfP-2.0 was used to predict protein structural and 

functional features (surface accessibility, secondary 

structure, and disordered regions). These predictions are 

crucial for understanding protein stability, folding, and 

interaction dynamics (Klausen et al. 2019; Høie et al. 

2022). The results revealed that the cellulase protein 

contains nine helices, 12 strands, and 23 coils. In 

comparison, the lyase protein has 21 helices, 20 strands, 

and 39 coils, whereas the protease protein has 12 helices, 

4 strands, and 16 coils in its secondary structure (Figure 

4). 

 

Fig 4. Prediction of a secondary structure a) cellulase b) 

lyase and c) protease. 

 

Physicochemical properties of amino acid sequences 

The ProtParam tool was used to examine 

physicochemical properties proteins, such as pI, instability 

index, aliphatic index, molecular weight, and grand 

average hydropathicity (GRAVY). These qualities are 

critical in understanding protein stability, solubility, and 

functionality. The research revealed that the cellulase 

structure comprised more negatively charged residues, 

specifically aspartic acid and glutamic acid, than 

positively charged residues such as arginine and lysine. 

This yielded an isoelectric point of 4.74, indicating an 

acidic nature. The entire atom count was about 4,751, with 

1,535 carbon, 2,348 hydrogen, 402 nitrogen, 459 oxygen, 

and 7 sulfur atoms. 

 

Lyase protein characteristics 

The lyase protein followed a similar pattern to the 

cellulase protein, with more negatively charged 

residues—namely aspartic acid and glutamic acid—than 

positively charged residues such as arginine and lysine. 

This yielded an isoelectric point of 5.24, indicating a 

generally acidic nature. The entire atom count was roughly 

7,871, with 2,478 carbon, 3,941 hydrogen, 689 nitrogen, 

746 oxygen, and 17 sulfur atoms. The computed GRAVY 

value was -0.094, indicating intrinsic hydrophilicity. 

While the instability score was 35.21, indicating a 

tendency toward instability, the protein was classified as 

stable using standard standards (Mohapatra 2021). 

Furthermore, measuring the half-life of the protein using 

its amino acid sequence reveals important information 

about its stability and prospective functional applications.  

In contrast, the protease protein has a unique profile 

from cellulase and lyase. It contains fewer negatively 

charged residues (aspartic acid and glutamic acid) and 

more positively charged residues (arginine and lysine), 

yielding an isoelectric point of 9.09, indicating a basic 

character (figure 5).  

Fig 5. Amino acid composition of the a) cellulase b) lyase 

and c) protease. 

The entire atom count is roughly 4,656, consisting of 

1,473 carbon, 2,345 hydrogen, 407 nitrogen, 411 oxygen, 

and 20 sulfur atoms. The positive GRAVY value of 0.301 

indicates innate hydrophobicity. Despite having an 

instability index of 24.49, Escuder-Rodríguez et al. (2021) 

found that the protein is stable in vitro. 

 

Active site prediction in Z. palmae 

The active-site residues for each protein were 

identified, providing crucial insights into their functional 

interactions. For cellulase enzyme, the active-site residues 
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include ALA-34, TRP-37, TYR-38, TRP-67, HIS-94, 

THR-97, ASN-132, GLU-133, TYR-170, GLN-172, 

GLU-201, GLU-228, ARG-232, TRP-258, GLY-262, 

ASN-263, ASP-264, and ASP-267. Similarly, the lyase 

enzyme contains active-site residues such as PHE-50, 

LYS-51, ALA-74, SER-75, ALA-76, GLY-77, ASN-78, 

HIS-79, GLN-81, PRO-99, PRO-103, LYS-106, PHE-

124, LEU-128, TYR-142, PRO-145, PHE-146, ASP-147, 

VAL-151, GLN-155, PRO-176, GLY-178, GLY-179, 

GLY-180, GLY-181, LEU-182, GLU-230, GLY-231, 

VAL-232, ALA-233, VAL-234, SER-235, ARG-236, 

GLU-276, SER-305, and ASN-308. Additionally, the 

protease enzyme comprises active-site residues such as 

ALA-111, ASN-112, ALA-113, PHE-114, ALA-115, 

VAL-143, HIS-146, GLU-147, HIS-150, ASP-155, MET-

156, LEU-159, SER-222, ARG-225, GLU-226, MET-

242, LEU-246, LEU-249, ALA-253, HIS-284, PRO-285, 

LEU-287, and ARG-290. These identified active-site 

residues, visualised in figure 6, highlight the key regions 

responsible for substrate binding and enzymatic function, 

essential for understanding their biological roles and 

potential applications.  

 

Active site prediction in E. coli  

The protease-active- site residues from E. coli are to 

be THR-184, TYR-208, LYS-209, SER-210, ALA-211, 

ASP-228, TRP-231, ALA-336, MET-338, PRO-375, 

GLY-376, GLY- 377, SER-378, VAL-379, MET-406, 

ALA-408, SER-409, GLY-410, LEU-428, SER-431, 

GLY-433, ILE-434, PHE-435, PHE-488, and VAL-511. 

While the the lyase-active- site residues include SER-71, 

MET-72, ARG-114, ILE-116, LEU-118, LEU-126, GLY-

128, THR-130, PRO-151, LEU-152, LEU-191, and GLU-

193. These enzymes were also present in Z. palmae as 

documented.  

Fig 6. Active site for proteins. The bind site representing 

the cavity enlarged to unveil the amino acid 

residues predicted by web server a) cellulase b) 

lyase and c) protease.  

Molecular dynamic simulation  

To assess the flexibility and stability of the protein 

structure predicted by AlphaFold2, a molecular dynamics 

simulation was run for 50 ns utilising the GROMACS 

force field and the WebGRO service (Jumper et al. 2021). 

In protein structural analysis, RMSD is a critical metric for 

determining molecular stability since it quantifies the 

average atomic displacement between stacked protein 

structures. It shows the number of structural changes. The 

RMSD investigation of the cellulase structure revealed 

stability at roughly 0.2 nm. The most noticeable variations 

occurred between 0 and 10 ns, following which the 

readings steadied at 10 ns, retaining an average RMSD of 

0.35 nm (figure 7a). Similarly, the RMSD study of the 

lyase structure revealed stability at around 0.8 nm. The 

most notable variations occurred between 0 and 15 ns, 

following which the structure stabilized with an average 

RMSD of 0.8 nm from 15 to 50 ns (Figure 7b). Similarly, 

the protease structure achieved equilibrium at 0.5 nm, with 

the most significant oscillations occurring between 0 and 

17 ns. Beyond this time, the readings remained stable, with 

an average RMSD of 1 nm spanning 17 ns to 50 ns (Figure 

7c). A low RMSD value indicates minimal structural 

variation, implying a well-defined and stable protein 

structure. This stability indicates a compact and 

energetically advantageous arrangement of amino acids, 

which increases the protein's resistance to environmental 

disturbances (Babayan-Mashhadi et al. 2024).  

Fig 7. Molecular dynamic simulation RMSD results in a) 

cellulase b) lyase and c) protease.  

 

Implementation and limitation of the study  

The computational frameworks used in this study 

provide precise insights and can be used to optimize a 

variety of biotechnological industrial-scale processes, 

including bioethanol production (Raajaraam & Raman 

2022; Ranganathan et al. 2022).  

This study provides critical data by examining the 

structural features of major ethanol-producing enzymes, 

which can be used to provide the groundwork for future 

experimental studies targeted at confirming enzyme 

functions, improving reaction conditions, and increasing 

bioethanol yield. The data indicate that Z. palmae has 
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tremendous promise as a long-term bioethanol-producing 

bacterium. Despite the promising results, the predicted 

enzyme structures have not yet been experimentally 

validated. To establish enzyme activity and functional 

functions in ethanol synthesis, computational predictions 

must be supported by laboratory tests (Wang et al. 2020). 

Furthermore, structural comparisons were limited due to a 

lack of previously detailed structural data. The study did 

not look at enzyme-substrate interactions in real-world 

fermentation circumstances, such as inhibitor stability, 

temperature and pH changes, and cofactor requirements. 

Although molecular dynamics simulations showed 

structural stability, extended simulation times and more 

situations could provide a more thorough review. 

Furthermore, reliance on a single organism for ethanol 

production may provide scalability issues, as industrial 

fermentation processes sometimes include competition 

with different bacteria. Addressing these challenges will 

require extensive pilot studies and comparisons with 

established fermentation systems (Tse et al. 2021). 

Despite the promising results, the predicted enzyme 

structures have not yet been experimentally validated. To 

establish enzyme activity and functional functions in 

ethanol synthesis, computational predictions must be 

supported by laboratory tests (Wang et al. 2020). 

Furthermore, structural comparisons were limited due to a 

lack of previously detailed structural data. The study did 

not look at enzyme-substrate interactions in real-world 

fermentation circumstances, such as inhibitor stability, 

temperature and pH changes, and cofactor requirements. 

Although molecular dynamics simulations showed 

structural stability, extended simulation times and more 

situations could provide a more thorough review. 

Furthermore, reliance on a single organism for ethanol 

production may provide scalability issues, as industrial 

fermentation processes sometimes include competition 

with different bacteria. The synthesizing protein and 

translation mechanism is wide-ranging and captivating. 

The ribosomal RNA (rRNA) and associated proteins are 

of course gene products. The RNA polymerase and 

transfer RNA (tRNA) of Escherichia coli are therefore 

capable of serving the key adapter role to the mechanism 

of translation (Watson, J.D., F.H.C. Crick. 1953). This 

also brings to notice that ethanologenic wild strain like 

Escherichia coli can produce almost the theoretical yield 

of ethanol as like Z. palmae.  
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