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A B S T R A C T   

Coenzyme Q10 (CoQ10) is a powerful antioxidant with a myriad of applications in healthcare and cosmetic in-
dustries. The most effective route of CoQ10 production is microbial biosynthesis. In this study, four CoQ10 bio-
synthesizing purple photosynthetic bacteria: Rhodobacter blasticus, Rhodovulum adriaticum, Afifella pfennigii and 
Rhodovulum marinum, were identified using 16S rRNA sequencing of enriched microbial mat samples obtained 
from Purple Island mangroves (Qatar). The membrane bound enzyme 4-hydroxybenzoate octaprenyltransferase 
(UbiA) is pivotal for bacterial biosynthesis of CoQ10. The identified bacteria could be inducted as efficient in-
dustrial bio-synthesizers of CoQ10 by engineering their UbiA enzymes. Therefore, the mutation sites and sub-
stitution residues for potential functional enhancement were determined by comparative computational study. 
Two mutation sites were identified within the two conserved Asp-rich motifs, and the effect of proposed mu-
tations in substrate binding affinity of the UbiA enzymes was assessed using multiple ligand simultaneous 
docking (MLSD) studies, as a groundwork for experimental studies.    

List of abbreviations 
APB Anoxygenic phototrophic bacteria 
PHA Poly-β-hydroxyalkanoate 
SCP Single cell protein 
CoQ10 Coenzyme Q10 
PPB Purple photosynthetic bacteria 
PNSB Purple non-sulfur bacteria 
PSB Purple sulfur bacteria 
MEP Methylerythritol phosphate pathway 
UbiA 4-hydroxybenzoate octaprenyltransferase 
PHBA p-Hydroxybenzoic acid or 4-hydroxybenzoic acid 
FACS Fluorescence activated cell sorting 
QIIME 2 Quantitative insights into microbial ecology 2 
GSPP Geranyl s-thiolodiphosphate 
RCSB Research Collaboratory for structural bioinformatics 
PDB Protein data bank 

MLSD Multiple ligand simultaneous docking 
RMSD Root Mean Square Deviation 

1. Introduction 

Since the start of the COVID-19 pandemic there has been a paradigm 
shift in consumer habits with an increased focus on leading a healthy 
lifestyle. Consequently, this has propelled the sales of nutraceuticals 
such as CoQ10 [1]. Research reports have projected a 10.5% com-
pounded annual growth rate (CAGR) for this compound from 
2021–2027, which will lead to a market revenue of over $1.15 billion by 
2027 [2,3]. Currently, this compound, owing to its antioxidant proper-
ties, is a popular active ingredient in several cosmetic skin care formu-
lations and dietary supplements [4–6]. In human beings CoQ10 functions 
as a powerful antioxidant, protecting lipids and lipoprotein from 
oxidation [7]. It is also involved in the oxidation of sulfide [8], regula-
tion of the mitochondrial permeability transition pore and in the transfer 
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of Ca2+ and other ions across biological membranes [9]. CoQ10 de-
ficiencies in humans have resulted in several metabolic, cardiovascular, 
and central nervous system disorders [10–13]. 

The production of CoQ10 can either be via a chemical or a microbial 
route. The chemical synthesis of this compound is normally associated 
with expensive substrates, absence of stereoselectivity, and production 
of large amounts of chemical waste, thus the preferred route is microbial 
biosynthesis [14,15]. Prokaryotic native producers of CoQ10 include 
Agrobacterium tumefaciens, Paracoccus denitrificans and Protomonas 
extorquens [16,17]. Rhodopseudomonas palustris, Rhodospirillum sale-
xigens, Rhodobacter capsulatus and Rhodobacter sphaeroides are purple 
photosynthetic bacteria, a division of anoxygenic phototrophic bacteria, 
which have also been identified as native CoQ10 producers[18].. 

Purple photosynthetic bacteria, especially, purple non-sulfur bacte-
ria (PNSB) have been well characterized and studied for wastewater- 
based resource recovery. Low energy requirements, use of varied 
metabolic routes, and cost effectiveness associated with growth and 
maintenance of these organisms are some of the advantages associated 
with utilizing these bacteria for resource recovery purposes. There have 
been several extensive reviews that have elucidated the various envi-
ronmental biotechnology applications of these bacteria including bio- 
remediation [19,20], resource recovery and synthesis of value-added 
products [21–23]. Poly-β-hydroxyalkanoates (PHAs) [24], single cell 
protein (SCP) [25], biofertilizers [26], carotenoid pigments [27], 
bacteriochlorophyll [28], and CoQ10 [29]are some of the value-added 
compounds that can be synthesized by purple photosynthetic bacteria. 
Among these compounds, CoQ10 is a high value product with a market 
price of over $400/kg [30], which is greater than that of most other 
value-added products generated by these bacteria [21]. Mangrove eco-
systems are unique ecological niches that are rich in soluble organic 
matter and characterized by recurrent tidal flooding which in turn re-
sults in different pH, light, salinity, and nutrient gradients making it a 
very conducive habitat for APB, particularly PNSB [31,32]. PNSB genera 
common to mangrove ecosystems include Afifella, Rhodobium, Rhodov-
ulum, Rhodovibrio, Roseospira, Rhodobacter and Rhodothalassium [27]. 
Given the advantageous culturing conditions and indigeneity, this study 
aims to propound PNSBs isolated from the microbial mat samples of 

Purple Island Mangroves, Qatar as efficient industrial bio-synthesizers of 
CoQ10. 

In purple photosynthetic bacteria, the biosynthesis of CoQ10 com-
prises of 3 pathways [33,34] – (i) methylerythritol phosphate (MEP) 
pathway; (ii) the shikimate pathway and (iii) ubiquinone modification 
pathway. One of the key enzymes involved in the synthesis of CoQ10 is 
the prenyltransferase enzyme, UbiA. This enzyme is involved in the 
transfer of the 10-isoprenoid tail generated from the MEP pathway to the 
benzoquinone nucleus synthesized from the shikimate pathway [33]. 
Subsequently, the compound undergoes hydroxylation, methylation, 
and decarboxylation to form CoQ10 [33,35,36]. The ubiquinone 
biosynthetic pathway along with the key enzymes involved in its 
biosynthesis are outlined in Fig. 1. Certain structural features of the 
UbiA enzyme enable it to incorporate prenyl diphosphates of different 
lengths, which in turn governs the type of coenzyme (CoQ6–10) produced 
[37]. While this enzyme lacks specificity with regards to the length of 
the isoprenyl substrate [38], it is highly specific to the p-hydroxybenzoic 
acid (PHBA) substrate [39]. 

Deoxyxylulose 5-phosphate synthase (dxs), deoxyxylulose 5-phos-
phate reductoisomerase (dxr), 2-C-Methyl-D-erythritol-4-phosphatecy-
tidyltransferase (ispD), 4-diphosphocytidyl-2-C-methyl- D-erythritol 
kinase (ispE), 2-C-Methyl-D-erythritol 2,4-cyclodiphosphate synthase 
(ispF),  (E)-4-Hydroxy-3-methyl‑but-2-enyl pyrophosphate (HMB-PP) 
synthase (GcpE), (E)-4-Hydroxy-3-methyl‑but-2-enyl pyrophosphate 
(HMB-PP) reductase (lytB), farnesyl diphosphate synthase (ispA), ger-
anylgeranyl diphosphate (GGPP) synthase (crtE), decaprenyl diphos-
phate synthase (dps), chorismate pyruvate-lyase (ubiC), 5- 
enolpyruvoylshikimate-3- phosphate (EPSP) synthase (aroA), 3-dehy-
droquinate synthase (aroB), Chorismate synthase (aroC), 3-dehydroqui-
nate dehydratase (aroD), shikimate dehydrogenase (aroE), 3-deoxy-D- 
arabino-heptulosonate 7-phosphate (DAHP) synthase (aroF), shikimate 
kinase (aroL), 4-hydroxybenzoate octaprenyltransferase (ubiA), 3-octap-
renyl-4-hydroxybenzoate carboxy-lyase (ubiD), ubiquinone biosynthesis 
O-methyltransferase (ubiG), 2-octaprenyl-6-methoxyphenol hydroxy-
lase (ubiH), ubiquinone/menaquinone biosynthesis C-methyltransferase 
(ubiE) and 3-demethoxyubiquinol 3-hydroxylase (ubiF). 

A recent study by Xu et al. [40], has identified UbiA as one of the rate 

Fig. 1. . Biosynthetic pathway of CoQ10 synthesis in the purple non-sulfur bacteria, R. sphaeroides, adapted from Li et al. [34].  
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limiting enzymes in CoQ10 biosynthesis. The overexpression of this 
enzyme along with decaprenyl diphosphate synthase (DPS) and 1-deox-
y-xylulose-5-phosphate synthase (DXS) led to 2.9-fold increase in CoQ10 
synthesis in R. palustris. The first X-ray crystal structure of the UbiA 
homolog belonging to Aeropyrum pernix was characterized by Cheng and 
Li [41]. The protein is comprised of nine transmembrane helices ar-
ranged in a U shape surrounding a large central cavity which forms a 
transmembrane domain with extramembrane cap domain atop. The cap 
domain encompasses two conserved Asp-rich motifs, DXXXD and YXXXD. 
These conserved motifs protrude into the central cavity and are involved 
in substrate binding via polar interactions, vital for the catalytic function 
of the enzyme [42]. Hydrophobic residues lining the central cavity are 
inferred to accommodate the isoprenyl chain, while a pocket lined with 
basic residues interacts with the aromatic substrate. On one side of the 
central cavity is an opening called the lateral portal that could plausibly 
act as a channel for product release [42]. Corresponding motifs have 
been identified in members of the UbiA superfamily including: COQ2, 
UBIAD1, and MenA [42]. 

Enzymes are the biocatalysts extensively used for various biotech-
nological applications pertaining to their numerous advantages over 
chemical catalysts. Industrial bioprocesses often require enzymes with 
improved catalytic efficiency and stability. The desired functionalities in 
an enzyme can be achieved by protein engineering strategies like site- 
directed mutagenesis and directed evolution. Unlike the directed evo-
lution method and the random site-directed mutagenesis method which 
require extensive resources, rational site-directed mutagenesis based on 
sequence and structure of an enzyme is a straightforward efficient 
approach for protein engineering [43]. This involves analyzing the 
three-dimensional protein structure and identifying plausible point 
mutation sites in its catalytic cavity [44]. Further, designation of the 
right amino acid residue for substitution at the mutation site is guided by 
the natural diversity of the enzyme’s catalytic cavity [45]. 

Rational protein engineering for enhanced functionality of enzymes 
for industrial applications is greatly revolutionized with the advent of 
various computational tools for protein modeling, protein sequence/ 
structure comparison, bioinformatic protein databases and molecular 
docking [43]. Li et al. [46] have highlighted the role of computational 
enzyme design in providing the necessary information regarding de 
novo enzyme design. They have demonstrated the role of this approach 
in enhancing the activity and stability of the enzyme in a more effectual 
manner. Investigations by Ramadoss et al. [47] have demonstrated the 
importance of comparative computational analysis methods in charac-
terizing endolysins, inherent to novel bacteriophages which could be 
used as ‘enzybiotics’. A more recent study by Contractor et al. [48] 
utilized computational tools to investigate the effect of mutations in the 
receptor binding domain of Delta and the Omicron variants, on its 
binding to neutralizing antibodies. They emphasized that in silico 
studies were a rapid and cost-effective approach that could lay the 
foundation for efficient vaccine design. 

The present study aims to (i) enrich PNSB from the mangrove mi-
crobial mats using different culturing conditions, (ii) determine plau-
sible mutation sites and substitution residues to enhance the functional 
efficiency of the UbiA enzymes inherent in the identified bacteria by 
comparative computational study and (iii) assess enhanced substrate 
reactivity of the UbiA enzymes using MLSD studies. This study is a 
preliminary in silico assessment to set the necessary precedents for future 
laboratory investigations. To our knowledge, this is the first computa-
tional study to investigate protein engineering strategies for enhance-
ment of the functional efficiency of UbiA enzyme present in purple 
photosynthetic bacteria. 

2. Methodology 

2.1. Developing cultures from isolated microbial mats 

A recent experiment in our lab focused on the enrichment of 

anoxygenic phototrophic bacteria, particularly purple photosynthetic 
bacteria from microbial mats isolated from a mangrove ecosystem based 
in Qatar. This included using Nile red dye to stain PHA inclusions pre-
sent in the bacteria within the cultures, and then sorting these cells using 
fluorescent activated cell sorting (FACS) to obtain a more enriched 
culture of APB. Cells that were obtained post FACS were grown under 
two specified IR light conditions, low IR light at 850 nm and high IR light 
at 940 nm and were designated as enriched low IR (EL), enriched high IR 
(EH), while the original pre-FACS cultures were designated as mixed low 
IR (ML) and mixed high IR (MH) cultures (refer Fig. S1). These cultures 
were then further assessed for the synthesis of different value-added 
compounds generated by purple photosynthetic bacteria. From this 
study we were able to identify four PNSBs, which we would like to 
further examine for their ability to synthesize CoQ10. 

2.2. 16S rRNA sequencing 

2.2.1. RNA/DNA isolation and sequencing 
A fixed volume (5–10 ml) of each culture obtained on Day 18 

(endogenous phase), was filtered through a 0.22 μm sterilized Dura-
pore® membrane filter paper (MilliporeSigma, USA) and stored at 
-80 ◦C until analysis. The RNA/DNA were isolated, according to the 
manufacturer’s protocol, from each sample using the RNeasy Power-
Water® Kit and DNeasy PowerWater® Kit (Qiagen, Hilden, Germany), 
respectively. cDNA conversion of isolated RNA samples was performed 
using the ProtoScript® II First Strand cDNA Synthesis Kit (New England 
Biolabs, USA) where 1 µL each of both, the random primer mix and the 
oligo-dT were added to the samples. After DNA extraction and cDNA 
conversion (for isolated RNA), a Qubit Fluorometer (Life Technologies, 
UK) was used to determine the concentration of the samples, followed by 
PCR amplification of the V3-V4 hypervariable region of the 16SrRNA 
from the isolated samples (DNA and RNA) using MiSeq Reagent Kit v3 
(600 cycle) catalog # MS-102-3003 (Illumina, Inc., USA) according to 
the manufacturers protocol. A (2%) agarose gel electrophoresis was run 
to extract the PCR products followed by purification of the amplicons 
and ligation of Illumina adapters. Once the samples were sequenced 
using the Illumina platform, the resultant paired-end reads were pro-
cessed using the quantitative insights into microbial ecology 2 (QIIME 2) 
bioinformatics tool [49,50]. 

2.2.2. Bioinformatics analysis 
QIIME 2 analysis [49] was performed on the raw data deposited in 

the sequence read archive (SRA) under the SRA accession numbers 
SAMN29969433, SAMN29969432, SAMN29969431, SAMN29969430, 
SAMN29969429 and SAMN29969428, as a part of BioProject number 
PRJNA862337. The paired-end sequence data obtained from the MiSeq 
platform was imported to the QIIME 2 (version 2021.4) pipeline and 
demultiplexed using q2-demux plugin followed by quality filtering using 
DADA2 (q2-dada2 plugin) [51]. Classify-sklearn naïve Bayes taxonomy 
classifier in the q2-feature-classifier [52] was trained using the reference 
sequences from SILVA SSU rRNA gene database [53–55] to assign tax-
onomy of the amplicon sequence variants (ASVs). The alpha-diversity 
metrics (Shannon’s Diversity) and beta-diversity metrics (Bray-Curtis 
dissimilarity) were estimated using the q2-diversity plugin after samples 
were rarefied with a sampling depth of to 4450 and 1000 sequences per 
sample, respectively. 

2.3. Estimation of CoQ10 

The CoQ10estimation required an initial step of bacteria cell 
disruption, as described in Zhang et al. [56], to extract the compound. A 
CoQ10 analytical standard (Sigma-Aldrich USA) was used to generate a 
standard curve. The amount of CoQ10 present in the cultures was esti-
mated using the Agilent Poroshell 120 EC–C18 (100mmx 3.0 mm x 
2.3um) (Agilent Technologies, USA) HPLC with a mobile phase of 65% 
methanol and 35% ethanol. The flow rate was set at 1.5 ml/min, and a 

D.M. George et al.                                                                                                                                                                                                                              



Biotechnology Reports 36 (2022) e00775

4

wavelength of 275 nm was used for the detection of CoQ10. The dry cell 
weight of the compound was estimated using (Eq. (1)). 

CoQ10/TSS = CoQ10/ext ×
Vext

Vcult
×

1
CTSS/L

(1)  

CoQ10/ext = estimated CoQ10 from extract; Vext = volume of extract; Vcult

= volume of the culture and  

CTSS/L = total suspended solids (TSS) value for a fixed volume ofthe culture  

2.4. Gathering sequence information of UbiA and identification of 
mutation sites 

The substrate bound UbiA from A. pernix K1 is well characterized 
[41] and the X-ray crystallographic 3-dimensional structure is deposited 
in protein data bank (PDB) under the accession code - 4OD5. The protein 
sequences of UbiA enzyme and 4-hydroxybenzoate octaprenyl trans-
ferase, belonging to the identified purple photosynthetic bacteria and 
native/industrial producers of CoQ10 were fetched from NCBI, and the 
enzyme details were confirmed from UniProt. The accession number of 
the UbiA enzyme sequences for all the bacteria used in this study are 
summarized in Table 1. 

UbiA of A. pernix K1, was reported to contain three conserved motifs 
that protruded in the central cavity facilitating substrate binding [41]. 
To identify the corresponding conserved substrate binding pocket 
inherent in the protein sequences of candidate organisms mentioned in 
Table 1., multiple sequence alignment was done using MUltiple 
Sequence Comparison by Log- Expectation (MUSCLE) tool [57]. Further, 
prospective residues that were prevalent in UbiA of native/industrial 
bacteria, but vary from UbiA of candidate organisms, were designated as 
mutational sites. 

Potential phosphorylation sites in protein sequences were deter-
mined using the GPS server [58,59]. This server uses a group-based 
phosphorylation scoring (GPS) method to predict kinase-specific phos-
phorylation sites. The Phobius webserver [60] was used to deduce the 
transmembrane topology of the protein sequences and Protter web-tool 
[61] was used to visualize the same. 

2.5. Extended motif discovery by protein sequence cluster analysis of 4- 
hydroxybenzoate octaprenyl transferase 

The UniProt [62] protein database (accessed January 2022) was 
queried using the search term “4-hydroxybenzoate octaprenyl trans-
ferase”. Only the entries annotated as 4-hydroxybenzoate octaprenyl 
transferase were selected, post removal of those annotated with the term 
“Probable” or “Putative” and those with length of protein sequence 
shorter than 200 base pairs (refer Table S1). The resulting protein 
sequence dataset was subjected to sensitive protein sequence searching 

using the MMseqs2 tool [63] with varied parameters to identify the lone 
cluster of similar sequences that included most of the sequences listed in 
Methodology Section 2.4. This was followed by the discovery of 
un-gapped motifs using the MAST tool [64] in MEME online suite [65]. 

2.6. Docking studies 

2.6.1. Ligand preparation 
To study the putative enzyme-substrate binding interactions, the 

substrates: p-hydroxybenzoic acid (PHBA) and geranyl s-thio-
lodiphosphate (GSPP) bound to the UbiA enzyme in PDB ID: 4OD5, were 
extracted and subsequently used for docking analysis with the modelled 
structures of wild-type and mutated enzymes listed in Table 1. 

2.6.2. Protein modeling 
Three-dimensional structure of the UbiA enzyme sequences listed in 

Table 1. was predicted using Iterative Threading ASSEmbly Refinement 
(I-TASSER) [66–68] protein modeling server with default settings. The 
model with the best c-score was selected. This is a confidence score that 
assesses the quality of the models predicted by I-TASSER and is esti-
mated based on the significance of threading template alignments along 
with the convergence parameters of the simulations of structural as-
sembly. The range of the c-score is typically between -5 and 2; the higher 
the c-score value, the higher the confidence level in the predicted 
structure. Adding to it, the model quality was also assessed using 
PROCHECK [69] and ProSA [70] tools (refer Fig. S2-S3). The model 
with the highest c-score was protonated, and Kollman charges were 
added to the model using the Dock Prep tool inherent in UCSF Chimera 
[71]. 

2.6.3. Multiple ligand simultaneous docking studies 
As a first step, docking studies were performed using each of the 

modelled and protonated UbiA enzymes listed in Table. 1. as receptors 
and PHBA as ligands, using MTiAutodock 4.2.6. webserver [72] in blind 
docking mode. In addition to the docked enzyme-ligand complex, details 
regarding the top 10 ligand poses with their corresponding docking 
score, ranked in descending order (best to poor) were generated [72]. 
The output file of the docked structure is in pdbqt format and was 
visualized using PyMOL [73]. The ligand pose bound to the vicinity of 
conserved binding pocket of the enzyme and had the best docking score, 
was identified, and analyzed for ligand interacting residues using 
PDBsum tool [74–76]. 

In the second docking step, the selected UbiA enzyme-PHBA bound 
complex was used as the receptor and GSPP as ligand in MTiAutodock 
4.2.6. webserver, followed by identification of interacting residues in 
PDBsum tool. The docked complex with GSPP bound at the vicinity of 
PHBA was designated as the final protein-ligand complex. 

Likewise, PHBA followed by GSPP ligand simultaneous docking was 
carried out with each of the mutated UbiA enzymes as receptor to 
analyze the effect of point mutation on substrate binding affinity. 
Comparative analysis of docking scores of final protein-ligand com-
plexes derived from the antecedent and mutated candidate UbiA en-
zymes was done to identify propitious mutants with improved substrate 
reactivity. All the enzyme-ligand complexes were visualized using 
PyMOL (Schrödinger, LLC) visualization software and their surface 
coloring based on electrostatic potential was done using ChimeraX [71]. 

3. Results and discussion 

3.1. 16S metagenomics and QIIME 2 analysis 

Due to the non-specific nature of Nile red, this stain tends to bind to 
other lipid inclusions and cell envelopes apart from PHA granules 
[77–79]. Additionally, since heterotrophic bacteria are also proficient 
producers of PHA [80–82] a large proportion of non-phototrophic bac-
teria were also selected during the FACS procedure and constituted the 

Table 1 
UbiA enzymes. List of protein IDs corresponding to the UbiA enzymes 
belonging to the different bacteria utilized in this study.  

UbiA enzyme ID Source Organism 

Candidate Organisms 
PTE13960.1 Rhodobacter blasticus 
WP_132,604,782.1 Rhodovulum adriaticum 
WP_051631208.1 Afifella pfennigii DSM 17,143 
WP_132,460,628.1 Rhodovulum marinum 
Native/ Industrial Producers 
ACE99883.1 Rhodopseudomonas palustris TIE-1 
WP_011746970.1 Paracoccus denitrificans ATCC 19,367 
WP_099085631.1 Agrobacterium tumefaciens BIM B-1315G 
AEO77955.1 Pseudomonas aeruginosa M1 
WP_060836425.1 Rhodovulum sulfidophilum DSM 2351 
Q9YBM8 Aeropyrum pernix K1  
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enriched culture. Thus, when the post-FACS cultures were compared to 
the pre-FACS cultures, enriched cultures under low IR light conditions 
and high IR light conditions had the lowest proportion of operational 
taxonomic units (OTUs) associated with phototrophic bacteria, < 10%, 
compared to the non-phototrophic bacteria (refer Fig. 2A). On the other 
hand, the mixed low and high IR light conditions resulted in a higher 
proportion of OTUs associated with phototrophic bacteria, 30% and 
over 10%, respectively. Overall, the proportion of OTUs associated with 
phototrophic bacteria for the EL, EH, ML and MH cultures was much 
lower than that of the original seed sources, low IR light seed (LIR) and 

high IR light seed (HIR). The seed sources had over 40–50% of OTUs 
associated with phototrophic bacteria (refer Fig. 2A). 

The QIIME 2 analysis revealed that there were no genera associated 
with oxygenic phototrophs identified in the cultures, instead all the 
phototrophic bacteria reported at the genus level were anoxygenic 
phototrophic bacteria, specifically purple non-sulfur bacteria of the 
following genera: Rhodovulum, Afifella, Rhodobacter and Rhodop-
seudomonas; and purple sulfur bacteria of the genus Marichromatium. 

From the distribution of OTUs at a genus level for anoxygenic pho-
totrophic bacteria, it was clear that compared to the LIR (low IR light) 

Fig. 2. . QIIME 2 results showing relative abundance of operational taxonomic units (OTUs) for: (A) Phototrophic bacteria vs non-phototrophic bacteria identified 
from the cultures at a genus level (B) Dominant phototrophic bacteria identified from the cultures at a genus level (C) Dominant heterotrophic bacteria identified 
from the cultures at a genus level (D) Representation of beta diversity obtained from QIIME 2 analysis of the four different cultures using the principal coordinate axis 
(PCoA), based on the Bray-Curtis dissimilatory method. (n = 2). LIR – pre-FACS cultures grown under low IR light; HIR- pre-FACS cultures grown under high IR light; 
EL- enriched low IR light; ML – mixed low IR light; EH – enriched high IR light and MH – mixed high IR light. 

Fig. 3. The amount of CoQ10 recovered from enriched 
and mixed cultures under low and high IR light con-
ditions, based on dry cell weight. EL- enriched low IR 
light; ML – mixed low IR light; EH – enriched high IR 
light and MH – mixed high IR light. n = 2. Significance 
was analyzed using Tukey’s test where p < 0.05 was 
taken as the level of significant difference. Same letter 
superscripts denote no significant difference (p > 0.05); 
different letter superscripts denote a significant differ-
ence at p < 0.05.   
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and HIR (high IR light) seed sources, there were lower proportions of 
OTUs associated with Afifella for EH (~5%), ML (10%) and MH (~50%) 
cultures, and there were no OTUs associated with Rhodovulum for these 
cultures. For the EL cultures however, there were no OTUs representing 
either Afifella or Rhodovulum (refer Fig. 2B). A higher proportion of 
OTUs belonging to the Rhodobacter genus was observed in both the EL 
(~65%) and the EH (~85%) cultures compared to the mixed cultures 
and the seed source (refer Fig. 2B). On the other hand, a high proportion 
of OTUs related to Rhodopseudomonas was observed in ML (~50%) and 
MH (~35%) (see Fig. 2B), which could be due to its metabolic flexibility 
and ability to switch to various modes of nutrition, enabling this genus 
to thrive in mixed culture conditions under both light conditions [83]. 
OTUs belonging to the genus, Marichromatium, were not identified in 
MH cultures and were found at very low proportions (< 2%) in the EL 
cultures. At a species level, four purple-non sulfur bacteria were iden-
tified and included: Afifella pfennigii, Rhodovulum adriaticum, Rhodo-
bacter blasticus and Rhodovulum marinum. The dominant genera of 
non-phototrophs or heterotrophic bacteria present in the EH, EL, MH 
and ML cultures are Stappia, Marinobacter, Sunxiuqinia, Exiguobacterium 
and Nesiotobacter (refer Fig. 2C). 

The PCoA plot exhibits the differences between the bacterial com-
munities present in our cultures. Since HIR and LIR are the seed samples 
(pre-FACS), as expected, they are clustered together due to the similarity 
in their community composition. ML cultures seems to have the most 
similar community composition to the seed samples, followed by MH 
cultures (refer Fig. 2D). EL and EH are quite similar in their community 
composition and are thus clustered together; however, they are farthest 
from the seed cultures (LIR and HIR) due to the differences in their 
community composition. 

3.2. CoQ10 estimation 

The highest amount of CoQ10 was reported for the enriched cultures 
under low IR light (EL cultures) at 6.92 mg/g dry cell weight (DCW), 
while the lowest amount was estimated from mixed cultures under low 
light conditions (ML cultures) at 2.0 mg/g DCW, and these were statis-
tically different (p < 0.05) from the remaining cultures (refer Fig. 3.). 
However, there was no statistical difference between the EH and MH in 

the amount of CoQ10 recovered. The enriched cultures, EL and EH, 
produced higher amounts of CoQ10 compared to the mixed cultures. This 
could be because CoQ10 is lipophilic in nature [84] and may have been 
stained by the Nile red stain, and consequently selected during FACS to 
constitute the enriched cultures. 

3.3. Discovery of conserved motifs by protein sequence cluster analysis 

We queried using the search term “4-Hydroxybenzoate octaprenyl 
transferase” in the UniProt protein database [62] and it yielded 22,379 
entries prevalent in various organisms. Further removal of entries an-
notated with the term ‘probable’ or ‘putative’ and those with protein 
sequences shorter than 200 base pairs, resulted in a protein sequence 
dataset of 17,980 sequences (refer Table S1). This dataset was first 
clustered into 28 clusters by sensitive protein sequence searching using 
MMseqs2 tool [63], where sequences in each cluster shared 30% identity 
with minimum coverage of 50%. Cluster 19 was the largest cluster 
consisting of 17,871 sequences (refer Table S2.). Sequences from 
Cluster 19 were input in MMseqs2 tool [63] to distill and identify 
sequence clusters sharing 40% identity with minimum coverage of 80%, 
resulting in 35 clusters. The largest cluster, Cluster-35 with 4038 se-
quences (refer Table S3.) incorporated all the sequences listed in 
Table 1., except for the sequence from P. aeruginosa. 

Discovery of conserved un-gapped motifs shared by the 4038 protein 
sequences in Cluster 35 was done using the MAST tool [64] in MEME 
online suite [65]. Three most significant motifs: 

Motif I - ‘LFLIGAVAMRGAGCTYNDIVDRDIDAQVARTRSRPIPS 
GQVSVRQA’, Motif II ‘VLLQFNWFAILLGIASLALVAIYPFMKRITWW 
PQA’ and Motif III ‘LYAGGIAWTIGYDTIYAHQDKEDDALIGVKSTARLF 
GDRTR’ with matches having a position p-value < 0.0001 were identi-
fied among these 4038 sequences, as shown in Fig. 4A. The discovered 
motifs encompass the Asp-rich segment postulated by several studies for 
prominent interaction with PHBA and GSPP [41,42] (refer Fig. S4). 

Multiple sequence alignment of the bacterial UniProt entries (3921 
sequences) among the 4038 sequences revealed the constituent residue 
patterns within the Asp-rich segments predominant in bacterial UbiA. 
The Asp-rich segments from Motif I comprised of the pattern D(E/A/H/ 
R/Q)(E/K/H/N/D)(Y/F/L/I)D with highly conserved 1st & 5th residues 

Fig. 4. Conserved Motifs. A) Sequence logo of most significant three motifs, designated by MAST tool (3) conserved among 4038 UbiA enzyme sequences sharing 
40% identity. B) and C) Sequence logo of the Asp-rich segment within Motif I and Motif III with conservation weights derived by Multiple Sequence alignment of 
bacterial UbiA protein sequences. 
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and moderately conserved 2nd, 3rd & 4th residues (refer Fig. 4B), Motif 
III comprised of the pattern D(V/A/M/T/K/R/I)(K/R/D/E)DD with 
highly conserved 1st, 4th & 5th residues, moderately conserved 3rd 
residue and a variable 2nd residue, as shown in Fig. 4C. 

3.4. Selection of amino acid residues for mutation 

To augment the substrate binding affinity of the UbiA enzyme to its 

ligands, this study proffers substitution of three residues in two potential 
mutation sites within the Asp-rich segment in the conserved motifs – 
Motif I and III for further in-silico screening studies. These two mutation 
sites were selected with the rationale that the inherent amino acid res-
idues in these sites were well conserved among the four purple photo-
synthetic bacteria but different in the native/industrial bacterial species. 
The three residues, namely, histidine (H), arginine (R) and alanine (A) 
were selected for substitution at these mutation sites based on 3 native 

Fig. 5. Representation of Multiple sequence alignment of UbiA sequence from candidate organisms - R. adriaticum, R. marinum, R. blasticus and A. pfennigii, labeled in 
red, blue, pink and green, respectively, with industrial and native producers of CoQ10 - P. aeruginosa, P. denitrificans, A. tumefaciens, R. palustris and R. sulfidophilum 
using ESPript [85]. The secondary structures of candidate organisms predicted by I-TASSER are rendered in colors respective to the color of species label. And the 
transmembrane helices are marked by black boxes. Conserved motifs discovered by cluster analysis are highlighted in blue font with the Asp-rich motif marked by 
blue triangles. Residues designated for mutation and the corresponding template (H – A. tumefaciens, R - P. aeruginosa and A – P. denitrificans) are highlighted in green 
and marked by blue stars. 
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CoQ10 producers. Residue H substitution was based on the UbiA protein 
sequence of A. tumefaciens. Firstly, the italicized residues inherent in the 
Asp-rich segment of Motif I for R. blasticus – DRDID, R. adriaticum – 
DRDFD, A. pfennigii – DQDID and R. marinum – DRDID, were replaced 
with H. This generated the following mutants: R. blasticus – R99H, R. 
adriaticum – R132H, A. pfennigii – Q98H and R. marinum – R97H. Next, 
the 2nd residue in the Asp-rich segment of Motif III (all species - DKEDD) 
was replaced with residues R and A, as shown in Fig. 5. Finally, the R 
and A substitutions were based on UbiA protein sequences of 
P. aeruginosa and P. denitrificans, respectively. This generated the 
following mutants: R. blasticus – K219R/A, R. adriaticum – K252R/A, A. 
pfennigii – K218R/A and R. marinum – K217R/A. 

3.5. Generating I-TASSER models for docking studies 

Despite the numerous research studies on UbiA enzymes, X-ray 
crystallographic structures of only two members, A. pernix UbiA, PDB: 
4OD4 [86] and Archaeoglobus fulgidus UbiA, PDB: 4TQ5 [87], have been 
reported due to the complexities associated with experimental deter-
mination of protein structures. Nevertheless, prediction of 
three-dimensional structures of proteins using computational methods 
has proved to be a feasible alternative approach. I-TASSER is one of the 
state of the art template-based modeling tools for protein structure 
prediction which has repeatedly been the highest-rated tool by the sci-
entific community as per the Critical Assessment of Structure Prediction 
(CASP) experiments [88], due to its reliability in terms of experimental 
accuracy [89]. Although deep learning based modeling tools like 

AlphaFold2 [90] have outperformed recent CASP experiments, signifi-
cant number of predicted protein structures lacked experimental accu-
racy [88]. 

As a comparative study, the protein sequence of UbiA from A. pernix 
K1deposited in PDB, 4OD5 was retrieved and the three-dimensional 
protein structure was modelled using I-TASSER and the AlphaFold2 
model for same protein was downloaded from UniProt. Bound ligands 
from 4OD5 structure were removed and superposed over both models. 
The apo 4OD5 structure superposed (C-α atoms) upon I-TASSER model 
and AlphaFold2 model with a total Root-Mean-Square-Deviation 
(RMSD) of 0.55 Å and 1.068 Å respectively. The I-TASSER derived 
model better aligned to the experimental structure when compared to 
the AlphaFold2 derived model (Fig. S5 A&B). Therefore, the three- 
dimensional structures of the wild-type and mutant UbiA enzymes lis-
ted in Table 1., were predicted using the I-TASSER protein modeling 
server. For each input protein sequence, I-TASSER predicts five energy 
minimized structural models (Model 1–5) ordered based on their c- score 
(confidence score derived from significance of threading alignments and 
residue-level local quality) [66–68]. 

Model 1 from the I-TASSER results was selected for the subsequent 
analysis, except for the wild-type protein from R. marinum, where Model 
3 was chosen for conducive protein folding. The c-score values for the 
modelled structures were quite significant and varied between -1.88 to 
0.70. All the modelled structures were similar in their structural archi-
tecture, forming α-helical barrels with 7–9 antiparallel helices and a 
central cavity. 

The quality of the three-dimensional protein models generated by I- 

Fig. 6. Protein-ligand interactions of UbiA 
from R. blasticus: A) Cartoon representation of 
docked protein (represented in cyan) – ligand 
(represented in red) complexes of original UbiA 
and the subsequent mutant proteins from 
R. blasticus. B) The Ligplot interaction plot of 
amino acids from the respective protein kind 
with PHBA ligand and C) GSPP ligand. The 
polar uncharged, polar negatively charged, 
polar positively charged, non-polar and 
cysteine amino acid residues are highlighted in 
magenta, blue, green, brown, and yellow 
respectively.   

D.M. George et al.                                                                                                                                                                                                                              



Biotechnology Reports 36 (2022) e00775

9

TASSER was evaluated in terms of its stereochemistry using PROCHECK. 
For all the models, the Phi and Psi angles of more than 97% residues 
were present in the allowed region of Ramachandran plots (Fig. S2). 
Next, ProSA program was used to assess whether the predicted models 
were comparatively accurate and reliable as experimentally determined 
protein structures (Fig. S3). The Z-score plot output of ProSA program is 
comparative representation of the Z-score (a cumulative measure of 
model quality and energy distribution) of the input structural model 
against the Z-scores of all similarly sized experimentally determined 
proteins (both X-ray and NMR structures) in PDB. Z- scores of all the 
predicted models were within the range of experimental protein struc-
tures (Fig. S3). 

Protein sequences of UbiA enzyme from the four purple photosyn-
thetic bacteria used in this study differed in the length, R. blasticus – 323 
residues, R. adriaticum – 356 residues, A. pfennigii – 320 residues and 
R. marinum – 320 residues. The transmembrane topology of the UbiA 
enzymes from the four PNSBs varied across the species. Typically, each 
of the enzymes were comprised of 7–9 transmembrane α-helices 
(R. adriaticum and A. pfennigii - 8 transmembrane α-helices, R. marinum - 
7 transmembrane α-helices and R. blasticus - 9 transmembrane α-helices) 
as depicted in Fig. 5. The Asp-rich motifs – Motif I and Motif III (with 
selected mutation sites) of the UbiA enzymes from R. adriaticum and 
R. blasticus (shared identity-62%, Table S4) were inherent in the cyto-
plasmic loops similar to the UbiA enzyme of Archaeoglobus fulgidus [87]. 
However, in the UbiA enzymes from R. marinum and A. pfennigii (shared 

identity-49%, Table S4), Motif I was integral to a cytoplasmic loop 
while Motif III was integral to an extracellular loop (Fig. S6). This 
suggests that though the substrate-binding sites of enzymes from UbiA 
family were well conserved, the structural topology varied across 
different species. 

3.6. UbiA enzyme MLSD studies 

Three-dimensional structures of ligands – PHBA and GSPP were 
obtained from the substrate-bound structure of UbiA enzyme of A. pernix 
K1 (PDB ID: 4OD5) from the RSCB protein data bank (PDB) [86], and 
utilized for MLSD with I-TASSER generated protein models of the 
wild-type and mutant UbiA enzymes listed in Table 1. MLSD was per-
formed using the MTiAutodock 4.2.6 webserver and the protein-ligand 
docking score in kcal/mol was thus determined. The MLSD results are 
summarized in Table S5. 

The MLSD of wild-type and mutated UbiA proteins from R. blasticus 
with PHBA and GSPP ligands revealed that the protein-ligand complex 
from K219A mutant exhibited the best docking score, -3.60 kcal/mol, 
even better than the protein-ligand complex from the template organ-
ism, P. denitrificans, based on which the mutation was designated (refer 
Table S5.). Hydrogen bonds were formed between PHBA and E3 (polar- 
negatively-charged/acidic residue); GSPP and Q217 (polar-uncharged 
residue) and R300 (polar-positively-charged/basic residue) as seen in 
Fig. 6. 

Fig. 7. Protein-ligand interactions of UbiA from A. pfennigii: A-C) Details are the same as described for Fig. 6.  
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In the case of wild-type and mutated UbiA proteins from A. pfennigii, 
K218R mutant had the best docking score of -4.32 kcal/mol, which was 
over 1.5 times greater than the protein-ligand complex from the tem-
plate organism, P. aeruginosa, that exhibited a docking score of only 
-2.46 kcal/mol (refer Table S5.). Hydrogen bonds were formed between 
PHBA and K4 (polar-positively-charged/basic residue) and both PHBA 
& GSPP, with R43 (polar-positively-charged/basic residue) as seen in 
Fig. 7. 

Among the wild-type and mutated UbiA proteins from R. marinum, 
best docking score, -4.45 kcal/mol, was displayed for the protein-ligand 
complex from R97H mutant. This value was greater than that of the 
template organism, A. tumefaciens (-2.85 kcal/mol), as seen in Table S5. 
Hydrogen bonds were formed between PHBA with Y208 (polar-un-
charged residue), N303 (polar-uncharged residue) and R304 (polar- 
positively-charged/basic residue); GSPP and R85 (polar-positively- 
charged/basic residue) as seen in Fig. 8. In addition, we observed that 
among the residues forming hydrogen bonds, the Y208 residue, a po-
tential phosphorylation site, formed a hydrogen bond with the PHBA 
substrate (refer Table S5). 

As represented in Fig. 9. and Table S5., the K252R mutant of 
R. adriaticum had the best docking score, -4.21 kcal/mol, compared to 
the other variants and wild-type UbiA proteins from the same organism. 
It even had a better docking score compared to the protein-ligand 
complex from the template organism, P. aeruginosa. As displayed in 

Fig. 9., hydrogen bonds were formed between PHBA and Q48 (polar- 
uncharged residue), F50 (non-polar), R340 (polar-positively-charged/ 
basic residue) and L344 (non-polar); GSPP and A306 (non-polar). 

Among the three template organisms utilized in this study the sub-
strate bound UbiA enzyme belonging to P. dentrificans had the best 
docking score, -3.13 kcal/mol, while P. aeruginosa had the poorest 
docking score, -2.46 kcal/mol, as shown in Fig. 10 and Table. S5. 

Huang et al. [87] have observed that substrate binding induces 
conformational changes in the enzymes of UbiA superfamily, especially 
in the loops that contain Motif I and Motif III. The crucial step in syn-
thesis of CoQ10 by UbiA enzymes, is the prenylation of PHBA in its ortho 
position [91]. Upon substrate binding, these loops that surround the 
active site, transition from disordered state to ordered state to retain the 
substrate within the catalytic cavity of the enzyme. Probably, these 
flexible catalytically significant loops stabilize the enzyme into a closed 
conformation, upon binding of PHBA (prenyl acceptor) in the catalytic 
cavity. Since polyprenyl diphosphates like GSPP are negatively charged 
molecules, they enter the catalytic cavity of the enzyme majorly through 
the lateral portal that opens into the lipid bilayer. To assess the effect of 
presently studied mutations in protein flexibility, the dynamics of UbiA 
enzymes from the four PNSBs was analyzed using DynaMut2 tool [92]. 
Results from DynaMut2 include calculated differences in vibrational 
entropy and free energy between the wild-type and mutant structures. 
Probably, pertaining to the variation in structural topology, it can be 

Fig. 8. Protein-ligand interactions of UbiA from R. marinum: A-C) Details are the same as described for Fig. 6.  
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observed that the effect of mutations in the enzyme’s flexibility, varied 
across species (Fig. S7). 

Loss or gain of flexibility in each of the mutant protein, in terms of 
vibrational entropy was simultaneously analyzed with their docking 
scores derived from MLSD (Fig. S7 and Table S6). The following was 
observed from the best scoring mutants, which could have led to 
improved docking scores: (i) R. adriaticum K252R had a slight loss of 
vibrational entropy in Motif III, (ii) R. marinum R97H showed a slight 
loss of vibrational entropy in Motif I, (iii) A. pfeniigii K218R showed a 
slight gain of vibrational entropy in Motif III and (iv) R. blasticus K219A 
had a gain of vibrational entropy in Motif III. Further, when analyzed in 
terms of loss (destabilizing) or gain (stabilizing) of free energy in com-
parison to wild type enzyme, it was observed that (i) R. adriaticum 
K252R had gained, (ii) R. marinum R97H had lost, (iii) A. pfeniigii K218R 
had slightly lost and (iv) R. blasticus K219A had slightly gained free 
energy. This emphasizes the requirement for unique protein engineering 
strategies to improve the substrate reactivity of each enzyme. 

4. Discussion 

In this study, we identified four PNSBs, R. adriaticum, R. marinum, A. 
pfennigii and R. blasticus, from the microbial mat cultures of a mangrove 
ecosystem in Qatar. Given the excellent ability of PNSBs to survive in 
their harsh native environment, feasible growth conditions for large- 
scale culturing and indigeneity, they could be utilized as excellent mi-
crobial factories for production of CoQ10, a high-demand, high-value 

product. From the results of the study, we found that the amount of 
CoQ10 recovered from the EL cultures was the highest – 6.92 mg/g DCW, 
while the ML cultures had the least amount of CoQ10 at 2.0 mg/g DCW. 
Both the enriched cultures, EL and EH, were found to have higher CoQ10 
compared to the mixed cultures, which could be a consequence of Nile 
red stain selection (during FACS) of these lipophilic CoQ10 molecules. 

Although heterotrophic bacteria can also synthesize CoQ10, among 
the dominant heterotrophs identified in this study (refer Fig. 2C) only 
bacteria belonging to the genus Stappia are known to synthesize CoQ10 
[93]. The other heterotrophic bacteria identified in this study synthe-
sized either CoQ9 [94] or menaquinone [95,96]. Further, we observed a 
lower proportion of OTUs associated with the Rhodobacter genus (refer 
Fig. 2B), particularly R. blasticus in the ML cultures, which incidentally 
also had the least amount of CoQ10. Several studies have utilized Rho-
dobacter sphaeroides to produce CoQ10 [33,56,97-99]. Yajima et al. [29] 
even have a patented method for producing CoQ10 from a mixed culture 
of bacteria, which included the PNSB Rhodopseudomonas palustris JCM 
2524 90 6 and Rhodobacter capsulatus SB 1003 95 6. Similarly, there may 
be other species within the Rhodobacter genus, such as R. blasticus and 
other PNSB that were identified in this study that could synthesize 
CoQ10. 

The conserved catalytically significant Asp-rich motifs inherent in 
the protein sequences of the UbiA enzymes present in the identified 
PNSB were mapped to that of CoQ10 producing industrial strains to 
designate relevant mutations, and the improvement in substrate reac-
tivity was computationally predicted by MLSD. 

Fig. 9. . Protein-ligand interactions of UbiA from R. adriaticum: A-C) Details are the same as described for Fig. 6.  
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Fig. 10. . Protein-ligand interactions of UbiA from industrial/native CoQ10 producers: A) Cartoon representation of docked protein (represented in cyan) – ligand 
(represented in red) complexes of UbiA proteins from P. denitrificans, A. tumefaciens and P. aeruginosa. as described for Fig. 6.B, C) Details are the same as described 
for Fig. 6. 

Fig. 11. . Physiochemical properties of the residue environment. Comparative boxplot representation of relative number of amino acids inherent in the interacting 
residue environment of wild-type (WT) and substantiated mutant protein-ligand complexes with improved substrate reactivity. The amino acid residues are cate-
gorized based on different physiochemical properties. 
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The MLSD results could aid in identifying the propitious residue 
environment conducive for enhanced substrate reactivity in UbiA, the 
key enzyme involved in biosynthesis of COQ10. Enzymes facilitate 
chemical reactions by ushering one or more chemical reactants/ sub-
strates side by side in an optimal orientation. It is the active site of an 
enzyme that binds to the substrate and is typically composed of a 
distinctive combination of amino acid residues. Amino acid residues are 
grouped into separate categories based on their physiochemical prop-
erties. The properties, structures, sequences, and positions of the amino 
acid residues constituting the active site of an enzyme, form a charac-
teristic chemical environment that is designed for its substrate. 

As a proof of concept, the substrate bound UbiA structure PDB:4OD5 
was compared with the MLSD derived predicted protein-ligand complex 
(refer Fig. S5). Both protein-ligand complexes were similar in terms of 
the interacting residue environments for ligands PHBA and GSPP, with 

most constituent residues in common, though the ligand orientations 
were different. This revealed the adequacy of prediction of protein- 
ligand complexes using MLSD. The protein-ligand complexes of wild- 
type and mutant UbiA enzymes of the four purple photosynthetic bac-
teria derived from MLSD were studied extensively to identify the char-
acteristic chemical environment that ameliorated substrate binding 
affinity of the propitious mutant enzymes. We hypothesize that the 
improved binding affinity observed in the propitious mutant enzymes 
can be attributed to an amalgamation of several factors such as: (i) 
hydrogen bonds formed between the enzyme and substrate (ii) physi-
ochemical properties of the residue environment in enzyme-substrate 
interaction site (iii) electrostatic potential of the enzyme-substrate 
interaction site and (iv) proximity of enzyme-substrate interaction site 
residues to potential phosphorylation sites and (v) gain or loss of flexi-
bility in loops surrounding the catalytic cavity. 

Fig. 12. . Electrostatic potential of binding pockets of protein-ligand docked complexes: Representation of electrostatic potential ranging from red for negative 
potential, white for zero and blue for positive potential of the ligand binding pockets of original and mutant UbiA proteins from candidate organisms and industrial/ 
native producers of CoQ10. The protein-ligand complex with best docking score is highlighted in green box. 
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Localization of non-polar and polar amino acid residues are char-
acteristic of an enzyme’s kind and function. UbiA is a membrane protein, 
and these proteins are inclined to contain non-polar amino acids on their 
surfaces that interact with the cell membrane and polar amino acids in 
their internal pores to form hydrophilic channels. Among the studied 
protein-ligand complexes, the majority of the amino acid residues 
involved in hydrogen bond formation with the ligands were polar- 
positively-charged/basic residues, and polar-uncharged in nature. This 
is in line with findings reported by Li [100] and Ren et al. [42], sug-
gesting the involvement of the conserved motifs of UbiA in the recog-
nition of the ligands via polar amino acid residues lining its internal 
channels. Internal substrate access channels of the enzyme are critical 
for its catalytic activity, and the introduction of mutations in these 
tunnels can affect its substrate specificity [101]. From Fig. 11., it could 
be speculated that the substantiated mutant UbiA proteins has improved 
substrate reactivity, attributed to the balanced, rather than skewed, 
distribution of non-polar and polar amino acid residues lining their in-
ternal substrate access channel. 

The catalytic potential of an enzyme is majorly influenced by the 
electrostatic environment of its active site [102]. Computational anal-
ysis of the interaction sites of the derived protein-ligand complexes 
could aid in estimation of preorganization of the electrostatic environ-
ment surrounding the active site of an enzyme. Investigation of the 
electrostatic potential of the protein-ligand interaction environment 
indicated that the electrostatic potential of interaction sites of propitious 
mutant UbiA proteins ranged from neutral to slightly positive when 
compared to the wild-type and unpropitious mutants (refer Fig. 12). In 
the case of R. adriaticum and R. marinum, the respective K252R and 
R97H propitious mutants exhibited an electrostatic environment of 
protein-ligand interaction sites that tended to range between slightly 
blue to white. While in R. blasticus, though the electrostatic environment 
of protein-ligand interaction site of R99H mutant looks the palest, the 
K219A mutant exhibited better binding affinity probably due to the 
appearance of pink hue (negatively charged residues) in the former. In 
A. pfennigii, the wild-type and all the mutant proteins had similarly 
colored (slight blue to white) electrostatic environments of their 
protein-ligand interaction sites correlating with similar binding affinity 
of all the protein-ligand complexes. Furthermore, we could observe 
overrepresentation of the residue Y, over S and T among the predicted 
phosphorylation sites, across all four purple photosynthetic bacteria 
(refer Table S5). And many of the phosphorylation sites were prevalent 
among the interacting residue environment of the protein-ligand 
complexes. 

Though this study is a computational approach to substantiate po-
tential mutants of four PNSB UbiA enzymes with augmented substrate 
binding affinity, follow-up experimental investigation is required to 
corroborate these results. 

5. Conclusion 

From the microbial mat cultures, we were able to enrich and identify, 
through 16S rRNA sequencing, four purple photosynthetic bacteria with 
potential to biosynthesize CoQ10. We employed comparative sequence 
analysis of all available UbiA protein sequence dataset, including in-
dustrial/native producers of COQ10 and MLSD to screen for potential 
point mutations, present in these four purple photosynthetic bacteria, at 
motifs conserved across the entire protein dataset of UbiA enzymes. All 
the substantiated mutant proteins had improved binding affinity values 
compared to their respective wild-type protein, even better than the 
template organisms based on which the mutations were designated. In 
addition, the in-depth investigation of the identified interacting residues 
prevalent in the enzyme-substrate complexes of the wild-type and 
mutated proteins, revealed the influence of their inherent structural 
architecture, physiochemical properties, and electrostatic potential in 
the substrate binding affinity of the enzyme. Therefore, we propose that 
an elevation in the catalytic efficiency of the UbiA enzyme can be 

achieved by protein engineering the substrate residue environment to 
improve the substrate binding affinity of the enzyme with its substrates. 
The findings from this study will lay the necessary premise for future 
laboratory-based experimentation. 
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