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ABSTRACT

Shrinking freshwater ecosystems are under tremendous pollution threat due to anthropocentric activities.
Para nitrophenol (PNP), a well-documented priority pollutant extensively used in dyes, petrochemical,
pharmaceutical, explosives, pesticides, leather industries, and agrochemicals, is responsible for
contaminating aquatic ecosystems globally. It is highly toxic and has carcinogenic and mutagenic effects
on living organisms like humans and several animal models. Bioremediation approaches mainly
involving bacteria are considered the best, most eco-friendly, cost-effective, green, and clean method for
effective removal PNP from its contaminated sites. This manuscript highlights the structural and
functional analysis of a lower pathway enzyme involved in PNP degradation, maleylacetate reductase
(MR), from Pseudomonas sp strain PNPG3, which was recently isolated from a freshwater ecosystem.
This enzyme plays a role in converting maleylacetate to 3-oxoadipate. Despite its crucial functional role,
no model is available for this protein in the protein database (PDB). Therefore, attempts were made for
the computational investigation of physicochemical, functional, and structural properties, including
secondary, and tertiary structure prediction, model quality analysis, and phylogenetic assessment using
several standard bioinformatics tools. This enzyme has a molecular weight of about ~37.6 kDa, is acidic
and thermostable, belonging to a member of iron-containing alcohol dehydrogenase. Moreover, this
study will benefit the scientific community in deciphering the prediction of the function of similar
proteins of interest.
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Functional, and phylogenetic analysis of maleylacetate reductase of Pseudomonas sp strain PNPG3: An in-silico approach

1 Introduction

P-Nitrophenol (PNP) considered a priority environmental
pollutant, is one of the most abundant chemical pollutants, which
has been thoroughly and extensively used in the manufacturing of
dyes, explosives, plastics, medicines, and a diverse range of
chemical products (Bhushan et al. 2000; Kuang et al. 2020).
Besides, PNP is reported to be released into the environment from
parathion-based pesticides and several other agrochemicals
resulting in possible high levels of PNP contaminations in several
ecosystems. It is highly toxic and is reported to have carcinogenic
and mutagenic effects on several animal models, causing
dysfunction of the kidney, liver, and other crucial physiological
life processes of animals (Kuang et al. 2020).

Since genomic DNA is the central repository of all the information
for an organism, the study of genome sequences of PNP degrading
bacterium (especially in this omics era) may provide a blueprint of
the full potential of these bacteria (Koonin et al. 1996). To execute
these, rational approaches involving wet laboratory-based
experimental and computational work are necessary (Munn et al.
2017). It is now possible to hypothesize and speculate the possible
potential of a bacterium with the current tools and methods
available in public servers and databases (Booth et al. 2013).

Enzymes perform a significant role in the biodegradation of toxic
nitroaromatic compounds. Maleylacetate reductase (MR) is one of
the essential enzymes in aerobic bacteria for the degradation of
PNP and other chloroaromatic compounds (Vikram et al. 2013).
This enzyme catalyzed NADPH or NADP-dependent reduction,
converting the carbon-carbon double bond (maleylacetate) to 3-
oxoadipate (Vikram et al. 2013). Currently, for the vital enzyme
MR, no protein model is available at PDB.

Considering the significance and application of MR, particularly
its importance in the biodegradation of toxic compounds like
PNP, the current study was undertaken for its computational
analysis. In these contexts, we carry out in-silico bioinformatic
analyses of MR (selected by genome mining) from the genome
sequence of a bacterium Pseudomonas sp strain PNPG3.
Attempts were also undertaken to predict the secondary
structure, modelling the tertiary structure, and analyses of MR of
the strain using various standard tools to intimate the scientific
community about the structure-function details of this particular
vital protein.

2 Materials and Methods
2.1 Sequence retrieval and phylogenetic analysis

The sequence of MR was retrieved from NCBI manually in
FASTA format [(locus tag - MJ643_19190; protein id-
MCK2122717.1; GenBank accession no of node 31 -

1332

JALLKV010000031; Whole Genome accession
JALLKV010000000) or RAST accession no. -
fig|286.4486.peg.3636]. This genome sequence was retrieved from
a PNP degrading aquatic bacterium Pseudomonas sp strain
PNPG3, isolated from the Ganges river, Chinsura, Hooghly
district, West Bengal, India (Biosample Id SAMN26116625). This
sequence was used later for computational investigation, including
molecular modeling.

no-

NCBI-BLAST_P search was performed to find similar protein
sequences. FASTA formatted sequences were retrieved and the
phylogenetic tree was constructed using MEGA11 (Tamura et al.
2021) (based on the Maximum Likelihood tree method). The
evolutionary distance was computed by the pairwise distance
method. The enzyme P-nitrophenol-4-monooxygenase (6AIN_A)
of P. putida strain DLL-E4 was used as an outgroup.

2.2 Protein localization

PSORTb forecasted localization of the protein— 3.0 (Yu et al.
2010) and CELLO (Yu et al. 2004) (http://cello.life.nctu.edu.tw),
CELLO2GO (http://cello.life.nctu.edu.tw/cello2go/) (Yu et al.
2014). PSORTDb provides the localization of bacterial protein most
accurately. CELLO is user-friendly and simple, and no other
algorithm is required for this tool. This tool provides better
performance than the PSORT-B tool (Yu et al. 2004). The signal
peptide sequence was determined using Signal P - 6.0 Server
(Teufel et al. 2022). Information about the transmembrane protein
was determined using TMHMM v 2.0 (Krogh et al. 2001).

2.3 Primary sequence analysis

Primary sequence analysis, including the physicochemical
characteristics of the protein of interest, was predicted by the
Expasy ProtParam Tool (Gasteiger et al. 2005). A variety of
parameters like the composition of amino acid, isoelectric point
(p1), molecular weight (MW), aliphatic index (Al) (aliphatic side
chains occupying a relative volume of protein), and Grand average
of hydropathicity (GRAVY) data of the protein were obtained
from this server.

2.4 Secondary structure prediction

Prediction of the secondary structure of the protein was done by
Netsurf-P (Klausen et al. 2019). Here solvent accessibility, the
number of helices, strands, coils, and structure disorder can be
determined. Another tool was used for this purpose- Chou and
Fasman Secondary Structure Prediction Server (CFSSP) (Kumar
2013). Secondary structural elements, like the beta sheet, alpha
helix, and turns from the amino acid sequence could be
determined in a lined sequential view by this server (Kumar
2013).
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2.5 Structural modelling and evaluation

The same protein of strain PNPG3 was nominated to forecast the
tertiary structure. The I-TASSER server
(https://zhanglab.ccmb.med.umich.edu/I-TASSER/) (Yang et al.
2015) was used for modeling the tertiary structure of MR of strain
PNPG3. The modules like ERRAT, PROCHECK, and Verify 3D
under the SAVES Server (http://services.mbi.ucla.edu/SAVES/)
were used to evaluate the quality of the prepared structural model
of the protein. The .pdb file obtained from I-TASSER was used to
obtain the Ramachandran plot from the Structural Analysis and
Verification  Server (SAVES) (http://services.mbi.ucla.edu/
SAVES/ Ramachandran/). Ramachandran plot helps to invent the
energetically favourable regions which were connected to
backbone dihedral angles (v and @) of amino acid residues of the
interested protein. The tertiary structure of the predicted model was
visualized by UCSF chimera (http://www.cgl.ucsf.edu/chimera)
(Pettersen et al. 2004).

2.6 Prediction of ligand binding sites and active sites

After validation of the tertiary structure of MR, protein-ligand
binding interactions were analyzed using the COFACTOR module
(https://zhanglab.ccmb.med.umich.edu/COFACTOR/) (Roy et al.
2012) integrated into the I-TASSER server for protein structure
prediction and structure-based function annotation
(https://zhanglab.ccmb.med.umich.edu/I-TASSER/) (Yang et al.
2015). Important amino acids which were involved in ligand
binding sites and active sites were also predicted.

2.7 Functional analysis

The STRING server (Szklarczyk et al. 2019) (http://string.db.org)
was used to predict functionally interacting proteins. MR of P.
fluorescens F113 was selected as the query sequence for this

0.003

0.011

0.017
0.016
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interactome analysis. Functional motifs of the protein sequence

were identified by the tool known as MOTIF search
(http://www.genome.jp/tools/motif/). Highly conserved regions
among the MR were investigated by Clustal Omega

(https://www.ebi.ac.uk/Tools/msa/clustalo/).
3 Results and Discussion
3.1 Sequence retrieval and Phylogenetic analysis

Homologous amino acid sequences of MR from other strains of
Pseudomonas were retrieved from NCBI. To compare evolutionary
relationships among the MR of strain PNPG3 with the close
relatives, a phylogenetic tree (based on the maximum likelihood
method) was constructed using MEGA11. From this analysis, it
was evident that the MR of strain PNPG3 was placed within
similar sequences from various strains representing the genus
Pseudomonas. It also formed a cluster together with Pseudomonas
sp. strain PDS-7 (AWB99095.1). This cluster was closely related
to MR of strain NyZ402 (ACZ51383.1) and the latter formed a
well-defined lineage. Also, the remaining MR sequences from the
representative 8 strains were well separated (Figure 1), indicating a
robust probable correlation among these taxa based on their protein
sequences.

3.2 Localization of Protein

Both PSORTb and CELLO data revealed that MR is a cytoplasmic
protein. The cytoplasmic score for PSORTb and CELLO is 8.46
and 3.362, respectively. CELLO2GO tool also supported the result
of the cytoplasmic nature of this protein (Figure 2). According to
Grasso et al. (2021), the subcellular localization of protein
determines the environment where it operates, and it could be
strongly correlated with the determination of said protein function.
The function of a protein could be correlated to the localization of

L': Pseudomonas sp. PDS-7(ABW99095.1)

0.003 : > : i

Gt - @ Pseudomonas sp strain PNPG3 fig|286.4486.peg. 3636
0037

Pseudomonas sp. NvZ402(ACZ51383.1)

0.003

0.032
0.023

Pseudomonas sp. 1-7(WP 128579132.1)

[— Pseudomonas sp. CIC7(WP 175378748.1)
0.003 7 2 : o
L— Pseudomonas sp. REP124(WP 224533351.1)

Pseudomonas izuensis(WP 160106902.1)

0.020

0.003

0.006

0.000

0.010
0.9000

Pseudomonas sp. C2B4(WP 175389299.1)

. _|: Pseudomonas sp. GL-B-26 (WP 223430431.1)
011 0000
Pseudomonas sp. TH39(2020)(WP 201181074.1)

Pseudomonas moorei(WP 090321966.1)

Pseudomonas putida DLL-E4(6AIN A)

Figure 1 Phylogenetic analysis (using maximum likelihood method) of amino acid sequences of maleylacetate reductase (MR) of different
strains of Pseudomonas sp. Values at the internodes indicate branch lengths
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CELLO predictor for Gram- Localization Probability
model:
| Localization | Score |
Localization Extracellular 0,032 @ Extraceluiar
Tal 1] Periplasmic
PredICtlon Outermembrane 0.009 @ Innermembrane
Periplasmic 0.161 @ Cytoplasmic
I Other
Innermembrane 2151
Cytoplasmic 4.647

Figure 2 Localization prediction for the protein MR by CELLO2GO

the protein. SignalP - 6.0 server indicated that this protein has no

signal peptide sequence. TMHMM-2.0 server indicated that no Amino acid composition:

translmembc:anedhilice; are present witfhin this IIprotein. The;e Ala {].-:,t} 55 15.5%
results predicted that the MR protein is functionally active in the

cytopla?mic region of the cell ’ ’ Arg { ) 18 5.1%
’ ]
Asn (N) 1@ 8%
3.3 Primary sequence analysis of protein As p { D) 14 qw
L=}
Physicochemical characterization plays an important role in Cys {C ) 7 0%
knowing the protein's nature (Pramanik et al. 2017). The Expasy Gln {Q} 14 9%
ProtParam tool indicated the proportion of alanine (15.5%) to be Glu (E) 26 %
::gher E[htam ;[29 othe;)ar:_lrr]lo aa?sl, |nd|ca.t|:gd th: ;;a:le n.ature o; Gl v {G ) 31 7%
e protein (Figure 3). The protein consisted 0 amino aci . a
residues having a molecular weight of ~37.6 kDa. Molecular His {H} 1@ 8:;
weight is one of the crucial criteria for the functional Ile { L) 18 1%
characterization of proteins (Prabhu et al. 2020). Theoretical pl is Leu (L) 41 11.5%
5.81, indicating the acidic nature of this protein. For purification L}fS {I{ ) sl 5o

and isoelectric focusing in the development of buffer, pl prediction

plays an important role (Prabhu et al. 2020). The aliphatic index of Met {M ) 1@

the protein was very high (95.83), indicating the protein is Phe { F) 6 7%
thermostable, indicating this protein can be used for industrial or Pro (P) 26 3%
research applications. The general concept is that less thermostable Ser (S) 17 8%
enzymes generally have limited applications in industry, that’s Thr {T} 16 5o

why researchers are actively engaged in searching for highly
thermostable proteins for industrial applications (Delgove et al.

Trp (W) 4

RN R P EE SRR W RCD W W R W R
o
&2

2018). The grand average of hydropathicity (GRAVY) was low Tyr (YY) 1@ 8%
(0.063), indicating this protein has better interaction with water. Val (V) 19 A%
Similar types of results were reported in the case of Rhodococcus p}, 1 {G} e %
rhodochrous while working with alkane-1-monooxygenase (Pal a
and Sengupta 2022). Sec { Ul @ 0%
3.4 Secondary structure prediction { B) e 0.0%

i
Netsurf-P server prediction revealed that there are 14 helical { Z) 0 9.0%

i
structure and 9 strands within this protein (Figure 4). Prediction of {K} e 0.0%
secondary structure by CFSSP showed that the protein has alpha- Figure 3 Amino acid composition of the sequence of MR
helix 73.2%, sheets 33.5%, and turns 12.7%. From this secondary determined by Expasy protparam tool
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Relative Surface Accessibility: =~ Red is exposed and blue is buried, thresholded at 25%
Secondary Structure: /v Helix, = Strand, — Coil.
Disorder: - Thickness of line equals probability of disordered residue.
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Figure 4 Secondary structure of the enzyme was determined by Netsurf-P

Figure 5a Predicted ribbon structure of MR visualized by UCSF chimera; Figure 5b Predicted hydrophobicity surface view of MR, showing
major and minor grooves

structure prediction, it was evident that the proportion of alpha
helix was much higher than the other type of protein conformations
(turn and sheet). Protein-protein interactions are often mediated by
an alpha helix. The higher content of alpha-helices indicated that
the protein is thermostable because such secondary structures are
participated to resist the high temperature in thermophilic
organisms (Kumar et al. 2000; Yakimov et al. 2016).

3.5 Structure analysis and model quality assessment

The I-TASSER server predicted the high-quality tertiary structure
of a protein. The server generates only one model for which the C-
scores is 0.81. The positive C-score of MR protein secures high
confidence for the generated model. The Estimated TM-score of
0.82+0.08 and estimated RMSD of 4.9+3.2A show a positive
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correlation with its native protein structures. The chosen
template proteins like 3W5S, 6SCI, 3JZD, 1VLJ, 5BR4, 7FJG,
and 6JKO by the I-TASSER server are different by origin but
functionally similar i.e., oxidoreductase. From these parametric
values of TM-align, the structural model of MR protein is
certainly similar to the following proteins like 6SCI, 3JZD,
3BFJ, 30WO, 4FR2, 7DAG,3ZDR,3HLO, and 2BI4 that have
Oxidoreductase function. Thus, based on structural similarity
with other proteins having oxidoreductase function, it can be
predicted that in biological system MR protein may also have
oxidoreductase properties. The helix, sheet, and turns of the
predicted model was visualized by UCSF chimera, shown in
Figure 5a, whereas the hydrophobicity surface was visualized in
Figure 5b. Blue patches were indicated by hydrophilic area and
red patches were hydrophobic in nature.

6A
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The confidence score (C-score) of the predicted model was 0.81.
C-score generally ranges from [-5,2], where the higher values
indicated the model was high confidence and vice-versa. The
estimated TM and RMSD was reported 0.8120.8 and 4.9+3.2A
respectively. All these values indicated that the model was highly
significant. The model was selected for further analysis.

The quality of the build 3D model (.pdb) was assessed by
PROCHECK, Verify 3D, ERRAT, and QMEAN Programmes. The
average 3D-1D score of the protein model showed that 91.83% of
residues have > 0.2 scores in Verify 3D server; whereas the
threshold value to attain the best fit and acceptable model is 80%
(Laskowski et al. 1993) (Figure 6a). So, it could be concluded that
the model was accepted and passed through Verify 3D server. The
ERRAT value for this protein model was 94.7977 for both chains

MR--TASSER.pdb Chain 1

] Averaged Score [ Raw Score

6B
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Overall quality factor**: 94.798
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(Figure 6b). A higher score of ERRAT value indicates the good
quality of this model. The accepted threshold value for a high-quality
model is >50 (Pal et al. 2021). QMEAN is a scoring function that
calculates the global as well as local per residue quality analysis of
the protein of interest, based on one single model (Benkert et al.
2011). The QMEAN score close to zero denotes the good quality of
the model. QMEAN4 score for this predicted protein of MR was -
3.64 (Figure 6c¢). The QMEAN score of less than -4 is an indication
of a low-quality model (Pal et al. 2021). The Z score of the query
protein sequence (MR of strain PNPG3) was within an acceptable
range, i.e., 1< [Z score] <2 in comparison with a non-redundant set
of PDB structures (Figure 6d).

The Ramachandran plot was constructed to find the locations
of amino acid residues of the protein of interest. According to
the PROCHECK result, Ramachandran plot data (Figure 6e,
Table 1) showed 87.2% residues were in the maximum favored
regions; whereas 10.8% and 2% residues existed in the
additional allowed regions and the generously allowed regions
respectively. All these values were somewhat nearer to the
expected value and statistically significant. Generally, a good
quality model usually shows more than 90% residues in the
favored regions (Berman et al. 2000; Yadav et al. 2013). A
similar type of model validation was reported by Pramanik et
al. (2018) and Pal et al. (2021).

Journal of Experimental Biology and Agricultural Sciences
http://www.jebas.org



Functional, and phylogenetic analysis of maleylacetate reductase of Pseudomonas sp strain PNPG3: An in-silico approach

Ramachandran Plot
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Figure 6(a-e) Evaluation of protein model of MR of Pseudomonas sp strain PNPG3; Figure 6a Average 3D-1D score of the protein model
determined by SAVES server; Figure 6b The ERRAT value for this protein model determined by SAVES server; Figure 6c QMEAN4 score
for this predicted protein of MR; Figure 6d The Z score of the predicted protein of MR; Figure 6e Ramachandran plot of the predicted protein
model of MR

Table 1 Statistics of Ramachandran plot

Statistics Number of amino acid residues Percentage
Residues in the most favoured regions [A, B, L] 258 87.2%
Residues in the additional allowed regions [a, b, I, p] 32 10.8%
Residues in the generously allowed regions [~a, ~b, ~I, ~p] 6 2%
Residues in disallowed regions 0 0%
Number of nonglycine and nonproline residues 296
Number of end-residues (excl. Gly and Pro) 2
Number of glycine residues (shown as triangles) 31
Number of proline residues 26
Total number of residues 355
3.6 Ligand binding sites and active sites determination of the Glycine, Serine, Threonine, Threonine, Alanine, Serine,

protein

Ligand binding sites of a protein provide significant information
related to their functional studies. The I-TASSER server indicated
that NAD, Zn, and ADP were the ligands for this protein molecule;
whereas COFACTOR indicated NAD, and Cobalt (Co) were the
ligand. Threonine, Glutamine, Methionine, Histidine, Glycine,

Threonine, Isoleucine, Lysine, Leucine, Serine, Leucine, Proline,
Valine, Serine, Asparagine, Histidine were identified as ligand
binding residues (determined by I-TASSER) at 40,43, 67, 68, 94,
95, 96, 117, 118, 120, 122, 125, 127, 136, 155, 158, 159,
160,163,167, 170, 253 positions respectively for NAD (Figure 7a).
Similarly, Asparagine, Histidine, Histidine, and Histidine have
been identified as ligand binding residues at 170, 174, 239, and
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Figure 7(a-c) Ligand binding side of the protein MR; Figure 7a Ligand binding sites of NAD at the protein MR; Figure 7b Ligand binding

sites of Zn at the protein MR; Figure 7c found amino acid Histidine

253 respectively for Zn (Figure 7b). Threonine, Glycine, Glycine,
Glycine, Serine, and Threonine were identified as ligand binding
residues (determined by COFACTOR) at 39, 93, 94, 95, 96, and 97
respectively for Co. Active sites of the predicted protein were
determined by the COFACTOR server. According to this server
active sites of this model were found to be Histidine®® and
Histidine®*® (Figure 7c).

3.7 Functional analysis

Ten potential interacting partners of pnpF encoding protein MR
were revealed by STRING analysis. The pnpF protein was MR,
metal ion binding, cation transmembrane transported activity, diol
was the closest protein with the shortest node, having catechol-1,2-
dioxygenase activity, while the distantly interacting protein was
recorded to be AEV61504.1 and AEV61372.1 both having 3-
oxoadipate enol-lactonase activity (Figure 8a, 8b). Two functional
motifs were detected by the motif finder tool (Figure 9). Both

239 243

and Histidine

motifs were found to the member of iron-containing alcohol
dehydrogenase. Pramanik et al. (2017) reported that the alkaline
phosphatase of P. aeruginosa PAO1 contains two motifs. The
multiple sequence alignment among the eleven MR protein
sequences revealed several stretches of conserved amino acid
sequences (designated as*). Such conserve sequences are —
YQSLPTRVVFGWGKLS-RLGARRALILTTPEQ-LGEQVAA-
AVMHVP-EVAQAAR-EAARL-ADCC-
GGGSTIGLGKAIAMDSGLPI-PTTYAAQDANPII-FMAEESIR-
QALYGAW-AGICLGS-GMALHHK-
CHTLGGTFNLPHAQAHIVIPHAAHYN-EAAA-RAARALGG-
KLGIPLAL-GPAEAA-IACA-PYYNPRPFEQ-PIEALL  (Figure
10). Pramanik et al. (2018) while working on myo-inositol
hexakisphosphate phosphohydrolase of Enterobacter, revealed that
DG-DP-LG was a conserved sequence of that enzyme. Aspergillus
niger 3-phytase A and 3-phytase-B have conserved sequences like
RHGXRXP-HD as explored by a multiple sequence alignment
study by Nifio-Gomez et al. (2017).
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Figures 8a and 8b Result of STRING based interactome study of maleylacetate reductase
Number of found motifs: 2 %
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]
Fe-AOH
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Pfam Position(Independent E-value) Description
Fe-ADH  |10..338(1.4e-81) | Detail |PF{JD465, Iron-containing alcohol dehydrogenase
Fe-ADH_ 2 [15..250({1.1e-16) | Detail |PF13685, Iron-containing alcohol dehydrogenase

Figure 9 The motif of maleylacetate reductase determined by themotif finder
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Figure 10 Multiple sequence alignment of 11 MR sequences of Pseudomonas spp. showing highly conserved amino acid residues.
An * (asterisk) meansfully conserved amino acids, a: (colon) suggests strongly similar type of amino acids and a. (period) conveysweakly
similar typesof amino acids. Hence, the hierarchy of conservation is (*) > (:) > (.). The highlighted area in the sequence indicates thehighly
conserved region of the protein

Conclusion

Maleylacetate reductase, one of the major lower pathway
enzymes found in different aerobic microbes, plays a vital role in
the biodegradation and bioremediation of toxic xenobiotic
compounds like PNP. However, no model for this protein is
currently available in PDB. Thus, theoretical knowledge of this
enzyme's structural, functional, and phylogenetic properties are
significant to get further insight into biodegradation study by
microorganisms. Computational-based analysis of protein
structure has nowadays become a very beneficial tool for
correlating the structure-function features of the protein as
sometimes the crystal structure of the protein is not obtained
readily. Here, attempts were made to determine and predict the
structural-functional correlation of maleylacetate reductase of
Pseudomonas sp strain PNPG3. The protein is thermostable and
acidic, having a molecular weight of 37.6KDa. The number of
alpha helices of this protein is much higher than the other types
of secondary structures. Ligand binding sites and active sites of
the enzyme was predicted. A model of this protein was generated
with a good quality score. Both motifs were shown to be a
member of iron-containing alcohol dehydrogenase. Highly

conserved regions of the protein were determined by multiple
sequence alignment. This work might be helpful to the scientific
world of bioinformatics research. Researchers could get
information about the protein’s physicochemical properties,
protein-protein interaction, structure, and conserve domain, and
structural motifs essential for detoxification and cost-effective
bioremediation in the aquatic ecosystem.
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