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Abstract: In this study, the in silico structural and functional characterization of a hypothetical protein All4871 from
Nostoc sp. PCC 7120 was performed. The 287 amino acid residue protein sequence revealed considerable homology
with 1-acyl-sn-glycerol-3-phosphate acyltransferase (AGPAT) from different organisms. Multiple sequence alignment
of All4871 with the AGPAT isomers showed the presence of conserved motifs (motif [-IV) crucial for acyltransferase
activity. The All4871 protein depicted the characteristic topology of membrane-bound AGPATs. Both N- and C-terminus
of the All14871 protein face the inner side of the membrane. The predicted tertiary structure of Al14871 has an N-terminal
helix and af catalytic core, which are characteristic features of AGPATs. Amongst the CASTp predicted binding pockets,
pocket 1 acts as a groove-spanning active site crucial for acyltransferase catalysis, lysophosphatidic acid (LPA), and
acyl coA (MCL) binding site. Docking studies further supported pocket 1 as the binding site for both LPA and MCL,
which act as substrates for acyltransferase catalysis. So, the overall analyses have pointed toward the possibility that the
hypothetical protein All4871 from Nostoc sp. PCC7120 may act as a 1-acyl-sn-glycerol-3-phosphate acyltransferase.
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1. Introduction

Cyanobacteria carefully control the composition/fluidity of their membrane glycerophospholipids by using a
universal two-step pathway, which regulates the positional asymmetry of fatty acids in glycerophospholipids [1-
3]. In the first acylation step, the sn-glycerol-3-phosphate (G3P) is converted into 1-acyl-glycerol-3-phosphate
(lysophosphatidic acid or LPA) after reacting with the acyl-ACP (fatty acyl moiety carrying acyl carrier protein), and
this reaction is catalyzed by G3P acyltransferase (GPAT). The second acylation step catalyzes the conversion of 1-acyl-
glycerol-3-phosphate to central intermediate phosphatidic acid (PA) with the help of enzyme 1-acyl-sn-glycerol-3-
phosphate acyltransferase (LPAAT or AGPAT).

Copyright ©2023 Manish Singh Kaushik,et al.

DOI: https://doi.org/10.37256/ujcs.1120232059

This is an open-access article distributed under a CC BY license
(Creative Commons Attribution 4.0 International License)
https://creativecommons.org/licenses/by/4.0/

Volume 1 Issue 1]2023| 37 Universal Journal of Catalysis Science


https://www.wiserpub.com/
https://ojs.wiserpub.com/index.php/JSPR/

Acyl-ACP Acyl-ACP

G3P > LPA > PA
GPAT LPAAT/
AGPAT (1

PA is the key intermediate in the biosynthesis of glycerophospholipids and triacylglycerols (TAG) [4]. In
cyanobacteria, GPATs and AGPATSs regulate the positional asymmetry of fatty acids by directing C18:0 to the sn-1 and
C16:0 to the sn-2 position [5]. Unlike plants and animals, cyanobacterial AGPATSs have not been well characterized. The
information related to cyanobacterial GPATs and AGPATs is limited to only a few reports [3, 6, 7, 8].

The advent of advanced Next Generation Sequencing techniques has made the whole genome sequencing of newly
identified organism a routine work. Although, the complete genome of a diverse group of organisms has been
sequenced; however, the functional roles of as many as 30—40% of the genes have not been assigned yet [9].
Nostoc sp. PCC 7120 (hereafter denoted as Nostoc 7120) is one such model organism, whose genome was
completely sequenced more than a decade ago [10, 11], however, there are still hundreds of conserved hypothetical
proteins which do not have a prescribed function. Although, the central pathways regulating metabolisms in Nostoc
are already known; however, these hypothetical proteins remain hurdles in understanding mechanisms regulating
signaling and protein-specific responses [12]. These knowledge gaps provoked scientists to develop computational
pipelines using experimental data for predicting protein structures and functions. These computational pipelines
although not sufficient for establishing biological functions; however, can surely help to provide scientific openings for
wet laboratory experiments.

The Nostoc 7120 contains approximately 5368 protein-encoding genes, among which 1453 (27 %) are categorized
as genes code for hypothetical proteins and the assignment of each gene is listed in CyanoBase (http://www.kazusa.
or.jp/cyanobase/) [10]. In the present communication, we have surveyed the CyanoBase, selected a hypothetical protein
All4871, which could be a probable acyltransferase, and performed its structural and functional characterization using in
VVsilico approach.

2. Materials and methods
2.1 Sequence retrieval, domain analysis, and homology identification

The FASTA sequence of All4871 encoding protein sequence was retrieved from the CyanoBase (http://www.
kazusa.or.jp/cyanobase/) and subjected to conserved domain search using Conserved Domain Architecture Retrieval
Tool (CDART; https://www.ncbi.nlm.nih.gov/Structure/lexington/lexington.cgi) [13]. The BLASTp (http://blast.
ncbi.nlm.nih.gov/Blast.cgi) was then employed to perform protein homology against the non-redundant and UniProt/
SwissProt database. The top 15 hits were selected and the sequence conservation was determined by multiple sequence
alignment and phylogenetic analysis using the BioEdit tool [14] and MEGAG [15], respectively.

2.2 Protein-protein interaction analysis and topology prediction

The probable interacting proteins for the hypothetical protein All4871 were predicted using String version 11 ([16];
https://string-db.org) and visualized in Cytoscape 3.7.2 [17]. The STRING database integrates the available information
from the classification systems based on Gene Ontology and KEGG, high-throughput text-mining as well as on
hierarchical clustering of the association network to generate a comprehensive network. The interaction scores represent
confidence (on a scale of zero to one) in the association. Bologna Unified Subcellular Component Annotator (BUSCA)
web server (http://busca.biocomp.unibo.it) was used for predicting the protein subcellular location of the hypothetical
protein [18]. The topology of the hypothetical protein was predicted by using MemBrain 3.1 online web server ([19];
http://www.csbio.sjtu.edu.cn/bioinf/MemBrain/). MemBrain as a tool predicts transmembrane helices, residue—residue
contacts, and the relatively accessible surface area of a-helical membrane proteins.
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2.3 Structure prediction, 3D modeling, and quality assessment

The physicochemical properties of the hypothetical protein All4871 were determined using the Protparam tool
([20]; http://web.expasy.org/protparam/). The secondary structure of the All4871 protein was predicted by the UCLA
PSIPRED server ([21] ; http://bioinf.cs.ucl.ac.uk/psipred/). The three-dimensional structure was predicted by the Phyre2
modeling tool [22] and further visualization was done using Discovery Studio version 16. The quality of the predicted
structure was checked by PROCHECK [23] and verify3D of the UCLA-DOE LABS-SAVES version 6.0 ([24]; https://
saves.mbi.ucla.edu/). The overall quality of the 3D model was also assessed using the ProSA-web server. The obtained
Z-score determined the potential errors in the predicted 3D model and ensured that the predicted structure is within
the range of scores typically found for native proteins of similar size[25]. The hypothetical protein 3D model was
superimposed with the known 3D structure of the template using SuperPose version 1.0 (http://superpose.wishartlab.
com/) to assess the structural similarity of All4871 with the selected template. The final validated model was then
deposited to PMDB (Protein Model Data Base) [26].

2.4 Binding pocket predictions and docking analysis

The binding pockets in the hypothetical protein All4871 were identified using the CASTp server ([27]; http://sts.
bioe.uic.edu/castp/index.html?2pk9). The top 4 pockets were selected and studied through UCSF Chimera version 1.11.2
[28]. Docking study was performed by Patchdoc server ([29]; http://www.molegro.com/products.php) and docked
model was further refined using Firedock ([30]; http://bioinfo3d.cs.tau.ac.il/FireDock/). The structures of ligands
[lysophosphatidic acid (LPA) and acyl-CoA (MCL)] were retrieved as SDF files from the PubChem site (http://www.
ncbi.nlm.nih.gov/pccompound) and converted to PDB file using OpenBabel version 3.1.1 [31]. The ligand PDB file
along with the protein PDB file (as a receptor) was imported to the Patchdoc server for docking analysis and the output
was visualized in discovery studio 16.

2.5 MD Simulation of membrane-protein complexation

MD simulations for membrane (POPC)-protein (All4871) association were performed using GPU-accelerated
Desmond package of Schrodinger [32] running on an HP Proliant DL380 Gen9 high-performance Linux cluster
computer. The protein 3D model used for MD simulation was prepared by the protein preparation wizard in Maestro
and ionized at biological pH (7.4 + 2) applied by the PROPKA method. Further, the protein 3D model was refined to
minimize the steric clashes. The energy minimization of the protein model was done with convergence criteria of 0.3
A RMSD by employing the OPLS3e force field [33]. The TIP3P water model was used to create the hydration model.
To neutralize the system, a simulation was performed with 0.15 M NaCl (counter ion) concentration. The cut-off radius
of 9 A, 2.0 fs, 300 K, and 1 bar were set for van der Waals, time step, initial temperature, and pressure of the system,
respectively. The sampling interval was set to 100 ps and further, MD simulation was performed for 80 ns under the
NPT ensemble. The stability of MD simulations was established by monitoring the RMSD of the protein atom positions
throughout the simulation period.

3. Results
3.1 Sequence analysis of hypothetical protein All4871

The CyanoBase database was surveyed for studying the collection of hypothetical proteins from Nostoc 7120
genome (data source name: GCA_000009705.1). Out of several hypothetical proteins, we have selected All4871 for
further studies. The FASTA sequence of hypothetical protein All4871 (287 amino acid) was retrieved from CyanoBase
and used for the conserved domain prediction by using the CDART tool. The domain analysis revealed the presence
of the PIsC domain (PHE4-SER256), which belongs to the LPLAT/acyltransferase superfamily (E-value 1.88e-43)
(Figure A1). The protein-protein interaction analysis of the target hypothetical protein using the String tool also showed
the association of All4871 protein with acyltransferases and other proteins involved in lipid metabolism (Figure A2).
The hypothetical protein sequence was subjected to blastp analysis against non-redundant and UniProt/SwissProt
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database, which showed its homology with 1-acyl-sn-glycerol-3-phosphate acyltransferases (AGPATs) from different
cyanobacterial species (Tables Al & A2). Further, the top 15 homologs obtained through blastp analysis against a non-
redundant protein database were used to deduce the phylogeny, which showed the clustering of All4871 with different
cyanobacterial AGPATs (Figure 1).
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Figure 1. Phylogenetic analysis of target hypothetical protein Al114871 with different cyanobacterial 1-acyl-sn-glycerol-3-phosphate (AGPAT)
homologs

We have compared the sequence of All4871 with different AGPAT isoforms from Thermotoga maritime,
Escherichia coli, Homo sapiens, and Mus musculus, which showed conservancy of the catalytically important motifs
in All4871 (Figure 2). The invariant histidine and aspartate residues in motif I (HX,D) are crucial for acyltransferase
catalysis and were found highly conserved. The motif III (XPEGX,), another characteristic motif of AGPATSs, is also
found conserved in All4871. However, the invariant arginine residue presents in motif III (PEGTR) of acyltransferase
from E. coli, H. sapiens, and M. musculus, respectively, was found replaced by isoleucine residue in motif III (PEGNI)
of All4871 (Figure 2). Motif II and IV are considered important for the acyltransferase activity but were not found
well conserved in hypothetical protein All4871 (Figure 2). Further, the multiple sequence alignment of the All4871
sequence with the top 15 homologs obtained after the BLASTp analysis also showed the presence of conserved HX,D
and XPEGX, motifs in all the sequences (Figure A3). The canonical motif II and motif IV were completely replaced
by other motifs in All4871, which were however found highly conserved among the cyanobacterial homologs (Figure
A3). We have also predicted the physicochemical properties of the hypothetical protein All4871, which revealed the
instability index, aliphatic index, and GRAVY as 53.95, 88.26, and -0.238, respectively (Table A3).
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Figure 2. Multiple sequence analysis of All4871 protein sequence with the 1-acyl-sn-glycerol-3-phosphate (AGPAT) isoforms from Thermotoga
maritime, Escherichia coli, Homo sapiens, and Mus musculus. The boxes represent the conserved motifs (I-IV) important for the acyltransferase
activity. Asterisk (*) represents the amino acid residues that have important roles in acyltransferase catalysis [34]

3.2 Sub-cellular location and topology prediction of the hypothetical protein All4871

The BUSCA output revealed that the hypothetical protein All4871 localizes on the plasma membrane (Table A4).
The topology of the target hypothetical protein was predicted through MemBrain 3.1 online web server. The MemBrain
output also revealed that the hypothetical protein All4871 is a membrane protein whose N- and C-terminal both faces
the inner side of the membrane (Figure 3). The hydrophobic amino acids from L39-L48 (TMH1), L82-A87 (TMH?2),
and S167-S172 (TMH3) build the transmembrane helices (TMH) which anchors the membrane (Figure 3). The
conserved motif I lie in between TMH1 and TMH2, conserved motifs II and III are located between TMH2 and TMH3
and motif IV preceded TMH3 (Figure 3). The motif I and IV were found to be located near the membrane.

Qutside

Motif I

Figure 3. Schematic representation of the predicted topology of Al14871 located with both N- and C- terminals on the inner side of the membrane.
Amino acid residues forming transmembrane helices (TMH 1-3) and loops are presented in red and blue color, respectively. Amino acids from Met1-
Val38, Pro49-Ser81, Thr88-Ile166, and Alal73-Try287 form predicted loops, while L39-L48, L82-A87, and S167-S172 form TMH spanning the
membrane
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3.3 All4871 tertiary structure prediction and validation

The secondary structure prediction of the All4871 protein revealed that the protein has 40 % a-helix, 17 %
B-strand, and 6 % TMH (Figure A4). The tertiary structure of the target hypothetical protein was predicted by using the
Phyre2 modeling tool against the template SkymA (a TmPIsC protein from Thermotoga maritima) with 24 % identity
and 67 % coverage (Figure 4a). Despite the low identity, it was found that motif I (HX,D) and motif III (XPEGX,) of
hypothetical protein All4871showed high similarity with that of template protein (Figure 2). The motif III (PEGTR)
of template protein has a conserved arginine which has been replaced by isoleucine residue in motif III (PEGNI) of
All4871 (Figure 2). The predicted tertiary structure (PMDB id: PM0084220) contains eight a-helix and seven stranded
antiparallel B-sheets, which is the characteristic feature of AGPATs. The tertiary structure of the hypothetical protein
was superimposed on the template protein (Figure 4b). The small RMSD value (1.55 A) revealed the reliability of the
tertiary structure. However, it was observed that the tertiary structure of the template protein has one extra N-terminal
a-helix (Figure 4b). We have further validated the predicted tertiary structure of All4871 using the PROCHECK
program. The PROCHECK output revealed that the predicted tertiary structure is of good quality as most of the amino
acid residues fall within the limits of favored (85.6 %), additionally allowed (12.6 %), and generously allowed region
of Ramachandran plot (Figure AS). The tertiary structure of All4871 was also verified by verify3D which showed that
85.31% of the amino acid residues have scored >=0.2 in the 3D/1D profile and indicated that the environmental profile
of the model is good (Figure A6). The overall model quality was estimated by the ProSA-web tool. The z-score value for
the tertiary structure of All4871 and the template protein was estimated at -5.29 and -6.44, respectively, which suggested
a close similarity between the template and the predicted structures and reinforced a good quality of the modeled protein
(Figure A7).

N-terminl helix

a b

Figure 4. (a) Predicted Tertiary structure of the hypothetical protein Al114871 showing eight a-helix and seven stranded antiparallel B-sheets. (b) The
superimposed tertiary structure of All4871 protein (red color) with the template protein SkymA (blue color)

3.4 Prediction of binding pockets and docking analysis of the hypothetical protein All4871

The binding pockets for the hypothetical protein All4871 were predicted and shown in Figure 5. We have selected
the top 4 binding pockets (pockets 1-4) on the All4871 protein predicted by the CASTp server. The amino acid residues
involved in the formation of binding pockets are presented in Table 1.
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Figure 5. Predicted active sites (pocket 1-4) located on the tertiary structure of the hypothetical protein Al14871

Table 1. The amino acids involved in forming active sites of hypothetical protein All14871 predicted via CASTp server

Pocket Amino Acids
LEU39, VAL42, HIS75, ALA77, ARG78, ASP80, SER81, LEU82, PRO85, ARG90, LEU97, PHE99, MET100, VAL101,
1 THR102, GLU105, GLN110, PHE113, VAL114, MET117, ILE122, GLN125, ALA128, VAL129, THR131, LEU132,
VALI146, ILE147, TYR148, GLY 151, ASN152, ILE 153, LYS163, SER164, GLY 165, ILE166, ARG168, LEU169
2 TYR40, GLN60, ILE63, PRO64, LYS65, THR66, GLY67, ALA87, THR88, GLY89, ARG90, TYR91, VAL92, MET144
3 VALI101, GLU105, CYS106, GLY111, VAL114, ARG115, GLY119, PRO121
4 LYS158, LEU159, ALA232, LEU235, GLN236

The docking analysis of hypothetical protein All4871 was performed with the two different substrates of
acyltransferase i.e., LPA and MCL. The details of the docking analysis are presented in Table A5 and Figure 6.

ARG168 HIS75

Pocket 1
LPA

LYS163  TYR148

GIN12s ' ILEI22

¢ d
Figure 6. The docked complexes of hypothetical protein All4871. Amino acid residues interacting with LPA (a) and MCL (c). The hydrophobic

surface representation of the hypothetical protein Al14871 shows pockets/grooves for binding LPA (b) and MLC (d). LPA and MLC bind to CASTp
predicted pocket 1
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The LPA interacts with the amino acid residues His75, Met100, and Argl68 (Figure 6a). The LPA interacting
residues His75, Met100, and Arg168 are involved in the formation binding pocket 1 predicted by CASTp analysis (Figure
6b & Table 1). Furthermore, MCL interacts with amino acid residues Arg78, Met100, Thr102, Ile 122, GIn125, Tyr148,
Glyl151, and Lys163 (Figure 6¢), which are also the part of binding groove identified as binding pocket 1 by CASTp
analysis (Figure 6d & Table 1). The overall docking analysis revealed that the CASTp predicted binding pocket 1 is
the location spanning the active site important for acyltransferase activity, LPA binding groove, and acyl chain binding
groove (Figure 7a). We have also shown the active site locale consists of the amino acid residues His75, Asp80, Tyr148
and Ile153, which were the part of two of the characteristic conserved motifs i.e., HX4D and XPEGX2, important for
the acyltransferase activity (Figure 7b).

\%{148

& Active site

(ap-core)
. Acyly chain
N-terminal binding gove
helix

Figure 7. (a) The 3D model of All4871 representing the active site, LPA binding groove, acyl chain binding groove, and N-terminal helix. (b) The
zoomed view of the active site locale of the hypothetical protein All 4871

3.5 Analysis of membrane-protein association using MD simulation

To get an insight into the membrane-bound nature of the All4871 protein, we performed MD simulations on
the POPC membrane and predicted the tertiary structure of All4871. The simulation was run for 80 ns following the
equilibration of the MD simulation. The RMSD values of side chains, Ca atoms, and heavy atoms were estimated for the
All4871-POPC complex, which showed less variation and suggested that the protein model was stable while interacting
with the POPC lipid bilayer (Figure A8). Figure 8a is showing the MD simulation-SU trajectory showed that the amino
acids from the red helix and red loop or N-terminal helix motif (SER29-GLY53, dark blue color), yellow helix/loop,
and B sheet (PRO85- GLY94, cyan color), neon green helix (CYS106, LEU109, GLY111-MET117; light green) blue
loop (CYS197, TRP198, AND GLY 199, orange color) are involved in the interaction between the protein and lipid
bilayer (Figure 8b & Table 2). The MD simulation results fully supported the membrane-bound nature of the All4871
protein, where the N-terminal helix motif along with other domains from the aff core helps in stabilizing the preferred
orientation of All4871 in the lipid bilayer. The MD simulation data is also in coherence with the TMH prediction data.
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All4871

Membrane binding
domain

N-terminal helix

b
Figure 8. MD-derived complex of All4871 bound in the POPC lipid bilayer. (a) The snapshot image of the All4871-POPC complex was acquired at

80 ns following the equilibration of the MD simulation. (b) Image showing the domains and amino acids of All4871 involved in interaction with the
lipid bilayer (POPC). The details of amino acids are presented in Table 2

Table 2. The MD simulation-derived domains and the amino acids of All4871 were involved in the interaction with the lipid bilayer

Interacting domain Interacting amino acids

Red spiral and red loop  gppo9 ARG30, PRO 33, PHE41, VAL42, ASN44, PHE46, LEU48, PRO49, SER50, PHES2, GLYS3,
(N-terminal helix)

Yellow spiral /loopand B ppogs TyRS6, ALAS7, GLY89, ARG90, TYR91, VAL92, THR93, GLY94

Sheet
Neon Green CYS106, LEU109, GLY111, TRP112, PHE113, VAL114, ARG115, ARG116, MET117
Blue loop CYS197, TRP198 AND GLY199

4. Discussion

As the initial approach of investigation, the domain investigation, phylogenetic construction, and protein-protein
interaction analysis revealed that the hypothetical protein All4871 may belong to the acyltransferase family. The
homology studies of the All4871 protein showed the presence of conserved motifs (motif I-IV), which are considered
the characteristic feature of the members of the acyltransferase family [3, 4]. In most of the AGPATs, motif I (HX,D)
is the most conserved region and a critical component of the acyltransferase catalytic machinery [34]. In addition to
acyltransferase catalysis, motif I along with motif IV forms the binding site of acyl-CoA [4]. In motif I, the invariant
histidine (His75 in Al14871) with a lone pair electron act like a base to attract proton from 2-hydroxyl group present at
sn-1 position of LPA, which leads to a nucleophilic attack on the thioester bond in the acyl-CoA [34]. On the other hand,
conserved aspartate (Asp80 in All4871) in motif I is involved in maintaining the lone pair electrons on the Ne2 nitrogen
of invariant histidine, which is required to facilitate the nucleophilic attack on the thioester substrate [34]. Mutations
in either of the invariant histidine or aspartate in motif I resulted in a complete loss of acyltransferase activities [4].
In AGPATs, Motif II and III have a role in LPA binding [4]. In human AGPAT1, R149K substitution in motif II and
T180S substitution in motif III resulted in an increase in the Km value for LPA; hence, reduced the affinity for LPA [4].
In AGPATSs, threonine and arginine residues in motif III are essential for the acyltransferase activity [4], however, in
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All4871, these crucial amino acids have been replaced by aspargine (Asnl152) and isoleucine (Ile153), respectively. The
arginine residue in motif Il has a role in binding the 3'-phosphate of LPA, mutating which leads to complete loss of
acyltransferase activity. Although, arginine in motif III is essential for acyltransferase activity; however, its replacement
with isoleucine is a common feature in almost all cyanobacterial AGPATSs (as observed in Figure A3). So, understanding
the impact of R1531 substitution in motif III of All4871 protein on LPA binding and acyltransferase activity needs a
thorough investigation. Motif II and motif IV were completely replaced by other motifs in All4871. However, motif
IT and motif IV observed in hypothetical protein All4871 are highly conserved among the cyanobacterial homologs,
suggesting their common roles in the cyanobacterial acyltransferases. In AGPATs, motif I and motif IV are involved in
the binding of the phosphopantetheine arm of the acyl donor and stabilization of motif 1, respectively [34].

The topology analysis of hypothetical protein All4871 showed the presence of transmembrane helices (TMH 1-3),
which pointed towards the fact that this is probably a membrane protein. All4871 has exposed all its catalytic motifs
towards the inner side of the membrane which is the characteristic topology of many acyltransferases [35]. The All4871
topology revealed that motif I and IV were arranged near the inner side of the membrane, while motifs II and III were
found comparatively away from the inner side of the membrane. It has been reported that the binding site of acyl-CoA
(acyltransferase substrate) is located near the membrane surface [4]. The above fact supported the location of motifs I
and IV near the inner side of the membrane, as these two motifs together form the predicted binding site of the acyl-CoA
in All4871. Moreover, the location of motifs II and III away from the inner side of the membrane might be involved in
the binding polar LPA or molecules lacking hydrophobic moieties like glycerol-3-phosphate (G3P) [4].

Furthermore, the predicted tertiary structure of All4871 is shown to have an N-terminal helix and characteristic of3-
core of AGPATSs [34, 36]. In structurally conserved acyltransferases, the presence of hydrophobic and aromatic amino
acids in the N-terminal helix helps in anchoring the af} catalytic core to the membrane bilayer. Our MD simulation data
also supported the involvement N-terminal helix along with other domains from the catalytic aff core in stabilizing
the orientation of All4871 in the lipid bilayer. The N-terminal helix motif of TmPIsC helps in bringing the catalytic
domain into proximity of the membrane bilayer, where the kink in helix al allows it to enter the membrane, while
the hydrophobic and basic residues interact with the surface of the membrane [34]. The structural comparison of the
3D model of All4871 with the template SkymA (a TmPIsC protein from Thermotoga maritima) showed a similarity
between the two structures. However, the template protein contains an extra N-terminal antiparallel a-helix which
renders a comparatively tight association with the membrane. Robertson et al. [34] reported that the truncation of
the N-terminal helix (al helix or al and o2 helix both) resulted in the removal of TmPIsC from the membrane. The
N-terminal helix is also responsible for exposing the af catalytic core to the cytosolic face; therefore, truncated protein
(without the N-terminal helix) was catalytically inactive [34]. Based on CASTp analysis and docking analysis, the
predicted binding pocket 1 was considered as the pocket spanning the location of the active site (aff catalytic core), LPA
binding groove, and acyl chain binding groove. The hypothetical protein All4871 showed the predicted binding sites
for the AGPAT substrates i.e., LPA and MCL. Interestingly, in the All4871-LPA complex, the 3’-phosphate of LPA was
bound to the Argl68 residue. Therefore, it might be possible that in cyanobacterial AGPATs, Argl68 has taken over the
role of conserved arginine of AGPAT motif III which has been substituted by isoleucine (R1531) in All4871. However, a
thorough investigation is needed to establish the above assumption.

5. Conclusion

The overall analysis suggested All4871 protein might act as a 1-acyl-sn-glycerol-3-phosphate acyltransferase
(AGPAT). Although the hypothetical protein was predicted as an AGPAT, a thorough experimental validation is
needed to confirm the biological function. This study is still very helpful in providing an opening for studying and
understanding cyanobacterial AGPATS.
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Appendix
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Figure A1. Schematic representation of domain organization of the hypothetical protein Al14871 from Anabaena sp. PCC 7120
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Figure A2. Protein-protein interaction network for the hypothetical protein All4871. Protein-protein interaction analysis was performed by using
String version 11 (https://string-db.org/) and further analyzed by Cytoscape 3.4.1 using the betweenness centrality algorithm. The color range
represents betweenness values
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BAB76570.1 alld 60 QENIPKTGPVILAHTHRARWDFLLLPYATGRYVTGRDLKFMVTKTECRGLOGWFVRRMEG] 119
WP_010998997.1: 60 QENIPKTGPVILAHTHRARWDBLLLPYATGRYVTGRDLKFMVTKTECRGLOGWFVRRMGG| 119
WP_190569424.1 60 QENIPKIGPVILAHTHRARWDELLLPYATGRYVTGRDLKFMVTKTECRGLQGWEVRRMGG| 119
WP_011318928.1 60 QENIPNTGPVILAHTHRARWDBLLLPYATGRYVTGRDLKFMVTKTECRGLOGWEVRRMGG| 119
WP_190408152.1 60 QENIPKTGPVILAHTHRARWDBLLLPYATGRYVTGRDLNFMVSNNECRGLOGWEVRRMIGG| 119
WP_082727308.1: 61 KEQLPKKGPVILAHTHRARWDBLLIPYAAGRYVTGRDLNFMVSNNECQGLOGWEVRRMGG| 120
WP_096678928.1: 61 KEQLPKIGPVILAHTHRARWDBLLIPYAAGRYVTGRDLNFMVSNNECQGLOGWFVRRMGG| 120
WP_190478368.1: 61 KEHIPKTGPVILAHTHRARWDBLLIPYAAGRYVTGRDLNFMVSNNECRGLOGWEVRRMGG| 120
WP_015140434.1: 60 QEHLPQSGPVILAHTHRARWDELLLPYAVGRYVTGRDLQFMVTRTECRGLOGWEVRRMGG| 119
WP_224093091.1: 61 QEQLPKTGPVILAHTHRARWDPLLIPYVAGRYVTGRDLNEMVSNNECQGLQGWEVRRMGG| 120
WP_179047289.1: 60 QENIPTTGPVILAHTHRARWDPEVLAYAAGRYVTGRDLKEMVTMTECQGLQGWEVRRMGG| 119
WP_190701934.1 60 QENIPKTGPVILAHTHRARWDELLLPYATGRYVTGRDLQFMVTIDECQGLQGWFIRRMGG| 119
WP_066424389.1 60 QENLPQSGPVILAHTHRSRWDBILLPYATGRYVTGRDLQFMVTLTECQGLOGWLVRRMGG| 119
WP_066377927.1: 60 QENLPLSGPVILAHTHRSRWDPILLPYATGRYVTGRDLQFMVTLTECQGLQGWLVRRMGG| 119
HFS10187.1:1-25 60 RENIPKTGPVILAHTHRARWDPLLLAYAAGRYVTGRDLOFMVTIDECQGLQGWFVRRMGG| 119
WP_103138599.1: 60 QEHIPTTGPVILAHTHRARWDRLLLAYAAGRYVTGRDLQFMVTVDECQGLQGWEVRRMEG|119

Motif |
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BAB76570.1 all4 120 FPIDTQHPAVSTLRHAVELLQQGOMLVIY PEGNIFRDGKLHPLKSGISRLALSAE] 179
120 FPIDTQHPAVSTLRHAVELLQQGOMLVIYPEGNIFRDGKLHPLKSGISRLALSAES 179

120 FPIDTQHPAVSTLRHAVELLQQOGOMLVIY PEGNIFRDGKLHPLKSGISRLALSAE] 119

120 FPIDTQHPAISTLRHAVELLOQOGOMLVIY PEGNI[FRDGKLHPLKSGISRLALSAE] 179

120 FPVDTQHPAVSTLRHAVELLQOGOMLVIY PEGDIFRDGKLHPLKPGIARLALSAE] 179

121 FPVDTLHPAVSSLRHAVELLQQKQMLVIY PEGNIFRDGKLHPLKPGIARLALSAE] 180

x| 121 FPVDTLHPAVSSLRHAVELLQOKOMLVIYPEGNIFRDGKLHPLKPGIARLALSAE 180
WP_190478368.1: 121 FPVDTLHPAVSTLRYAVELLHQEQMLVIYPEGNIFRDGKLHPLKPGIARLALSAE]| 180
WP_015140434.1: 120 FPIDPQHPAIATLRHAVEVLOQOEQMLVIYPEGNIFRDGKIHPLKPGIARLALSAE $8
WP_224093091.1: 121 FPVDTLHPAVSSLRHAVELLKQKQMLVIYPEGNIFRDGKLHPLKPGIARLALSAE 180
WP_179047289.1: 120 FPVDTLNPAVTALRHAVEVIQNGOMLVIYPEGNIfFRDGKLHPLKPGIARLALSAE] 179
WP_190701934.1 120 FPVNPQHPAVATLRHAVEVLOQEQMLVIY PEGDI[FRDGEVHQLKPGIARLALSAE] 4+a
WP_066424389.1 120 FPVDTKHPAIATLRHAVEVLHQGOMLVIY PEGNI[FRDGKIHPLKPGIARLALSAE] 6]
WP_066377927.1: 120 FPVDTKHPAIATLRHAVEVLHQGQMLVIY PEGNIFRDGKIHPLKPGIARLALSAE 179
HFS10187.1:1-25 120 FPVDTQRPAISTLRHAVEVLORGOMLVIYPEGNIFRDGKVHTLKPGISRLALSAE] 179
WP_103138599.1: 120 FPVDTKRPAIATLRHAVEVLQQOGKMLVI]Y PEGNI[FRDGKVHTLKPGISRLALSAE] 178

Motif Il Motif 11 Motif IV

190 200 210 220 230 240
R R B N R R R R B R R e

BAB76570.1 all4 180 LGVKILPISINYSQPYPCWGTDVSIHIGSPINVQDYTKGKVKQONAKRLTEDLARDLQSLS 239
WPp_010998997.1: 180 LGVKILPISINYSQPYPCWGTDVSIHIGSPINVQDYTKGKVKONAKRLTEDLARDLOSLS 239
WP_190569424. 180 LGVKILPISINYSQPYPCWGTDVNIHIGSAINVQDYTNGKVKONAKRLTEDLTRDLONLS 239
Wp_011318928. 180 LGVKILPVSINYSQPYPCWGTDVSIHIGTAINVQDYTNGKVKONAKRLTEDLARDLOSLS 239
WP_190408152. 180 VGVKILPISINYSQPYPCWGTDVSIHIGSAINVQDYTHGKVKQONAKRLTEDLARDLORLS 239
Wp_082727308. 181 LGVKIVPISINYSHPYPCWGTDVSIHIGSAISIQDYTNGKIKQNAKRLTEDLSKDLORLS 240
WP_096678928. 181 LGVKIVPISINYSHPYPCWGTDVSIHIGSAISIQDYTNGKIKQNAKRLTEDLSKDLQRLS 240
WP_190478368. 181 LGVKILPISINYSHPYPCWGTDVSINIGSAINVKDYTNGKVKQNSKRLTEDLTKDLQRLI 240
WP_015140434. 180 LGVKIIPVSINYSEPYPSWGTDVSIHIGSAINVODYVNGKAKQONAKRLTEDLTKSLOKLS 239
WP_224093091. 181 LGVKIVPISINYSHPYPCWGTDVSIHIGSAISIQDYTNGKIKQNAKRLTEDLSKDLORLS 240
WP_179047289. 180 LGVKILPISINYSQPHPHWGTDVSIQIGSAINVODYTNGKLKONAKRLTEDLTRTLQHLS 239
WP_190701934. 180 LGVKIIPVGINYSEPYPSWGADVSIEIGSPMNVKDYTNGKAKQNAKRLTEDLTRTLQHLS 239
WP_066424389. 180 LGVKILPVGINYSQPYPSWGTDVSINIGSAIDVQDYINGQVKONAKRLTEDLTRSLOQLS 239
WP:066377927, : 180 LGVKILPVGINYSQPYPSWGTDVSINIGSAIDVQDYINGOVKONAKRLTEDLTRSLOQLS 239
HFS10187.1:1-25 180 LGVKIIPIGINYSEPYPSWGADVSINIGPAINVKNYTNGKIKONAKHLTEDLTRSLONLS 239
WP_103138599.1: 180 LGVKILPVGINYSEPYPSWGADVTINIGPAINVNDYTIGKAKQNAKQLTEDLTRSLONLS 239
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Figure A3. Multiple sequence alignment of the amino acid sequence of hypothetical protein All4871 (BAB76570.1) against the top 15 homologs from
different cyanobacterial species. Motif I-IV represents the motifs crucial for the acyl transferase activity
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Figure A4. The secondary structure of the hypothetical protein All4871predicted by using the PSIPRED tool
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Figure A8. RMSD evolution of All4871-POPC complex
Table A1. Similar proteins were obtained from the non-redundant protein sequence database
Accession No. Organism Pﬁqg:;ien Identity (%) Score E-value
WP_010998997.1 Nostocaceae AGAPT 100.00 592 0.0
WP_190569424.1 Nostoc parmelioides AGAPT 92.33 544 0.0
WP_011318928.1 Trichormus variabilis AGAPT 83.50 518 0.0
WP_190408152.1 Anabaena subtropica AGAPT 89.06 481 4e-170
WP_082727308.1 Nostoc sp. NIES-3756 AGAPT 80.63 431 3e-150
WP_096678928.1 Nostoc sp. NIES-2111 AGAPT 80.63 427 6e-149
WP_190478368.1 Anabaena azotica AGAPT 81.42 424 le-147
WP_015140434.1 Nostoc sp. PCC 7524 AGAPT 75.78 423 3e-147
WP_224093091.1 Nostoc sp. MS1 AGAPT 78.66 417 5e-145
WP_179047289.1 Nostoc sp. TCL26-01 AGAPT 78.12 416 3e-144
WP_190701934.1 Anabaena minutissima AGAPT 74.61 414 le-143
WP_066424389.1 Anabaena sp. 4-3 AGAPT 71.88 402 9e-139
WP_066377927.1 Anabaena sp. CA = ATCC 33047 AGAPT 71.88 400 4e-138
HFS10187.1 Anabaena sp. AGAPT 71.48 389 Se-134
WP_103138599.1 Nostoc sp. CENA543 AGAPT 69.14 374 6e-128

AGPAT: 1-acyl-sn-glycerol-3-phosphate acyltransferase
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Table A2. Similar proteins obtained from non-redundant UniProtKB/SwissProt sequence database

Protein

Accession No. Organism Name Identity (%) Score E-value
Q8DNYI1.1 Streptococcus pneumoniae AGAPT 26 60.5 2e-09
007584.1 Bacillus subtilis AGAPT 22.79 54.3 le-07
Q8GXUS.1 Arabidopsis thaliana AGAPT 28.67 539 4e-07
P32784.3 Saccharomyces cerevisiae AGAPT 30.77 53.9 7e-07
QILLY4.2 Brassica napus AGAPT 27.97 52.4 1e-06
QI9P7P0.1 Schizosaccharomyces pombe AGAPT 28.00 51.6 4e-06
Q42870.1 Limnanthes douglassi AGAPT 26.36 46.2 le-04
Q42868.1 Limnanthes alba AGAPT 25.58 43.1 0.001

AGPAT: 1-acyl-sn-glycerol-3-phosphate acyltransferase; GPAT: glycerol-3-phosphateO-acyltransferase; UAT: Uncharacterized acyltransferase

Table A3. Physicochemical properties of hypothetical proteins Al14871

S. No. Parameters Values
1 Number of amino acids 287
2 Molecular weight 31891.43
3 Theoretical pl 9.46
4 Total number of atoms 4505
5 Extinction coefficients 35535
6 Instability index 53.96
7 Aliphatic index 88.26
8 GRAVY -0.238

GRAVY: Grand average of hydropathicity

Table A4. The BUSCA output showing the predicted GO-term and protein features

Protein Accession No. GO-id GO-term Score Feature

All4871 BAB76570.1 G0:0005886 C-Plasma membrane 0.57 Transmembrane helix
GO: Gene ontology

Table A5. The patch dock output for the docking of hypothetical proteins Al14871 with LPA, G3P, and MCL

Protein Ligand Score Area (ACE) Transformation
All4871 LPA 3392 386.9 -45.01 -0.33,-0.42,-1.04,36.44,96.55, 58.64914
MCL 7036 805 -188.04 1.90,-0.002,-0.11,38.59,153.69, 18.85

ACE: Atomic contact energy
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