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ABSTRACT

How to delay fruit ripening is an important biological interest. During transport the fruits get harmed due to their
early ripening. On fruit ripening there are many biochemical changes takes place like respiration, ethylene production
and activity of cell wall degrading enzymes etc. There are many cell wall degrading enzymes which play an important
role in fruit ripening namely PME, PG, PL etc. PME is one of the cell wall degrading enzymes which act on pectin,
(a primary cell wall constituent) and releases methanol and hydrogen ions. The objective of this in silico study is to
inhibit the activity of PME in Musa acuminata which leads to their delayed ripening and increases their more availability.
Using cross species analysis, we found that banana has maximum homology with carrot. The validation and verification
of the designed model has been performed and found that it is good quality model. This model is further used for
docking studies. Knowledge about the site at which a ligand binds provides an important clue for predicting the
function of a protein and is also often a prerequisite for performing docking computations in virtual drug design and
screening. Docking results suggested that Green tea catechin and salicin are the best inhibitors having good interaction
energies which binds at third motif i.e., Asp381 residue on active site of PME in Musa acuminate. It was found that Green
tea catechin is better than salicin because it is a natural inhibitor, antioxidant and inhibits the activity of PME whereas
salicin is a chemical compound inhibits ripening at some specific concentration only, although the binding energies
of both the inhibitors have approximately similar. This study is used to increase the more availability of banana through
delaying its ripening by inhibiting the activity of pectin methylesterase.
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INTRODUCTION for loosening of cell wall®. While in case of plants, PME
The cell wall of the plant cell is composed of  linearly acts on homogalacturonans that releases free
polysaccharides (pectins), enzymes and structural — carboxylions. Theseions could interact with Ca** that
proteins. The Pectins includes heterogenous group of  helps in creating a pectate gel',
polymers namely homogalacturonans, PME is bound by electrostatic interactions to the
rhamnogalacturonans T and TT'. On demethylesterification ~ cell wall in plants and the solubilization of the enzymes
of homogalacturonans, Pectin Methylesterase (PME)  takes place with the help of high ionic strength
releases acidic pectins and methanols. FMEs act on solutions’. The extraction and purification of PME in
homogalacturonans either randomly (as in fungi) or different  varieties of plants namely banana",
linearly (as in plants) along the chain of pectin®. When tomatoes®* 1B LI, Oranges @7 1# 10021205,
PMEs works randomly on homogalacturonans, the

appleg®® 24 2885031, and grapefruits™*** has already been
demethylesterification occur, this is responsible for the ~ done. Previously it has been reported that there are three
release of protons. Subsequently, the action of released

forms of PMEs in banana namely PME1, PME2 and
1 : -
proton towards endopolygalacturonases is responsible PMES®™. It is also shown that the activity of the PME

increase during the ripening of the banana®, apple®,

39 40
Corresponding Author: Sanjay Mishra, School of Biotechnology, IFTM avocado ) and papayal )
University, Lodhipur Rajput, Delhi Road (NH-24), Moradabad 244 102, Fruits play a vital role for good human health.
UP., India Bananas are the rich source of starch on which a large
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number of populations depends for their food. The
biochemical changes such as respiration, ethylene
production, activity of cell wall degrading enzymes,
biosynthesis of carotenoids, essential oils, flavor and
aroma components increases during fruit ripening® %4,
Resultant of increased gluconeogenesis, hydrolysis of
polysaccharides especially starch, decreased activity and
accumulation of sugars and organic acids are the main
reasons for the sweetness of banana. A textural alteration
during fruit ripening is due to the enzymatic degradation
of structural polysaccharides™**. During ripening at the
pre-climacteric stage of banana, the rate of respiration and
ethylene production are low followed by an abrupt
increase at the climacteric and at the post climacteric
stage again it declines because it is a climacteric fruit.
Banana fruit has a high amount of starch which is rapidly
degraded into sugars during ripening and due to which a
large number of fruits get harmed or degraded during
large distance of transportation. Thus the present study
was undertaken to project a specific hypothesis to
increase the availability of banana through the delay
ripening using in sifico studies. Initially, we have screened
potential inhibitors against fruit ripening, using docking
studies. Further, selection filters were applied for the
identification of a novel inhibitor against PME.
Inhibitors have been used to inhibit either the activity of
any cell wall degrading enzymes ie, PME or any
substrate which play an important role during the process
of ripening.

MATERIALS AND METHODS

Sequence retrieval: Amino acid sequence of PME of
Musa acuminata (Acc_no: AC(Q85264.1) was retrieved from
the entrez protein database (http://Awww.ncbinlm.
nih.gov/protein) and it has 565 amino acid residues. The
3-D structure of enzyme was designed to inhibit the
activity of pectin methylesterase which ultimately
responsible for delay the ripening of Musa acuminate.

Cross species analysis: The cross species analysis across
ten plants proteins was performed with ClustalW
(http:/fwww.ebiac.uk/Tools/msa/clustalw2/)  software
using default parameters to find a suitable template for
predicting the 3D structure of PME of Musa acuminate. It
also helped in depicting the conserved regions of the
proteins. The accession numbers of the plant species
were retrieved from NCBI (http:/fwww.ncbinlm.
nih.gov/) as summarized in Table 1.

Selection and designing of macromolecule: The 3D
structure of PME of Musa acuminate was designed by using
carrot (PDB ID: 1GQ8) protein as a template with the
help of Modeller9v8. The template was selected by
performing protein BLAST® using PDB  databas®.

Table 1: Plants selected for cross species analysis
Plant name

Accession number

Solanum tubsrosum CEY44654.1
Nicotiana benthamiana AAOB5706.1
Mendicago truncatula CAB85290.2
Arabidopsis thaliana CABB7932.1
Silene latifolia CAAB9348.1
Vitis vinjjera AADA5347.1
Lycorts amea ABJ99595.1
Oryza sativa AAQZ0039.2
Daucous carota 1GO8_A

Modeller is based on the spatial restraints satisfaction
approach®. The optimal designed model for PME
protein was selected on the basis of DOPE, GA341 scores
and lowest Root Mean Square Deviation (RMSD) by
superimposing on template. Further, loop, side chain
modeling and energy minimization were performed
using  Swiss PDB  Viewer (spdbv}  software
(http://spdbv.vital-it.ch/).

Model validation and submission: Structural Analysis
and Verification Server (SAVHS) (http://nihserver.mbi.
ucla.edu/SAVES/) was used to ensure the quality of the
generated 3D structure of enzyme PME. Evaluation and
validation of the model were executed with
PROCHECK (http://scripts.iucr.org/cgi-
bin/paper?gl0276), ERRAT®, WHAT-TF*, PROSA* and
VERIFY3D*. Procheck result shows the residues in the
allowed region of the Ramachandran plot and FErrat
depicts the quality of highly refined structures.
VERIFY3D postulates the compatibility of the 3D atomic
structure of the molecule with its own amino acid
sequence. Prove calculates a statistical Z-score deviation
for the model from highly resolved (2.0 A or better) and
refined (R-factor of 0.2 or better) crystal structures.
Chimera®, PyMolv0.99 (http://www.pymol.org) and
Discovery Studio Visualizer2.5 (http:/accelrys.com)
software were used for visualizing the 3D structure of
proteins.

Model submission: The model of the FME] protein of
banana has been submitted to Protein Model Database
{http://mi.caspur.it/PMDB).

Retrieval and preparation of ligand database:
‘Twelve inhibitors were retrieved from Pubchem
database (http://pubchem.ncbinlm.nih.gov/} along with
their qualitative and quantitative properties such as
physiochemical properties were analyzed. The Open
Babel software was used to convert the file format
(http://openbabel.org}. The details of the inhibitors and
their properties were summarized in the Table 2.

Molecular docking: Molecular docking of screened
compounds has been done using Lamarckian genetic
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Table 2: Physiochemical properties of selected inhibitors

MW
Inhibitors CID {gmol™) HBD HBA RB Complexity
1-MCP 151080 54.090440 0 0 0 51.1
Salicylic acid 338 138.120740 2 3 1 133.0
Gallic acid 370 170.119540 4 5 - -
NAA 6862 186.206600 1 2 2 212.0
Vanillic acid 8468 168.146720 2 4 2 168.0
PMEI 451928 274.170501 3 5 5 397.0
Salicin 439503 286.277820 5 7 4 300.0
Ferulic acid 445858 194.184000 2 4 3 224.0
Cinnamicacid 444539 148.158620 1 2 2 155.0
Green tea 65064 458.371720 8 11 4 667.0
catechin extract
IAA 21589 189.213840 3 2 2 219.0
Ethanol 702 46.068440 1 1 0 2.8

algorithm inbuilt in Autodock4.2 tools with default
parameters. Macromolecule was prepared for the binding
energy calculations. The polar hydrogens are added to
neutralize the protein whereas non-polar hydrogens are
removed from the protein coordinates. Gasteiger partial
charges were added to the carbon that held the hydrogen.
Aromatic carbon grid map handled the aromatic carbons
by reassigning the atom types™ * Grid map has been
generated using a grid of 46 x 4052 spanning the binding
pocket of the protein with the grid point spacing of
0.375 A, The grid map has covered the active site along
with significant portions of the surrounding surface®.
Grid parameter files were built and atom-specific 3D
affinity maps was constructed using Autogrid4. The three
docking steps (vander Waals interactions, hydrogen
bonds and the electrostatic potential) were considered
for calculating the binding energy. The relationship
between the protein and the ligand has been described by
Lamarckian algorithm through orientation, conformation
and translation of the ligand. Each docking experiment
was derived from 10 different runs that are set to
terminate after a maximum of 2,500,000 energy
evaluations or 27,000 generations, with a population size
of 150 yielding 10 docked conformations. The elitism
number, the rate of gene mutation and the rate of gene
crossover were 1, 0.02 and 0.8, respectively. After
multiple runs, autodock has performed cluster analysis.
The docking solutions in complex with inhibitors having
all atom RMSDs within 2.0 A of each other has been
clustered together ranking them in descending order of
energies. The solution with minimum energy was
accepted as the best docked conformation for the binding
energy calculations.

Interaction studies and binding pattern detection:
For the determination of binding energies of complexes,
estimated inhibition constant (Ki) was used and ranking
was done in the order to their hinding scores. The value
of Ki was calculated by using Autodock 4.2. For the
estimation of binding energy in kcal mol™ the
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electrostatic energy, vander waals, hydrogen bond,
desolvation energy, total intermolecular and torsional
energy of binding were used. Chimera, Discovery Studio
3.1 and PyMol software's were used for the visualization
of interactions.

RESULTS

Cross species analysis: The cross species analysis of
PME enzyme has been performed with the quest to find
conserved region as well as to search a suitable template
for predicting the 3D structure of PME1. The sequences
of ten plant varieties were used for study as mentioned in
Table 1. The multiple sequence and cross species analysis
of PME sequences (including banana) depicts the
presence of all the three conserved regions containing
motif three (YQDTL), motif four (DFIFG) and motif
five (LGRPW) in different PMEs as given in Fig. 1.
These conserved regions are involved in the bhinding of
inhibitors to the protein at their active site. Additionally,
Phylogenetic analysis of PMEs of different plants depicts
that the Musa acuminata has maximum homology with
Daucous carota (Carrot).

Model generation and quality assessment: FME of
Daucous carota (PDB ID: 1GQ)8, R-value 0.181 {obs} and
R-Free-0.193) was chosen as a template on the basis of
high sequence similarity i.e., 63%, residue and crystal
resolution (1.75 A) (PMID: 11943159). Five models were
generated and the model showing the least RMSD with
respect to trace (Ca atoms) of the crystal structure of the
template, optimal DOPE and GA314 score was selected
for further validation. After evaluation, we found that the
generated model has high quality both in terms of
geometry and stereochemistry. The analysis showed that
residues of PMEI in the most favorable region were
70.4%, in allowed region 26.4% and in disallowed region
were 0.5% in all the structures. RMSD between the Cg
atom of the template carrot and banana is 0.476 A which
indicates the high structural homology (Fig. 2). The G
factor of the PMEI is -0.82 which shows that the
designed model fits well within the array of a high quality
model. Prosa -3.62, Hrrat 78.228 and Verify 3D 66.74%
suggested that the geometric quality, the residue
interaction and the energy profile of the structures were
well within the limits of reliable structures. Generated
model of PME1 shows that the enzyme has seven alpha
helices and twenty four beta sheets. The high quality
model of Musa acuminata has been submitted to pmdb
database and has pmdb_id PM0078247.

Molecular docking studies: To examine the interaction
of inhibitors with the protein FMEI in Musa acuminate.
Twelve inhibitors were used for this study. The dataset
of inhibitors was given in Table 2.
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Table 3: Calculated various energies of the different inhibitors

Ligand name BE® V,.-H,-D, I T E° Calculated K,
1Methyl cyclo propane -2.27 -2.27 -2.27 0.0 0.0 21.62 mM
Salicylic acid -4.69 -3.59 -0.35 +0.82 -1.57 363.50 pv
Gallicacid -6.40 -5.71 -0.46 +1.37 -1.60 20.39 pM
NAA -2.26 -2.26 +0.00 +0.00 +0.00 22.08 mM
Vanillic acid -2.25 -2.87 -0.34 +1.10 -0.14 22.27 mM
PMEL -1.46 -1.61 -0.84 +1.92 -0.93 84.92 mM
Salicin -9.729e+06 +4.5%+ 05 +1.12e+05 +2.47 -0.86e+06 0.00e +00 M
Ferulic acid -1.45 -2.62 -0.37 +1.37 +0.17 87.22 mM
Cinnamic acid -5.23 -4.41 -0.04 +0.82 -1.59 147.78 pivt
Green tea catechin extract -9.05e+06 +0.00 +3.45e+05 +3.29 -9.40e+06 0.00e +00 M
Indole-3 acetic acid -5.20 -5.40 -0.21 +0.82 -0.41 15551 pM
Ethanol -2.21 -2.33 +0.00 +0.27 -0.15 24.10 mM

E®: The electrostatic component of binding free energy in keal mol™', V,,-H, -D,: Vander waals, hydrogen bond-desolvation energy component of binding
free energy in keal mol™", I*: Total internal energy of binding in kcal mol™!, T Tarsional energy of binding in kecal mol™!, K Estimated inhibition constant

in molar, BE®: Estimated binding free energy in kcal mol™

oo, EuELE

N

Fig. 2(a-b): (a) The generated model of PME with 78.228% quality factor in cartoon representation and (b) In this
superimpose model the gray color is representing the protein model (ACQ85264) and magenta color
representing the template (1GQ8). The deviation between both the models is found to be 0.476 A

Docking studies and energy calculations: Docking
has been performed between twelve inhibitors to the
PME protein in Musa acuminate by using Auto Dock 4.2
tool. After docking the binding energies and inhibitory

constant of each ligand has been calculated (Table 3). The
results of hinding energies have been used to determine
the optimal docking energy conformation. Previously, it
has shown that there are five conserved regions of the

© 2013 Science International

178



RESEARCH ARTICLE

SCIENCE INTERNATIONAL

catalytic C-terminal domain. Asp381 was found in motif
three (YQDTL) and has an important role in active site
of bacterial and plant FMEs but not found to bhe
conserved in all PMEs. Aspd02 residue of motif four
DFIFG) and Arg470 and Trp472 of motif V (LGRPW) are
also involved in the active sites, whereas Phed03 is found
to be involved in the substrate binding®’.

Our study depicts that Asp381 residue was mainly
interacting residue that is involved in binding of substrate
with enzyme. The electrostatic component of binding
free energy, Vander waals, hydrogen bond, desolvation
energy, total intermolecular energy, torsional energy and
gibbs free energy of binding were estimated for each
inhibitors. The value of Ki (inhibitory constant) was
calculated. The lower the value of Ki is directly
proportional to the docking energy and inversely
proportional to the binding affinity.

Protein ligand interaction: On the basis of energy
values for different protein inhibitor complexes, two out
of twelve inhibitors have low binding energy and thus
they were selected as good inhibitors for PME1 in
Musa acuminata. Initially the binding energy of Salicylic
acid, Gallic acid, IAA, Salicin and Green tea catechin
were very low and could be considered as good
inhibitors but some of them have no interacting capacity
with the active site pocket. The binding energy of
1-MCP and ethanol were high so they were not included.
The binding energies of salicylic acid, gallic acid, TAA
were good but they do not show any interaction with the
active region. The complex formed by salicylic acid,
Cinnamic acid, [AA, gallic acid and ethanol also shows
the interaction but it was not present at the active site
region. They showed the interaction at Ser387 residue.
Although, it has also low energy, due to the absence of
any interaction at the active site, it was also discarded.
The complex formed by PMET, Ferullic acid and Vanillic
acid showed the pi interaction at active site region i.e., at
Arg470 V motif of LGRPW but having very high energies
so they were also discarded. The docking energies of
Salicin and Green tea catechin extract have very low
energy and they were showing the interaction at the
active site regions. Both of Salicin and Green tea catechin
extract showed the binding on 3rd residue (YQDTL)
at position Asp381 ie., active site of PMEl in
Musa acuminate. According to our results the binding
energy of Salicin and Green tea catechins are very low
and are considered as good inhibitors.

DISCUSSION
The main finding of the present study is to detect an
inhibitor (Green tea catechin) against PME for Musa

acuminate. At the time of transportation, a large number of
fruits gets harmed or destroyed. We are trying to increase
the availability of fruits mainly banana through delayed
ripening by inhibiting the activity of PME. Our in silico
study resulted in the detection of inhibitors having high
specificity and binding affinity. It was already emphasized
that there may be five conserved regions of the catalytic
C-terminal domain in banana PME. Asp136 amino acid
is found in the third motif (YQDTL) of PME which has
also proposed function in the activity of bacterial and
plant. The Asp of motif IV (DFIFG), Arg225 and Trp227
of motif V (LGRPW) might be involved in the active site
of PMEY. On the basis of cross species analysis of PME
in different plants, it was observed that PME of Musa
acuminate have maximum identity with Carrot (PDB id.
1GQ8/A), we used the PME of carrot as template to
design the model. The Quality factor, residue
interactions and energy profile of generated model is
appropriate within the limits established for reliable
structure. Further the structural information of our
developed model of PME in Musa acuminata was used for
molecular docking studies of several compounds in spife
of identifying the appropriate inhibitor of FME.
Previously it has been seen that, Salicylic acid and
Gallic acid were the most effective inhibitors of ripening
of tomato fruit. The inhibition of ripening increased as
the concentration of both increased above 25 uM*. The
activity of Peroxidase (E.C.1.11.1.7) was inhibited by
Ferulic acid more effectively at high concentration®. This
enzyme plays an important role in a variety of
physiological process such as ethylene biogenesis, cell
development, membrane integrity etc.”. Vanilic acid
inhibits ripening at an appropriate concentration in
tomato plant. It showed low extent of inhibition at both
low and high concentration and promote ripening
whereas it inhibits ripening at some specific
concentration (13 pM)*. Tt has been seen that at low
concentration (10 and 25 pM) salicin was found to be less
effective in delaying tomato ripening but it was more
effective at high concentration (250-500 uM). A green tea
component namely epigallocatechin gallate (EGCG) act
as a natural inhibitor for PME. EGCG blocked the
esterase activity of pure PME as well as PME extracts
from citrus and from parasitic plant™. PMEI was a good
inhibitor of PME and also showed the interaction at
active site whereas the interaction energy is found to be
poor. On the basis of our results and previous studies it
was concluded that most of the inhibitors do not showed
the interactions at active site pocket of PME. Some of
them showed interaction but have poor docking energies.
So, we are not considered them as good inhibitors for
delaved ripening. Green tea catechin inhibits the activity
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of PME and also has low energy due to which it could be
considered as best inhibitor for dealayed ripening in
Musa acuminata. We have proposed that the activity of
PME is greatly inhibited by Green tea catechin which
plays an important role in delayed ripening of Banana.

We used twelve inhibitors of ripening and on the
basis of our docking results; it was found that only five
inhibitors (such as Green tea catechins, Salicin, Ferulic
acid, PMEI and Vanilic acid) showed the binding at the
active site pocket of PME in banana. Remaining
inhibitors has been discarded due to not showing
interactions with the active site of the protein. Ferullic
acid, vanillic acid and PMEI inhibitors showed the
interaction at Argd70 (V motif LGRPW) whereas green
tea catechin and salicin showed the interaction at Asp381
(IV motif DFIFG) of active site of PME. Among all these
five, Green tea catechin and Salicin are the more
appropriate inhibitors because they both have very low
binding energies ie., -9.05e+06 and -9.29e+06 Kcal
mol™', respectively, PMEIL, ferulic and vanilic acid
showed the interactions at the active site but do not have
good interaction energies.

In Summary, we emphasized that green tea catechin
serves as an inhibitor of PME in Musa acuminate. On the
basis of these studies, we proposed that the compound
could efficiently inhibit the functional activity of PME,
The new findings are shaping our impression on
possibilities, challenges and opportunities for delayed
ripening of Musa acuminate. The present strategy of
screening inhibitors based on their active site interaction
through molecular docking against PME that plays
important role in fruit ripening. This strategy can
possibly be used for in silico inhibitor screening of
compounds against other enzymes which participate in
fruit ripening. The usefulness of the selected inhibitor
for PME will eventually be determined by their abilities
to inhibit or delayed ripening of banana to make their
more availahility and less harmed during transportation.
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