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© Ajwain (Trachyspermum ammi) belongs to the family Umbelliferae, is commonly used in traditional,

. and folk medicine due to its carminative, stimulant, antiseptic, diuretic, antihypertensive, and

 hepatoprotective activities. Non-specific lipid transfer proteins (nsLTPs) reported from various plants
are known to be involved in transferring lipids between membranes and in plants defense response.
Here, we describe the complete primary structure of a monomeric non-specific lipid transfer protein
1 (nsLTP1), with molecular weight of 9.66 kDa, from ajwain seeds. The nsLTP1 has been purified by
combination of chromatographic techniques, and further characterized by mass spectrometry, and
Edman degradation. The ajwain nsLTP1 is comprised of 91 amino acids, with eight conserved cysteine
residues. The amino acid sequence based predicted three dimensional (3D) structure is composed of four
a-helices stabilized by four disulfide bonds, and a long C-terminal tail. The predicted model was verified
by using different computational tools; i.e. ERRAT, verify 3D web server, and PROCHECK. The docking
of ajwain nsLTP1 with ligands; myristic acid (MYR), and oleic acid (OLE) was performed, and molecular
dynamics (MD) simulation was used to validate the docking results. The findings suggested that amino

. acids; Leull, Leul2, Ala55, Ala56, Vall5, Tyr59, and Leu62 are pivotal for the binding of lipid molecules

- with ajwain nsLTP1.

Lipid transfer proteins (LTPs) are puzzling plant proteins because they are not only involved in lipid transfer but
in many other functions, which make them unique. These proteins are present throughout the plant kingdom
in abundance. In plants, non-specific lipid transfer proteins (nsLTPs) are known to be involved in nonspecific
. exchange of various lipids and hydrophobic molecules between the membranes. These lipid transferring plant
. proteins reversibly bind and transfer a range of lipids, such as fatty acids (having 10-19 carbons), phosphatidylg-
© lycerol, galactolipids, phospholipids, and fatty acyl-coenzyme A!-°. In plants, LTPs are functionally important in
© resistance to stress, sexual reproduction, seed development, germination, plant defense against pathogenic attack,
cuticle formation, and pollen tube adhesion®!'. Their role in the on-set of food and pollen allergy in human
is also reported due to their high resistance against digestive enzymes, and heat treatment!'>'*. Large numbers
. of LTPs from both mono-cotyledon, and di-cotyledon plant species (fruits, vegetables, nuts, and cereals) have
. been reported including; barley aleurone, spinach leaves, wheat, barley, maize leaves, corn seeds, cumin seeds,
: mung beans, onion seeds, castor beans, carrot embryos, tomato stems, rice, Chinese cabbage, arabidopsis, barrel
. medic, eggplant, peach, apricot, orange, apple, cherry, lemon, grape, tomato, strawberry, lettuce, cabbage, wal-
* nut, hazelnut, and olives'*?!. The nsLTPs found in plants comprise 4% of their total soluble proteins. They are
. highly soluble and exhibit high isoelectric points (pI) that ranges between 8.0-10.0 due to the presence of many
. charged amino acids®. The plant LTPs can be purified from soluble crude proteins by combination of different
chromatographic techniques, such as gel filtration chromatography (GFC), cation exchange chromatography, and
reverse-phase high performance liquid chromatography (HPLC)>*.

!Department of Biomedical and Pharmaceutical Sciences, Chapman University School of Pharmacy, Irvine, CA,
92618, USA. 2H.E.J. Research Institute of Chemistry, International Center for Chemical and Biological Sciences,
University of Karachi, Karachi, 75270, Pakistan. *Dr. Panjwani Center for Molecular Medicine and Drug Research,
International Center for Chemical and Biological Sciences, University of Karachi, Karachi, 75270, Pakistan.
Correspondence and requests for materials should be addressed to A.A. (email: aahmed@chapman.edu)
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The LTPs have conserved eight cysteine residues, forming four disulfide bridges, known to be as eight-Cys
motif (8CM). The general form of 8CM is CXn-C-Xn-CC-Xn-CXC-Xn-C-Xn-C, which is stabilized by very
compact four or five, a-helices**. Due to very compact structure, LTPs are resistant to heat, salt, proteases, and
other denaturing agents?*~>’. LTPs can be classified into ten classes; five of them known as major types, and five
minor types. Major types includes: LTP1, LTP2, LTPc, LTPd, and LTPg, while minor types include: LTPe, LTPf,
LTPh, LTPj, and LTPk. The classification of LTPs depends on sequence identity, the spacing between 8CM, and
also upon conserved introns*>2$2,

In flowering plants, the most abundant LTPs are LTP1, and LTP2. These LTPs are not found in mosses,
non-seed plants, and liverworts. These findings suggested that these were most probably the first LTP types
evolved in land plants. These two structurally related families of proteins have low sequence homology, but exhibit
similar folding properties**?%*, LTPs1 have molecular weight of approximately 9-10kDa and possess a long
tunnel-like cavity for substrate binding, while LTPs2 have a molecular weight of approximately 7kDa, and possess
two adjacent hydrophobic cavities for substrate binding®"*2. The disulfide bonding signature between cysteine
residues is different in both classes. In LTP1, disulfide bonding signature is Cys,-Cysg, Cys,-Cys;, Cys,-Cys;, and
Cyss-Cysg, while in LTP2 it is Cys;-Cyss, Cys,-Cys;, Cys,-Cys,, and Cys,-Cysg*>***-3°, The precursor nsLTPs has
an N-terminal signal peptide of 20-25 amino acid residues. Upon removal of this signal peptide, mature pro-
tein is either secreted outside the cell as apoplastic protein or bound to the cell wall or plasma membrane!**,
Recently, it is also reported that apoplastic nsLTP from germinating sunflower seeds undergo endocytosis and
relocalization into intracellular organelles involved in lipid metabolism®”. nsLTP genes are found to be upregu-
lated in response to many pathogenic fungal infections in barley, radish, onion, sugar beet, and sugar beet leaves.
Similarly, in tobacco and Arabidopsis leaves, up-regulation of barley LTP2 transgene was observed against bacte-
rial pathogens®'. Many plant LTPs, such as mung bean, wheat, coffea, Arabidopsis, spinach, and pepper known to
be active against bacterial, and fungi strains*-*2. LTPs from the seeds of Brassica campestris and Chinese daffodil
(Narcissus tazetta) have shown the ability to inhibit human tumor cells proliferation*>*%. Due to their high sta-
bility and wide binding properties, they can also protect drugs from oxidation and degradation and therefore,
can also be used as effective drug delivery systems?”?%. The plant LTPs ability to bind different lipids make them
feasible candidates for drug delivery systems*!. The wheat LTP1 is known to bind with many drugs used to treat
HIV-1, leishmania, and fungi species?®?!#4-47,

In recent years various papers have been published to explore the structure and functions of LTPs*>!%. This
has been observed by X-rays, nuclear magnetic resonance (NMR), 3D structure, and MD simulation®>!*. These
techniques have been used to explore the structure of free state protein, as well as complex with ligands (lipid
molecules)®. All techniques suggested that LTPs consisted of 4 a-helices, long C-terminal tail, and four sulphide
bridges forming a compact three dimensional structure®*,

In traditional and folk medicine (Sino Tibetian, Unani, and Ayurveda systems), spices and herbs have
been used to treat various diseases. Trachyspermum ammi, generally known as ajwain or carom, belongs to the
Umbelliferae family (also called Apiaceae). It is commonly grown in Pakistan, India, Afghanistan, Iran, and in the
European region. The grayish brown seeds are grown under semi-arid and arid regions that are rich in salts*®. The
ajwain seeds are used in traditional medicine due to their carminative, diuretic, antiseptic, laxative, hepatoprotec-
tive, antiviral, antibacterial, antioxidant, and antihypertensive properties**. It is also used for flatulence, atonic
dyspepsia, diarrhea, and is often recommended for cholera®-*2.

Computational methods to predict 3D protein structure and ligand-protein binding interaction have played
an important role in protein structural-functional studies in biochemical research and proteomics over the past
decade. In our present work, we reported the characterization of nsLTP1 from Trachyspermum ammi (ajwain)
seeds for the first time. We built a 3D structure for nsLTP1 using homology modeling approach. Computational
tools like homology modelling and molecular docking simulation were utilized to find out the best possible 3D
structure of ajwain nsLTP1 and its mode of interaction with fatty acid molecules. Moreover, ajwain nsLTP1 con-
formational changes induced by ligands during the MD simulations were observed. Root mean square deviation
(RMSD), root mean square fluctuation (RMSF), and secondary structure prediction (DSSP) analysis tool were
applied to check the stability of the apo and complex systems during 10 ns of the simulated time. It was revealed
that fatty acid molecules can accommodate with its hydrophobic properties in the hydrophobic tunnel of ajwain
nsLTP. As there is an increasing interest in nsLTPs due to their vital role in plant physiology, this study will be
expected to enhance further knowledge about their structure-function relationship.

In summary, our results demonstrate a new addition of member in plant LTPs family, ligand binding interac-
tions with ajwain nsLTP1, can develop a better understanding about its biological functions. It might shed light
on future pharmacological or medical industrial applications.

Results

Purification of nsLTP1 protein from ajwain seeds. The proteins from defatted ajwain seeds in the
n-hexane were extracted in 20 mM Tris/HCI buffer pH 8.0. The proteins were successfully recovered from the
extract using ammonium sulfate precipitation. The gel filtration column equilibrated with 20 mM Tris/HCl bufter,
pH 8.0 was employed as a first dimensional chromatography. Elution profile (Fig. 1a) clearly showed that proteins
are separated based on their molecular mass. The SDS-PAGE analysis of separated gel filtration fractions and
crude precipitates were achieved by using 12% Tris/Tricine gel. The electrophoretic profile (Fig. 1b) of the gel fil-
tration fractions (42-50) clearly showed a single band at ~10kDa. These fractions were pooled, concentrated and
further purified by RP-HPLC using an Aeries Widepore C4 (250 x 4.6 mm) column. The chromatogram observed
revealed a major peak eluted at a retention time of 32 min (Fig. 1¢).

Complete primary sequence of purified ajwain nsLTP1. The complete primary structure of ajwain
nsLTP1 has been deduced by using N-terminal amino acid sequencing of the intact protein, which allowed the
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Figure 1. Purification of ajwain nsLTP1. (a) Fractionation profile of ammonium sulfate precipitated proteins
from ajwain (Trachyspermum ammi) on Sephacryl S-200 (2.6 x 60 cm) column. Red circle represents the
fractions containing nsLTP1. (b) Electrophoretic profile by Tris/Tricine SDS-PAGE (12%) of ajwain seeds
proteins precipitates and gel filtration chromatography fractions. Lane 1, standard molecular weight marker
Std, Lane 2, crude proteins, C, and Lane 3-14, GFC fractions 21, 23, 25, 30, 32, 35, 38, 40, 42, 44, 47, and 50 (c)
Separation profile of gel filtration pooled fractions (42-50) containing ns-LTP1 protein by RP-HPLC.

identification of first 32 amino acid residues. The internal protein sequencing was achieved by using the tryptic
peptides of alkylated protein by 4-Vinylpyridine. The alkylation of cysteine residues was preferred as nsLTP is rich
in cysteine residues and pyridylethylated cysteine (PE-Cys) is easily identified by Edman sequencing technique®.
Purified protein after alkylation was separated by RP-HPLC using an Aeries Widepore C4 (250 x 4.6 mm) column
and protein was eluted at 46 min. MALDI-TOF mass spectrometry analysis of purified nsLTP1 revealed observed
mass at 9677.1051 (Fig. 2a). Alkylated protein was digested by enzyme trypsin and peptide fingerprinting per-
formed by using RP-HPLC on Aeries Peptide C18 (250 x 4.6 mm) column (Fig. 2b). The amino acid sequence
of intact protein and tryptic peptides showed that the ajwain nsLTP1 consists of 91 amino acids including eight
cysteine residues.

3D modelling of ajwain nsLTP1. In silico modeling is an extremely helpful method for the prediction of
3D structure of protein in drug design. For generation of 3D model of ajwain nsLTP1, a Protein-Protein blast
algorithm basic local alignment search tool (BLASTp)>* search was performed against protein data bank (PDB)*.
The S. melongena (eggplant)'®, X-ray crystal structure (PDB ID: 5TVI) was found to be the closest homologue
on the basis of optimized E-value with highest sequence identity 52% and similarity 65% determined by the
BLASTp Program which was further subjected for template-target alignment by Clustal Omega. The multiple
sequence alignment results have been illustrated in Fig. 3. Modeller9v19° was used to generate the 3D structure
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Figure 2. (a) MALDI-TOF mass spectra of purified aiwain nsLTP1 protein (b) RP- HPLC separation profile
of tryptic digest of ajwain nsLTP1. Column Aeris Peptide C18 (4.6 x 2 50 mm), gradient 0-60% B in 40 min.
Absorbance was monitored at 214 nm.
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Figure 3. Pairwise protein sequence alignment of Ajwain and Solanum nsLTPs1. The alignment was performed
by using Clustal Omega.

H1(4-20)

Figure 4. (a) Ribbon representation of modeled ajwain nsLTP1. H-represents helix, L-represents loop regions,
disulfide bonds are shown as yellow rods. (b) Superimposition of refined ajwain nsLTP1 model with template
eggplant nsLTP1 (PDB L.D: 5T VI). Blue color represents refined ajwain nsLTP1 model, and red color represent
selected homologue 5TVL

of ajwain nsLTP1. Best modeled structure was selected on the basis of the minimum discrete optimized protein
energy (DOPE) score —8381.56934. The ajwain nsLTP1 consists of four a-helices; H1 (residues 4-20), H2 (resi-
dues 27-39), H3 (residues 43-58), H4 (residues 64-74), and a long C-terminal loop (residues 74-91). These four
a-helices are interlinked by three loops; L1, L2 and L3. The nsLTP1 is stabilized by four disulphide bridges which
were observed among Cys4-Cys51, Cys14-Cys28, Cys29-Cys74 and Cys49-Cys88 respectively as illustrated in
Fig. 4a. The superposition between atoms of the nsLTP1 homology model over S. melongena nsLTP1, yielded a
RMSD of only 0.66 A as depicted in Fig. 4b.
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Figure 5. Molecular Docking of lipid molecules with ajwain nsLTP1: (a) MYR docked into the active site of
ajwain nsLTP1: Residues involved in hydrogen bond (pink) and hydrophobic (yellow) interactions with MYR
(green). (b) Docking of OLE (purple) inside the cavity of nsLTP1 of ajwain. Residues involved in hydrogen bond
(pink), and hydrophobic interactions (yellow) represented for both ligands.

Molecular docking studies of ajwain nsLTP1. For docking studies, MOE site finder tool was applied
to detect functionally potential binding pockets and sub pockets on the surface of the ajwain nsLTP1 pro-
tein. It clearly indicates that the residues involved in small molecule binding lies within the helix 1-4 and long
C-terminal tail which is the basic feature of all known nsLTPs. The docking analysis of ajwain nsLTP1 complexed
with MYR (Fig. 5a) showed lipid molecule was in a tunnel-like hydrophobic pocket surrounded by the C-terminal
loop and four a-helices. The aliphatic carbons tail of the lipid molecule is buried into the hydrophobic cavity of
nsLTP1 while the polar head-group projects out of the binding pocket. MYR showed hydrophobic interaction
with, Alal0, Leull, Leul2, Vall5, Leul8, Ala55, Tyr59 and Leu62. A similar lipid binding pattern including Asp8,
Ala56 and I1e82 was observed in the ajwain nsLTP1complexed with OLE complex (Fig. 5b). These residues are
located in helices H2, H3, at the end of helix H4 and the C-terminal loop. Besides that salt bridge was also found
with Lys5 in both fatty acid complexes. The ajwain nsLTP1 protein binding with different types of lipid molecules
indicates that it can efficiently bind these lipids in its hydrophobic pocket by involving its different residues. From
the docking analysis, it was also observed that Asp8, Alal0, Leull, Leul2, Vall5, Leul8, Ala55, Ala56, Tyr59,
Leu62 and I1e82 were involved in binding of both the ligands. Therefore, it is observed that these residues are
important in nsLTP functioning.

MD simulations of ajwain nsLTP1. The minimized apo homology modeled ajwain nsLTP1, and its ligand
complex systems were subjected to MD simulations. All systems under observation were relaxed through energy
minimization by removing steric constraints. The gradual increase of simulation box to body temperature assist
in to attain gradual increase in velocity of the system. Newtonian dynamics was used to achieve system equi-
libration which was succeeded by production run in MD simulations. The dynamical behavior between mod-
eled apo-ajwain nsLTP1 and ajwain nsLTP1-ligand complexes were analyzed during 10 ns of the simulated time.
Preliminary analyses of the trajectories such as RMSD, and RMSFE, were computed to explore the stabilities of
complexes. The simulations were continued till the Co atoms of the protein were stabilized (equilibrated); how-
ever, the complete systems have been equilibrated well within the 70 ps simulation time. RMSD is commonly used
to access the dynamic stability of systems as it is a global measure of protein fluctuations.

The Fig. 6a illustrates Coe backbone atoms RMSD of ligand bound ajwain nsLTP1 complexes in comparison to
ajwain nsLTP1 free protein backbone atoms to assess the conformational stability of the systems during the simu-
lations. RMSD of MYR-nsLTP1 complex was initially increased from ~0.6 to ~2.1 A. In the case of OLE-nsLTP1
complex, the RMSD was more stable, showed little change and lied in the average value of about 1.4 A. When
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Figure 6. Dynamic behavior analysis of apo, and complexes ajwain nsLTP1. (a) RMSD plot analysis of apo and
complexes ajwain nsLTP1. (b) RMSF plot analysis of apo and complexes ajwain nsLTP1.

comparing the deviations of nsLTP1 free enzyme with ligand bound complexes, there is no significant fluctua-
tion as apo has the low average RMSD about 1.2 A. The simulation event showed that the protein structure was
perturbed by ligand binding to ajwain nsLTP1 and the oleic-nsLTP1 complex was suggested to be more stable
compared to the MYR-nsLTP1 complex system.

This finding was further augmented by computing RMSF of each residue for both complexes in comparison
to ligand free system. It clearly demonstrates greater flexibility of residues of the ligand bound systems when
compared to the apo enzyme due to ligand binding (Fig. 6b). Secondary Structure analysis of ajwain nsLTP1,
and its complexes with MYR and OLE was also performed to observe the perturbed structural differences during
simulation with respect to the time of 10ns (Fig. 7). MD simulation showed that MYR displayed hydrophobic
interaction with Leul2, Vall5, Thr19, Ala56, Tyr59 and Leu62 and hydrogen bonding with Thr61 at a distance
of 1.88 while in case of OLE, amino acids Leull, Ala56, Thr61, Tyr59, Leu62 and Ala67 showed hydrophobic
interaction as depicted in Fig. 8.

Discussion

The plant nsLTPs are small, cysteine rich, abundant, and highly soluble proteins. The protein was first discov-
ered about 35 years ago. Now this protein family has widely expanded, but still functional expects are undis-
closed completely by the biologists. Many functions in plants have been reported i.e. in vitro activity against many
viruses, fungi, and bacterial strains, ripening of fruits, cuticle layer formation, plant growth***’, etc. The nsLTP
family is ubiquitously expressed throughout the plant kingdom. These proteins are known to be expressed in
many parts of the plant, such as seeds, fruits, stems, leaves, flowers, roots, etc'#*>*%. The plant nsLTPs are mul-
tigene family of proteins usually encoded by tens of related genes, expressed in different tissues during various
developmental stages and physiological stress™*. LTPs are also included in the classification of plant antimicrobial
peptides (AMPs). AMPs are small, basic, and cysteine rich peptides produced by plants against pathogens*>¢%¢!,
In recent years just after their discovery, more than 100 members of the important protein family have been
described from about more than 50 different plant species. It is multigenic protein family; in Arabidopsis more
than 60 genes, in rice about 77 genes, in maize about 50 genes, and in wheat more than 100 genes have been iden-
tified encoding LTPs?"6>6,

In the present study we have purified nsLTP1 from very important medicinal plant seeds, ajwain which is also
used as a spice because of its aroma throughout the world. The primary structure of ajwain nsLTP1 revealed that
itis rich in threonine, alanine, lysine, and aspartic acid residues. The eight cysteine residues form four disulphide
bridges which help to stabilize the hydrophobic cavity to transfer lipid molecules. It has highest lysine residues as
compared to other known plant nsLTPs. The presence of histidine, tryptophan and phenylalanine residues was
not observed. All plant LTPs lack tryptophan® except few isoforms of rice and Arabidopsis which have 1-2 tryp-
tophan*%. Ajwain nsLTP1 also lack tryptophan. The protein consists of several conserved hydrophobic residues
including Val7, Leull, Leul2, Ala55, Ala69, Leu70, Leu78, and Ile82. In the early studies it was reported that the
two aromatic residues, Tyr17 and Tyr79 (Tyr81 in maize®, and Tyr82 in amaranthus'®), are known to be as con-
served throughout plant LTPs. Later on, in many LTPs, tyrosine (Tyr79) in the C-terminus tail was observed to
be replaced by phenylalanine, isoleucine, or valine, which suggested that hydrophobic residue in that position is
important, not tyrosine. In ajwain nsLTP1; two tyrosine residues Tyr17 and Tyr59 has been observed, but Tyr79
is replaced by aspartic acid. The residue Tyr79 is also absent in Cuminum cyminum (cumin)® nsLTP1 and S.
molenga (eggplant) nsLTP (SM 80.2)". In cumin, Tyr79 is replaced by aspartic acid, and in eggplant it is replaced
by asparagine. The aromatic residue at position 79 in plant LTPs is known to be involved in opening and closing of
hydrophobic tunnel for the adjustment of the ligand'”. The X-ray structure of eggplant nsLTP revealed that Asn79
and Val80 are involved in reducing the hydrophobic tunnel, and Val80 performing the same function as Tyr79.
In other plant nsLTPs position 80 is occupied by proline'”. In ajwain nsLTP1 Asp79 and I1e80, are known to be
involved in reducing hydrophobic cavities as observed in eggplant nsLTP. Similarly, in the hydrophobic cavity
Tyr59 of ajwain nsLTP1 (instead of corresponding residue Ile in rice, hazelnut, wheat, and barley or Val in peach,
and maize) is oriented in such a way that it forms hydrophobic interaction with MYR and OLE!”¢>%, Therefore,
in ajwain nsLTP1 Tyr59 is a very crucial residue for ligand binding. The ajwain nsLTP1 has Pro13 in a-helix 1,
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Figure 7. Secondary structure prediction (DSSP) analysis of apo and complex ajwain nsLTP1 protein. (a)
ajwain nsLTP1 protein apo (b) ajwain nsLTP1 complexed with MYR (c) ajwain nsLTP1 complexed with OLE.

which is strictly conserved in other plant LTPs. Two other proline residues observed which are also known to be
conserved i.e. Pro71, and Pro81'%¢4¢7. The protein sequence data reported in this paper will appear in the UniProt
Knowledgebase under the accession number COHLG2.

The BLASTp predicted nsLTP1 (Solanum molegna) PDB ID 5T VI as the best template with 52% identity and
65% similarity, 98% query coverage and 2.45E-28 e-value. The Identity score ranges with other reported species
of nsLTP between 31-52% sequence identity were observed. According to BLASTp results the highest sequence
identity was 52% with Solanum melogena, while the least sequence identity for Hordeum vulgare nsLTP1 30%
was observed. 5TVI was used according to the BLASTp result but to establish confidence on the BLASTp score
multiple sequence alignment of the top ranked template sequences (5TVI, 2MAL, 5LQV, 2ALG, 1BWO, 4XUW,
1CZ2, 1FKO0, 1UVA, 2N81, 1SIY, 1MID, 1T12) were aligned against the taregeted ajwain sequence illustrated
in (Supplementary Table S1 and Fig. S1) while the multiple sequence alignment of best match template 5TVI
(Solanum melogena) with ajwain (Trachyspermum ammi) illustrated in (Fig. 3).

Ajwain nsLTP1 primary structure was used to build 3D model. Refinement of obtained nsLTP1 homology
model was validated by ERRAT program®. The ERRAT results showed that the overall quality factor for the
model is 91.43%. To evaluate the local environment and inter-residue contacts in the model, we used Verify3D
web server. Ideally, the 3D-1D profile for each of the 20 amino acids should be in range of 0-0.2. Values less than
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Figure 8. MD simulation of lipid molecules with ajwain nsLTP1 over 10ns: (a) MYR (green) into the active site
of ajwain nsLTP1 (b) OLE (purple) inside the cavity of ajwain nsLTP1.

zero are considered as inaccurate for the homology model. In our case, 85.54% residue having an average score
0f 0.2 on 3D/—1D profile score®, which shows the reliability of the derived model. Also, PROCHECK showed
that residues in the predicted model covered 92.4% favorable and 7.6% in additionally allowed regions and no
residue observed in disallowed region (Supplementary Fig. S2). It shows the reliability of the predicted model.
The stereo-chemical properties of the model were validated by Verify3D web server. The Verify3D plot of ajwain
nsLTP1 model showed that the average 3D-1D score of 93.14% residues >0.2, positive scores highlight the accu-
rate model folding. The PROSA software®® was used to analyze the energy profile of ajwain nsLTP1 model, which
showed that there is no positive energy peak, with —4.77 Z-Score. Therefore, it can be inferred that the predicted
model is of good quality.

3D structure is a powerful tool used to unlock and disclose biological functions of proteins. The first 3D
structure of LTP was revealed in early 1990s and till now, more than 100 LTPs structures are available®. All
LTPs showed a common feature in that their four helices, and C-terminus hydrophobic residues are involved in
ligand binding*°. These residues are known to be flexible by attachment of different ligands, to be fit the ligand
in the hydrophobic cavity according to the size of ligand. It clearly indicated the plasticity and adaptation of the
internal cavity of LTPs upon ligand binding. This capacity is different for every LTP, such as tobacco LTP, which
can bind with one type of fatty acid while wheat, eggplant and maize LTPs can bind more than one type of lipid*.
The binding of one type of lipid is more efficient than the other types of lipids. The fluorescence studies showed,
that maize nsLTP1 has more affinity for fatty acids of 16-19 carbon length, which is reduced by the presence of
polyunsaturation or hydroxyl groups. Similarly moss, LTPg readily binds to stearoyl-CoA as compared to stearate,
and Arabidopsis LTP2 binds more efficiently to LPC (lyso- phosphatidylcholine) derivatives that carry longer fatty
acyl chains (C18) as compared to shorter acyl chains (C14)>7°.

The 3D structure of ajwain nsLTP1 was used for docking by using molecular operating environment (MOE)
software package. For this we have selected two ligands, MYR, and OLE as both of them are used in other plant
LTPs. The docking indicated that lipid molecules in the hydrophobic cavity surrounded by 4 a-helices and
C-terminal loop. Aliphatic tail of MYR was projected out from binding pocket. The residues involved with MYR
binding are Alal0, Leull, Leul2, Vall5, Leul8, Ala55, Tyr59 and Leu62. Additionally, Asp8, Ala56, and Ile82
are involved in OLE binding as compared to MYR with ajwain nsLTP1 (Fig. 5). In conclusion of docking results,
Asp8, Alal0, Leull, Leul2, Vall5, Leul8, Ala55, Ala56, Tyr59, Leu62, and Ile82 were involved in binding of
both the ligands. It has been suggested that in plant LTPs, two consensus sequences T/SXXDR/K and PYXIS
positioned at about residues 43-47 and 81-85, respectively. In ajwain nsLTP1, first consensus sequence from
43 residues is “TQQKD”, while second consensus sequence from 81 residues is “PISRT”. In the protein Tyr82 is
missing, which is known to be involved in ligand binding*!#*+%5, As we discussed earlier, that binding pattern
involving specific residues with ligands are variables, which has been proved by many solved LTPs 3D structures.
In the light of ajwain nsLTP1 docking results Tyr59 is an important residue involved in both ligand binding, and
only Ile82 is involved in ligand binding from two consensus sequences. Similarly, two known conserved residues
in plant LTPs; involved in ligand binding Tyr17, and Tyr79, in nsLTP1 Tyr17 didn’t show any kind of interaction
with any ligand molecules, and Tyr79 is absent.

The MD simulation was performed to analyze dynamic behavior of ajwain nsLTP1 free form as apo, and
complexed with MYR, and OLE ligands. The MD simulation is a very powerful technique used to visualize the
physical movement of atoms/molecules in fixed time. In one study MD simulation of maize, and barley LTPs was
conducted, and observed same results as obtained from experimental data by X-ray, and NMR’". This indicated
that MD simulation results are very close to experimental data. The MD simulation results concluded that for the
most part there are three noteworthy regions of flexibility. The analysis shows that the most flexible part is the
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loop region; C-terminal also has large magnitude of movement and small region of N-terminal are also prone to
flexibility. The aliphatic carbons tail of the lipid molecule is buried into the hydrophobic cavity of nsLTP1 while
the polar head-group projects out of the binding pocket. MYR showed hydrophobic interaction with Alal0,
Leull, Leul2, Vall5, Leul8, Ala55, Tyr59, and Leu62. Amino residues 5-8 turn into bend after 7 ns of the sim-
ulated time in oleic acid and apo form but in case of MYR complex there was no change observed in this region.
Amino acid residues 40-45 turn into helical conformation in case of MYR but in case of apo and oleic acid
complex it obtained a bend conformation throughout 10 ns of the simulated time. Amino acid residues 82-85 of
ansLTP1 located in loop region comprised mostly of bends but adopt the 3 turn conformation after a period of
2ns due to the complex formation of MYR. There was no structural change observed in this case of OLE binding
with the nsLTP1 and nsLTP1 free form. There were minor deviations in the secondary structure of the residues
25-35, 55-60, and 85-90 which showed random transitions from bends/turns to unstructured loops in both com-
plexation and free states. The binding mode of MYR and OLE showed that they easily bind into the hydrophobic
cavity of ajwain nsLTP1, as observed in molecular docking and further validation by MD simulation studies. It
is proved through structure level analysis that ajwain nsLTP1 can transfer saturated MYR, as well as unsaturated
OLE fatty acid.

Conclusion

In recent years, a number of nsLTPs have been isolated and characterized from various plants. The plants nsLTPs
play an important role, not only as a major protein responsible for lipid transport in plants but also for its various
physiological and biological functions. The plant nsLTPs are well-known for their antibacterial, and anti-cancer
activities. This study revealed that ajwain nsLTP1 binding with various ligands (MYR and OLE), have possible
application in drug delivery application. They appeared to be ideally naturally designed moieties which can not
only bind and carry lipid molecules but other organic molecules also. These properties made them also suitable
for biotechnological applications. This study elaborated the evolutionary relationship of ajwain nsLTP1 with other
reported plant LTPs, as well as its potential lipid transfer activity. Subsequently, our ix silico investigation presents
3D modeling, docking patterns, as well as dynamics interactions of ajwain nsLTP1 with different ligands. This
complementary approach of structure, function relationship might be used as foundation for further studies. The
coordinate file of ajwain nsLTP1 is submitted to the online protein model database (PMDB)”2. The PMDB ID of
the submitted model is PM0081852.

Materials and Methods

Extraction of proteins. The crude proteins extraction from ajwain seeds was achieved by previous methods
with slight modifications®%. The seeds of ajwain (Trachyspermum ammi) were purchased from the local market
in Pakistan. Whole seeds were grinded and defatted by using hexane (1:6, w/v) for 24 hrs. The solid mass of ajwain
was recovered by filtration and hexane traces were removed by drying overnight under the fume-hood. The defat-
ted ajwain powder (100 gm) was soaked in 20 mM Tris/HCI, pH 8.0, (1:8, w/v) for 24 hr at 4°C with continuous
stirring. The sample was centrifuged at 14000 rpm for 15 min at 4 °C. The supernatant was collected and protein
precipitation was performed by using ammonium sulfate (80%) overnight at 4 °C. The protein precipitates were
recovered by centrifugation under similar conditions, and dissolved in same extracting buffer. The crude proteins
were dialyzed in deionized water and lyophilized.

Gel electrophoresis (SDS-PAGE). The crude protein extract and purified gel filtration fractions were vis-
ualized by SDS-PAGE by using 12% Tris/Tricine gels”. The electrophoresis was performed at 200V for 1hr. The
gels were stained with Bio-Safe Coomassie G-250 stain (Bio-Rad) and destained in deionized water.

Gel filtration chromatography.  Gel filtration chromatography was performed by using fast protein liquid
chromatography (FPLC) system (NGC Bio-Rad, USA) equipped with multi-wavelength detector and automated
fraction collector. A pre-packed gel filtration column Sephacryl S-200 (2.6 x 60 cm, GE Healthcare, USA) was
equilibrated with 20 mM Tris/HCl buffer, pH 8.0. The lyophilized crude protein (500 mg) was dissolved in same
buffer, filtered through 0.45 um filter (Millipore, USA), and was applied on to the column. The proteins were
eluted at a flow rate of 1 mL/min and absorbance was monitored at 280 nm. The chromatographic fractions of
5.0mL/tube were collected.

Reverse phase high performance liquid chromatography. The RP-HPLC was conducted by using
Hitachi Model LaChrom equipped with dual pump, UV/VIS multi-wavelength detector, and temperature con-
trolled auto-sampler. A column Aeris Widepore-C4 (250 x 4.6 mm) (Phenomenex, USA) was equilibrated with
0.1% aqueous trifluoroacetic acid (TFA). Proteins were eluted using a gradient of 0.1% TFA-acetonitrile 0-45% in
65 min’%, and the elution was monitored at 214 nm.

Modification of cysteine residues. The RP-HPLC purified and Iyophilized protein (50 ug) was dissolved
in 50 uL of reducing and alkylating (R & A) buffer (Guanidine/HCl 6 M, Tris base 0.2 M, di-sodium EDTA 2 mM)
and 5L of 2-Mercaptoethanol). The solution was purged with N, gas and incubated at 50 °C for 4 hrs. After
cooling the reaction mixture at room temperature, 5uL of 4-vinylpyridine was added. The sample tube was
wrapped with aluminum foil and incubated at 37 °C for 1.5 hr’>. The reaction was quenched by adding 5pL of
2-Mercaptoethanol containing 5% acetic acid. The sample was purified by RP-HPLC.

Trypsin digestion and peptide finger-printing.  The pyridylethylated modified protein (50 ug) was dis-
solved in 100 uL of 50 mM Tris/HCI pH 8.3 buffer. The trypsin enzyme (EC number 3.4.21.), TPCK treated (Tosyl
phenylalanyl chloromethyl ketone) was dissolved in the same buffer. Trypsin was used in the ratio of 1:20 w/w
(enzyme:substrate) to digest the protein. The digestion was performed for 4 hrs at 37 °C. The reaction was stopped
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by adding 10 pL of acetic acid’®. The tryptic digest was separated by RP-HPLC on an Aeris Peptide C18 (3.6 um,
250 x 4.6 mm) column. The tryptic peptides were eluted using a gradient of 0-40% B (0.1% TFA-acetonitrile) in
50 min. The flow rate was maintained at 1 mL/min and the absorbance was recorded at 214 nm.

MALDI-TOF mass spectrometry. The mass spectrometric analysis was performed by using Autoflex Speed
MALDI-TOF/TOF mass spectrometer (Bruker, USA). The instrument was calibrated by using calibration stand-
ard (Bruker, USA). The matrix was prepared by dissolving 10 mg/mL of 3,5-dihydroxybenzoic acid (DHB) in 50%
acetonitrile/water. Purified protein was dissolved in 50% acetonitrile, 0.1% TFA. About 2 pL of analyte was mixed
with the same volume of matrix solution, applied to MALDI target plate and air dried. The spectra were generated
by using Flex-control Software (Bruker, USA).

N-terminal amino acid sequencing. The purified intact protein and tryptic peptides were analyzed for
N-terminal amino acid sequence in an automated sequencer (PPSQ33A, Shimadzu, USA) equipped with an
online PTH phenylthiohydantoin (PTH) analyzer””. The samples were mixed in sequencing solvent S4 (37%
acetonitrile), and 10 uL sample was loaded onto Polybrene-treated glass fiber disc.

Homology modelling of nsLTP1. The target sequence consisting of 91 amino acids was submitted to
NCBI-Protein BLAST program®* using PDB proteins search against BLASTp algorithm for selection of the best
template of the closest homologue and to find out the identity, gap region, and similarity between target and
template. The best match template sequences as determined by BLASTp were subjected for target-template mul-
tiple sequence alignment by Clustal Omega program. Homology modeling was performed by Modeller9 and
subsequently the best optimized model was further subjected to energy minimization by AMBERI16 software”.
Finally, several approaches were implemented to evaluate the geometrical and structural consistency of ajwain
nsLTP1 homology model. Stereochemical properties of modeled ajwain nsLTP1 protein structure were validated
by PROCHECK®*” and the PROSA-web (z-score)*%.

Molecular docking. Molecular docking was performed between the ajwain nsLTP1 and two lipid mole-
cules; MYR and OLE using the MOE.2016 software package®!. 3D structures of lipid molecules were constructed
with builder module and energy was minimized via MMFF94X force field as implemented in the software. Then
the model protein structure was also optimized by adding polar hydrogen atoms and partial charges using the
MOE.2016 software. After this, energy minimization was performed using default parameters, where the force
field was AMBER99. Here, MOE site-finder module was employed to elucidate possible catalytic sites in the target
protein from the 3D atomic coordinates of the receptor. It identifies the hydrophobic and hydrophilic regions on
the basis of geometric methods. MOE docking software with default parameters was used to obtain the minimum
energy conformation of selected ligands in complex with the model protein. Thirty different conformations for
each lipid molecule had been generated by MOE. The best conformations of both ligands were used for further
molecular interaction analysis.

Molecular dynamics simulations.  To explore the stability and conformational flexibility (global and local)
of apo and nsLTP1 complexes, all-atom MD simulations were performed using Amber 16 package®. Three sys-
tems were prepared and employed for 10 ns time period simulation studies, one for predicting the dynamic stabil-
ity of modeled ajwain nsLTP1 structure and others for nsLTP1-ligand complexes. The complexes were prepared
with Amber ff99SBildn force field for protein and GAFF force field together with AM1-BCC charges for ligands
using Antechamber. All the hydrogen atoms were added, and counter-ions (Cl-) were employed to neutralize the
highly negative charges of the systems. These systems were finally solvated explicitly in a cubic TIP3P water box
and periodic boundary condition with dimensions at least 8 A away from any protein atoms. The Leap program
was used for this purpose.

After the solvation, each system was first structurally relaxed to optimize stereo-chemical restraint and to
eliminate atom clashes, minimization was carried out by using pmemd AMBER package. Both steepest descent
and conjugate gradient methods were used to minimize potential energy of the systems. Total 1500 steps were
carried out. Initially, in 500 steps of minimization harmonic restraint of 25 Kcal/mol A% were applied on protein
and then minimization was followed by gradually relaxing restraint on both protein and counter ions. After min-
imization systems were heated gradually from 0-300K up to 40 ps and then subsequently restraint was relaxed
and final equilibration was last up to 70 ps.

During equilibration, minimization was switched off and protein backbone atoms were relaxed over mul-
tiple steps by gradual decrease in harmonic restraint and at last all restraints were released. The NPT ensemble
(isothermal-isobaric) MD productions were performed for 10 ns maintaining temperature at 300 K by Berendsen
thermostat and the pressure was kept constant at 1 atm. All bonds involving hydrogen atoms were kept rigid via
SHAKE flag (ntc=2) in order to simplify the calculation and minimize the cost involved in computation power.
Particle mesh Ewald method was used to calculate long range electrostatic interactions. For this purpose, the
cut-off value for non-bonded interactions was set 9 A. The analysis and visualization of the trajectories of ajwain
nsLTP1 complexes was facilitated using CPPTRA] included in AMBER 16 and VMD package®.

References

1. Wei, K. & Zhong, X. Non-specific lipid transfer proteins in maize. BMC Plant Biology 14, 281 (2014).

2. Wellman, C. H., Osterloff, P. L. & Mohiuddin, U. Fragments of the earliest land plants. Nature 425, 282 (2003).

3. Getz, G. S. Lipid Transfer Proteins: Introduction to the Thematic Review Series. Journal of Lipid Research 59, 745-748 (2018).

4. Edqyist, J., Blomgvist, K., Nieuwland, J. & Salminen, T. A. Plant lipid transfer proteins: are we finally closing in on the roles of these
enigmatic proteins? Journal of Lipid Research 59, R083139 (2018).

5. Salminen, T. A., Blomgyvist, K. & Edqyvist, . Lipid transfer proteins: classification, nomenclature, structure, and function. Planta 244,
971-997 (2016).

SCIENTIFICREPORTS| (2019) 9:4148 | https://doi.org/10.1038/s41598-019-40574-x 10


https://doi.org/10.1038/s41598-019-40574-x

www.nature.com/scientificreports/

11.

12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.

23.
24.

25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.

36.
. Pagnussat, L., Burbach, C., Baluska, F. & de la Canal, L. An extracellular lipid transfer protein is relocalized intracellularly during

38.
39.
40.
41.

42.
43.

44.

45.
46.

47.
. Zarshenas, M. M., Moein, M., Samani, S. M. & Petramfar, P. An overview on ajwain (Trachyspermum ammi) pharmacological

. Renault, H. et al. A phenol-enriched cuticle is ancestral to lignin evolution in land plants. Nature Communications 8, 14713 (2017).
. Fich, E. A, Segerson, N. A. & Rose, J. K. The plant polyester cutin: biosynthesis, structure, and biological roles. Annual Review of

Plant Biology 67, 207-233 (2016).

. Guo, C,, Ge, X. & Ma, H. The rice OsDIL gene plays a role in drought tolerance at vegetative and reproductive stages. Plant Molecular

Biology 82, 239-253 (2013).

. Pighin, J. A. et al. Plant cuticular lipid export requires an ABC transporter. Science 306, 702-704 (2004).
. Gangadhar, B. H. et al. Enhanced tolerance of transgenic potato plants over-expressing non-specific lipid transfer protein-1

(StnsLTP1) against multiple abiotic stresses. Frontiers in Plant Science 7, 1228 (2016).

Edstam, M. M., Blomgqvist, K., Eklof, A., Wennergren, U. & Edqvist, ]. Coexpression patterns indicate that GPI-anchored non-
specific lipid transfer proteins are involved in accumulation of cuticular wax, suberin and sporopollenin. Plant Molecular Biology 83,
625-649 (2013).

Van Winkle, R. C. & Chang, C. The biochemical basis and clinical evidence of food allergy due to lipid transfer proteins: a
comprehensive review. Clinical Reviews in Allergy and Immunology 46, 211-224 (2014).

Palacin, A. et al. Graph based study of allergen cross-reactivity of plant lipid transfer proteins (LTPs) using microarray in a
multicenter study. PLOS One 7, 50799 (2012).

Salcedo, G., Sanchez-Monge, R., Barber, D. & Diaz-Perales, A. Plant non-specific lipid transfer proteins: an interface between plant
defence and human allergy. Biochimica et Biophysica Acta (BBA)-Molecular and Cell Biology of Lipids 1771, 781-791 (2007).

Asero, R, Piantanida, M., Pinter, E. & Pravettoni, V. The clinical relevance of lipid transfer protein. Clinical & Experimental Allergy
48,6-12 (2018).

Asero, R. & Pravettoni, V. Anaphylaxis to plant-foods and pollen allergens in patients with lipid transfer protein syndrome. Current
Opinion in Allergy and Clinical Immunology 13, 379-385 (2013).

Jain, A. & Salunke, D. M. Crystal structure of nonspecific lipid transfer protein from Solanum melongena. Proteins: Structure,
Function, and Bioinformatics 85, 1820-1830 (2017).

Del Carmen Ramirez-Medeles, M. et al. Amino acid sequence, biochemical characterization, and comparative modeling of a
nonspecific lipid transfer protein from Amaranthus hypochondriacus. Archives of Biochemistry and Biophysics 415, 24-33 (2003).
Cheng, H. C,, Cheng, P. T., Peng, P, Lyu, P. C. & Sun, Y. J. Lipid binding in rice nonspecific lipid transfer protein-1 complexes from
Oryza sativa. Protein Science 13, 2304-2315 (2004).

Marion, D., Douliez, J.-P., Gautier, M. E. & Elmorjani, K. Plant lipid transfer proteins: relationships between allergenicity and
structural, biological and technological properties. Plant Food Allergens, Oxford: Blackwell Science Ltd, 57-69 (2004).

Egger, M., Hauser, M., Mari, A., Ferreira, F. & Gadermaier, G. The role of lipid transfer proteins in allergic diseases. Current Allergy
and Asthma Reports 10, 326-335 (2010).

De Oliveira Carvalho, A. & Gomes, V. M. Role of plant lipid transfer proteins in plant cell physiology—a concise review. Peptides 28,
1144-1153 (2007).

Kader, J. C. Lipid-transfer proteins in plants. Annual Review of Plant Biology 47, 627-654 (1996).

Padovan, L., Scocchi, M. & Tossi, A. Structural aspects of plant antimicrobial peptides. Current Protein and Peptide Science 11,
210-219 (2010).

Edstam, M. M. et al. Characterization of the GPI-anchored lipid transfer proteins in the moss Physcomitrella patens. Plant
Physiology and Biochemistry 75, 55-69 (2014).

Berecz, B. et al. Structural stability and surface activity of sunflower 2S albumins and nonspecific lipid transfer protein. Journal of
Agricultural and Food Chemistry 58, 6490-6497 (2010).

Lindorff-Larsen, K. & Winther, J. R. Surprisingly high stability of barley lipid transfer protein, LTP1, towards denaturant, heat and
proteases. FEBS Letters 488, 145-148 (2001).

Edstam, M. M., Viitanen, L., Salminen, T. A. & Edqvist, J. Evolutionary history of the non-specific lipid transfer proteins. Molecular
Plant 4,947-964 (2011).

Joly, V. & Matton, D. P. KAPPA, a simple algorithm for discovery and clustering of proteins defined by a key amino acid pattern: a
case study of the cysteine-rich proteins. Bioinformatics 31, 1716-1723 (2015).

Marion, D., Bakan, B. & Elmorjani, K. Plant lipid binding proteins: properties and applications. Biotechnology Advances 25, 195-197
(2007).

Douliez, J. P, Michon, T., Elmorjani, K. & Marion, D. Mini review: structure, biological and technological functions of lipid transfer
proteins and indolines, the major lipid binding proteins from cereal kernels. Journal of Cereal Science 32, 1-20 (2000).

Boutrot, F, Guirao, A., Alary, R., Joudrier, P. & Gautier, M. F. Wheat non-specific lipid transfer protein genes display a complex
pattern of expression in developing seeds. Biochimica et Biophysica Acta (BBA)-Gene Structure and Expression 1730, 114-125 (2005).
Pons, J. L., De Lamotte, E, Gautier, M. F. & Delsuc, M. A. Refined solution structure of a liganded type 2 wheat non-specific Lipid
Transfer Protein. Journal of Biological Chemistry 278, 14249-14256 (2003).

Samuel, D, Liu, Y. J., Cheng, C. S. & Lyu, P. C. Solution structure of plant nonspecific lipid transfer protein-2 from rice (Oryza
sativa). Journal of Biological Chemistry 277, 35267-35273 (2002).

Liu, E et al. Non-specific lipid transfer proteins in plants: presenting new advances and an integrated functional analysis. Journal of
Experimental Botany 66, 5663-5681 (2015).

Kader, J. C. Lipid-transfer proteins: a puzzling family of plant proteins. Trends in Plant Science 2, 66-70 (1997).

seed germination. Journal of Experimental Botany 63, 6555-6563 (2012).

Kristensen, A. K., Brunstedt, J., Nielsen, K. K., Roepstorff, P. & Mikkelsen, J. D. Characterization of a new antifungal non-specific
lipid transfer protein (nsLTP) from sugar beet leaves. Plant Science 155, 31-40 (2000).

Wang, S. Y., Wu, J. H,, Ng, T, Ye, X. Y. & Rao, P. E. A non-specific lipid transfer protein with antifungal and antibacterial activities
from the mung bean. Peptides 25, 1235-1242 (2004).

Sun, J. Y. et al. Characterization and antifungal properties of wheat nonspecific lipid transfer proteins. Molcular Plant Microbe
Interaction 21, 346-360 (2008).

Zottich, U. et al. Purification, biochemical characterization and antifungal activity of a new lipid transfer protein (LTP) from Coffea
canephora seeds with a-amylase inhibitor properties. Biochimica et Biophysica Acta (BBA)-General Subjects 1810, 375-383 (2011).

Nawrot, R. et al. Plant antimicrobial peptides. Folia Microbiologica 59, 181-196 (2014).

Lin, P. et al. Lipid transfer proteins from Brassica campestris and mung bean surpass mung bean chitinase in exploitability. Journal
of peptide science: an official publication of the European Peptide Society 13, 642-648 (2007).

Finkina, E., Melnikova, D. & Bogdanov, I. J. Lipid transfer proteins as components of the plant innate immune system: structure,
functions, and applications. Acta Naturae 8 (2016).

Pato, C. et al. Potential application of plant lipid transfer proteins for drug delivery. Biochemical Pharmacology 62, 555-560 (2001).

Lux, H. et al. Ether-lipid (alkyl-phospholipid) metabolism and the mechanism of action of ether-lipid analogues in Leishmania.
Molecular and Biochemical Parasitology 111, 1-14 (2000).

Wertz, P. W. Lipids and barrier function of the skin. Acta Dermato-Venereologica 80 (2000).

effects; modern and traditional. Journal of Natural Remedies 14, 98-105 (2013).

SCIENTIFICREPORTS| (2019) 9:4148 | https://doi.org/10.1038/s41598-019-40574-x 11


https://doi.org/10.1038/s41598-019-40574-x

www.nature.com/scientificreports/

53.

54.

55.

56.

57.

58.

59.

60.

61.
62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.
74.

82.
83.

. Dwivedi, S., Mishra, R., Alava, S. Phytochemistry, pharmacological studies, and traditional benefits of Trachyspermum ammi (Linn.)

Sprague. International Journal of Pharmacy & Life Sciences 3 (2012).

. Jeet, K. et al. Trachyspermum ammi (ajwain): a comprehensive review. International Research Journal of Pharmacy 3, 133-138 (2012).
. Mueller, M. M. Inflammation in epithelial skin tumours: old stories and new ideas. European Journal of Cancer 42, 735-744 (2006).
. Singh, B. & Kale, R. K. Chemomodulatory effect of Trachyspermum ammi on murine skin and forestomach papillomagenesis.

Nutrition and Cancer 62, 74-84 (2009).

Sechi, S. & Chait, B. T. Modification of cysteine residues by alkylation. A tool in peptide mapping and protein identification.
Analytical Chemistry 70, 5150-5158 (1998).

Altschul, S. E, Gish, W., Miller, W,, Myers, E. W. & Lipman, D. J. Basic local alignment search tool. Journal of Molecular Biology 215,
403-410 (1990).

Sussman, J. L. et al. Protein Data Bank (PDB): database of three-dimensional structural information of biological macromolecules.
Acta Crystallographica Section 54, 1078-1084 (1998).

Sali, A. & Blundell, T. L. Comparative protein modelling by satisfaction of spatial restraints. Journal of Molecular Biology 234,
779-815 (1993).

Cheng, C. S. et al. Binding mechanism of nonspecific lipid transfer proteins and their role in plant defense. Biochemistry 43,
13628-13636 (2004).

Garcia-Olmedo, E, Molina, A., Segura, A. & Moreno, M. The defensive role of nonspecific lipid-transfer proteins in plants. Trends in
Microbiology 3, 72-74 (1995).

Boutrot, F, Chantret, N. & Gautier, M. F. Genome-wide analysis of the rice and Arabidopsis non-specific lipid transfer protein
(nsLtp) gene families and identification of wheat nsLtp genes by EST data mining. Biochimica et Biophysica Acta (BBA)-Gene
Structure and Expression 9, 86 (2008).

Hammami, R., Ben Hamida, J., Vergoten, G. & Fliss, I. PhytAMP: a database dedicated to antimicrobial plant peptides. Nucleic Acids
Research 37, D963-D968 (2008).

Prabhu, S. et al. Anionic antimicrobial and anticancer peptides from plants. Critical Reviews in Plant Sciences 32, 303-320 (2013).
Li, J. et al. Genome-wide survey and expression analysis of the putative non-specific lipid transfer proteins in Brassica rapa L. PLoS
One 9, 84556 (2014).

Arondel, V., Vergnolle, C., Cantrel, C. & Kader, J. C. Lipid transfer proteins are encoded by a small multigene family in Arabidopsis
thaliana. Plant Science 157, 1-12 (2000).

Shin, D. H,, Lee, J. Y., Hwang, K. Y., Kim, K. K. & Suh, S. W. High-resolution crystal structure of the non-specific lipid-transfer
protein from maize seedlings. Structure 3, 189-199 (1995).

Zaman, U. & Abbasi, A. Isolation, purification and characterization of a nonspecific lipid transfer protein from Cuminum cyminum.
Phytochemistry 70, 979-987 (2009).

Cheng, C. S. et al. Mutagenesis study of rice nonspecific lipid transfer protein 2 reveals residues that contribute to structure and
ligand binding. Proteins: Structure, Function, and Bioinformatics 70, 695-706 (2008).

Lee, ]. Y. et al. Rice non-specific lipid transfer protein: the 1.6 & crystal structure in the unliganded state reveals a small hydrophobic
cavityl. Journal of Molecular Biology 276, 437-448 (1998).

Colovos, C. & Yeates, T. O. Verification of protein structures: patterns of nonbonded atomic interactions. Protein Science 2,
1511-1519 (1993).

Eisenberg, D., Luthy, R. & Bowie, J. U. [20] VERIFY3D: assessment of protein models with three-dimensional profiles. Methods in
enzymology 277, 396-404 (1997).

Douliez, J.-P., Michon, T. & Marion, D. Steady-state tyrosine fluorescence to study the lipid-binding properties of a wheat non-
specific lipid-transfer protein (nsLTP1). Biochimica et Biophysica Acta (BBA)-Biomembranes 1467, 65-72 (2000).

Shi, Z. et al. Modeling, docking and dynamics simulations of a non-specific lipid transfer protein from Peganum harmala L.
Computational Biology and Chemistry 47, 56-65 (2013).

Castrignano, T., De Meo, P. D. O., Cozzetto, D., Talamo, I. G. & Tramontano, A. The PMDB protein model database. Nucleic Acids
Research 34, D306-D309 (2006).

Schagger, H. Tricine-sds-page. Nature Protocols 1, 16 (2006).

Lewis, R. V., Fallon, A,, Stein, S., Gibson, K. D. & Udenfriend, S. Supports for reverse-phase high-performance liquid
chromatography of large proteins. Analytical Biochemistry 104, 153-159 (1980).

. Kruft, V., Kapp, U. & Wittmann-Liebold, B. On-sequencer pyridylethylation of cysteine residues after protection of amino groups by

reaction with phenylisothiocyanate. Analytical Biochemistry 193, 306-309 (1991).

. Hirs, C. W. Performic acid oxidation. Methods Enzymol 11, 197-199 (1967).

. Edman, P. & Begg, G. A protein sequenator. European Journal Biochemistry 1, 80-91 (1967).

. Case, D. et al. AMBER 12: University of California: San Francisco, (2012).

. Laskowski, R. A. PDBsum: summaries and analyses of PDB structures. Nucleic Acids Research 29, 221-222 (2001).

. Wiederstein, M. & Sippl, M. J. ProSA-web: interactive web service for the recognition of errors in three-dimensional structures of

proteins. Nucleic Acids Research 35, W407-W410 (2007).

. MOE (TheMoleccular Operating Environment) Version2016.10. Chemical Computing Group Inc. Available from: http://www.

chemcomp.com
Case, D. A. et. al. AMBER 2017, University of California; San Francisco, 2017).
Humpbhrey, W., Dalke, A. & Schulten, K. VMD: visual molecular dynamics. Journal of Molecular Graphics 14, 33-38 (1996).

Acknowledgements

Meshal Nazeer gratefully acknowledges the fellowship support to work at Chapman University School of
pharmacy and travel grant from ICCBS, University of Karachi. Part of this research was completed using CUSP
Analytical Core Facility.

Author Contributions

M.I.C., Z.U.H. and A.A. conceived and design the experiments. M.N. and H.W. performed protein purification
and characterization experiments. M.S. and S.Y.A. performed 3D modeling experiments. All authors contributed
in writing, editing and approved the manuscript for submission.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-40574-x.

Competing Interests: The authors declare no competing interests.

SCIENTIFIC REPORTS |

(2019) 9:4148 | https://doi.org/10.1038/s41598-019-40574-x 12


https://doi.org/10.1038/s41598-019-40574-x
http://www.chemcomp.com
http://www.chemcomp.com
https://doi.org/10.1038/s41598-019-40574-x

www.nature.com/scientificreports/

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
Cam | icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFIC REPORTS |

(2019) 9:4148 | https://doi.org/10.1038/s41598-019-40574-x 13


https://doi.org/10.1038/s41598-019-40574-x
http://creativecommons.org/licenses/by/4.0/

	Chapman University
	Chapman University Digital Commons
	3-11-2019

	Purification and Characterization of a Nonspecific Lipid Transfer Protein 1 (nsLTP1) from Ajwain (Trachyspermum ammi) Seeds
	Meshal Nazeer
	Humera Waheed
	Maria Saeed
	Saman Yousuf ali
	M. Iqbal Choudhary
	See next page for additional authors

	Purification and Characterization of a Nonspecific Lipid Transfer Protein 1 (nsLTP1) from Ajwain (Trachyspermum ammi) Seeds
	Comments
	Creative Commons License
	Copyright
	Authors


	Purification and Characterization of a Nonspecific Lipid Transfer Protein 1 (nsLTP1) from Ajwain (Trachyspermum ammi) Seeds ...
	Results

	Purification of nsLTP1 protein from ajwain seeds. 
	Complete primary sequence of purified ajwain nsLTP1. 
	3D modelling of ajwain nsLTP1. 
	Molecular docking studies of ajwain nsLTP1. 
	MD simulations of ajwain nsLTP1. 

	Discussion

	Conclusion

	Materials and Methods

	Extraction of proteins. 
	Gel electrophoresis (SDS-PAGE). 
	Gel filtration chromatography. 
	Reverse phase high performance liquid chromatography. 
	Modification of cysteine residues. 
	Trypsin digestion and peptide finger-printing. 
	MALDI-TOF mass spectrometry. 
	N-terminal amino acid sequencing. 
	Homology modelling of nsLTP1. 
	Molecular docking. 
	Molecular dynamics simulations. 

	Acknowledgements

	Figure 1 Purification of ajwain nsLTP1.
	Figure 2 (a) MALDI-TOF mass spectra of purified aiwain nsLTP1 protein (b) RP- HPLC separation profile of tryptic digest of ajwain nsLTP1.
	Figure 3 Pairwise protein sequence alignment of Ajwain and Solanum nsLTPs1.
	Figure 4 (a) Ribbon representation of modeled ajwain nsLTP1.
	Figure 5 Molecular Docking of lipid molecules with ajwain nsLTP1: (a) MYR docked into the active site of ajwain nsLTP1: Residues involved in hydrogen bond (pink) and hydrophobic (yellow) interactions with MYR (green).
	Figure 6 Dynamic behavior analysis of apo, and complexes ajwain nsLTP1.
	Figure 7 Secondary structure prediction (DSSP) analysis of apo and complex ajwain nsLTP1 protein.
	Figure 8 MD simulation of lipid molecules with ajwain nsLTP1 over 10 ns: (a) MYR (green) into the active site of ajwain nsLTP1 (b) OLE (purple) inside the cavity of ajwain nsLTP1.


