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Abstract

Lipids are considered to protect protein allergens from proteolysis and are generally seen to exist
in a bound form. One of the well-known plant protein families with bound lipids is non-specific
lipid transfer proteins (nsLTPs). Structure-function relationships in the case of the members of
non-specific lipid transfer protein family are not clearly understood. As part of exploring the seed
proteome, we have analyzed the proteome of a member of Solanaceae family, Solanum melongena
(eggplant) and a non-specific lipid transfer protein from S. melongena, SM80.2 was purified, crystal-
lized and the structure was determined at 1.87 A resolution. Overall, the tertiary structure is a
cluster of a-helices forming an internal hydrophobic cavity. Absence of conserved Tyr79, known
to govern the plasticity of hydrophobic cavity, and formation of hydrogen bond between Asn79
and Asn36 further reduced the pocket size. Structural analysis of SM80.2 thus gives insight about
a new hydrogen bond mediated mechanism followed in closure of the binding pocket. Extra elec-
tron densities observed at two different places on the protein surface and not in the cavity could
provide interesting physiological relevance. In light of allergenic properties, probably overlapping
of epitopic region and ligand binding on surface could be a main reason. This work shows first
crystal structure of A-like nsLTP with a close binding pocket and extra density on the surface sug-

gesting a plausible intermediate state during transfer.

KEYWORDS

1 | INTRODUCTION

Allergens are mostly water soluble proteins, stable to proteolytic degra-
dation and the size ranging from 10 to 70 kDa. However, these charac-
teristics alone cannot explain their allergenicity.? Lipid binding is one of
the characteristic known in protein families that includes allergens like
2 S albumin, nonspecific lipid transfer proteins (nsLTPs) and Oleosins.
While physiologically bound lipids could be critical for protein function,
not much is known about the role of lipids in seed storage proteins,
although it is suggested that the lipid binding can modulate stability of
allergenic proteins.? Allergens have been identified in commonly con-
sumed plants belonging to Solanaceae family.® Patalin from potato,
profilins from tomato and pathogenesis related protein P-23 from bell
pepper are a few among them. In recent years, allergenic reactions due

Abbreviations: nsLTPs, nonspecific lipid transfer proteins.

allergy, lipid, nonspecific lipid transfer proteins, Solanum melongena, solanaceae

to eggplant have been reported but they are not as common. Certain
metabolites have also been identified as allergens in eggplant.* Apart
from Solanaceae family, allergens are also known from other plant fam-
ilies like Poaceae family (Rice),” Anacardiaceae family (Cashew) Faba-
ceae family (Peanut),” and Lecythidaceae (Brazil nut).2

Proteins causing allergic reactions are present in many parts of
plants but are highly accumulated in seeds and most of them degrade
during germination.? Certain functional studies were reported for aller-
gens from Solanum lycopersicum and Solanum tuberosum. So far, studies
related to allergenic property of proteins have not been explored in
case of Solanum melongena. Some reports suggested that S. melongena
can cause allergy by means of factors associated with proteins,
although such factors were not clearly identified.*®

Nonspecific lipid transfer proteins (nsLTPs) are one of the major
plant allergen families having lipid associated with the protein. Lipids

are known to be bound in the hydrophobic cavity in these proteins.**
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The nsLTPs belong to prolamin superfamily and are characterized on
the basis of conserved cysteine residues, presence of disulfide bonds,
basic nature, and high content of a-helices.*? Nonspecific lipid transfer
proteins possess the ability to transfer different lipids between mem-
branes. They are assumed to play a critical role in plant defense form-
ing a protective hydrophobic cover on plant aerial organs. Recently
these proteins are also designated as pan allergens.*®

Thus, it becomes interesting to elucidate structure of this class of
proteins and perform comparative analysis, which may shed further
light on the role of lipids in causing allergy. It is possible that comparing
the structure with other members of the nsLTP family will help in deci-
phering the importance played by these proteins in physiology proc-
esses and allergy. Here we report the identification, purification,
crystallization and structure determination of SM80.2, a 9.388 kDa
protein from S. melongena by ab initio phasing. SM80.2 showed very
high sequence homology with A-like nsLTPs. A-like nsLTPs are one of
the subclass of Typel nsLTPs. This suggests that SM80.2 belongs to
Typel nsLTP family of seed storage proteins, members of which are
identified to be intrinsically allergenic. SM80.2 showed alpha helical
structure with a closed hydrophobic pocket. We also found unex-
plained electron densities at two places on the protein surface which
we modeled as two relevant lipids. To best of our knowledge, this is
the first nsLTP structure where closure of the lipid binding pocket
through hydrogen bonding is observed. Unusual electron density
observed on the surface at two places has been interpreted as possible

lipid binding.

2 | EXPERIMENTAL PROCEDURES
(MATERIALS AND METHODS)

2.1 | Isolation and purification

Protein was isolated from 50 g S. melongena seeds bought from
National Seed Corporation, New Delhi. Isolation and purification proto-
col used was same as used in our earlier study.14 In brief, seeds were
washed, ground and delipidified. Delipidification was done using petro-
leum ether. The dried extract was then homogenized in 50 mM Tris-Cl,
150 mM NaCl pH 8 along with protease inhibitor cocktail (Sigma) and
stirred at 4°C for 3 h. Homogenized extract was centrifuged at
7 000 rpm (12 300 g) for 1 h at 4°C and salt fractionation was per-
formed in the supernatant over a concentration range of 0-95% (w/v)
ammonium sulfate. This resulted in solubility based separation of pro-
teins. Pellets obtained from each fraction were dissolved in homogeni-
zation buffer and then dialyzed in order to remove the salt. Further,
the proteins in each fraction were analyzed on SDS-PAGE. The isola-
tion and purification were done by size exclusion chromatography and
BCA concentration assay was used for determining the concentration
of purified protein.

2.2 | Protein sequence analysis

Segregated proteins from the selected fraction were transferred on

polyvinylidene difluoride (PVDF) membrane. Amino acid sequencing

was done by Edman degradation method on PPSQ-33 A protein
sequencer (Shimadzu). N-terminal sequence thus obtained was ana-
lyzed for sequence based homology using BLAST database search.'®

2.3 | Crystallization

For crystallization trials, the protein sample was prepared in 50 mM
Tris-Cl pH 8.0 and concentration was adjusted to 10 mg mL™ 1. Crystal-
lization was done using conventional hanging-drop vapor diffusion
method at room temperature. Initial screening was done by using vari-
ous commercially available Hampton PEG/lon screen, PEG/lon 2
screen, Crystal screen, Crystal screen 2 and Index screen set up by a
mosquito crystallization robot. Drops were composed of equal volume
(250 nL) of protein and reservoir solution equilibrated against 100 pL
of reservoir solution. Few hits were obtained in Index (condition 93)
and PEG/lon screen (condition 30). Diffraction quality crystals were
obtained after optimization of conditions in a drop size of 2 + 2 uL of
protein and reservoir solution equilibrated against 500 pL reservoir
solution containing 0.05 M zinc acetate dihydrate with 20% w/v poly-
ethylene glycol 3 350 Da.

2.4 | Data collection and statistics

Rigaku FR-E + superbright dual X-ray source (Rigaku) at wavelength of
1.5418 A having RAXIS IV++ was used as X-ray source. The data
were collected at 120 K with a crystal-to-detector distance of 120 mm.
Crystals were cryoprotected using 30% w/v glycerol in mother liquor.
Data were collected to 2 A resolution and integrated and scaled with
iMosflm.* For ab initio structure solution two data sets were collected
at BM14, European Synchrotron Radiation Facility (ESRF), Grenoble,
France from the same crystals belonging to space group P64 at 0.953
A and 1.771 A respectively. These dataset are collected at 2.5 and 1.87

A resolution. Data processing was done using iMosflm.

2.5 | Structure determination

For extracting the initial phases high redundancy sulfur-anomalous
data was required, so 2.5-A resolution data were collected at 3 differ-
ent kappa angles. This approach resulted in 65 fold redundancy. Anom-
alous merged data were used by PHENIX software suite!” to calculate
phases. AutoSol was used for the purpose of preparing preliminary
model. Further, AutoBuild assisted in improving the phases and model
building. Iterative cycles of model building was done on COOT® and
refinement was carried out by phenix.refine program of PHENIX soft-
ware. eLBOW?!? was used to generate the topology files for ligand
refinement. The final quality was checked by PROCHECK.2® Simulated
annealing Ligand omit maps were prepared by CNS.?! Figures were
prepared using PyMOL.?2

2.6 | Accession numbers

The accession numbers for the SM80.2 structure coordinate is 5TVI.
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FIGURE 1 Protein identification and purification from seed proteins of Solanum melongena. (A) Lanes 1-5 corresponds to 0%-20%, 20%-40%,
40%-60%, 60%-80%, and 80%-95% ammonium sulfate fractions, and lane 6 of 15% SDS PAGE corresponds to the low molecular weight
protein markers (sigma) respectively. Targeted band is labelled as SM80.2. (B) N-terminal sequence alignment of SM80.2 with the homologous
sequences identified by blast search. In bold are the different residues as compared to query sequence. (C) Purification profile of 80% protein
fraction on self-packed sephacryl-200 column. Peak 2 corresponds to the purified protein and labeled as SM80.2. In inset is 15% SDS PAGE of
the purified protein along with molecular weight markers. Lane 1 corresponds to SM80.2 and lane two shows molecular weight markers

3 | RESULTS

Proteins associated with lipids are observed to initiate sensitization by
regulating immune system.? Many proteins including nonspecific lipid
transfer proteins are thought to possess similar potential. Therefore,
comparative structural analysis of seed protein associated with lipid
transfer from S. melongena fruit, which is commonly consumed due to
its nutritional value, was addressed. This will also help in understanding

the physiological functions of proteins and lipids from edible seeds.

3.1 | Protein purification and crystallization

Protein fractions obtained from ammonium sulfate fractionation were
electrophoresed on 15% SDS PAGE and analyzed for proteins with sig-
nificant molecular weight differences. Apart from proteins character-
ized earlier,** we identified N-terminal sequence of a low molecular
weight protein from 80% ammonium sulfate fraction by Edman degra-

dation method. This protein band showed >90% homology with A-like

nonspecific  lipid-transfer protein from Solanaceae family on
BLAST database search (XP_015084690.1, XP_006347954.1,
XP_016544907.1, XP_004233683.1). This protein also showed very
high homology with lipid transfer protein isoallergen 1 precursor of
Arachis hypogaea.®® Partially purified 80% protein fraction was sub-
jected to further purification using sephacryl-200 column. Peak 2 of
chromatographic profile corresponds to the purified protein and was
named SM80.2 (Figure 1). This eluted fraction was concentrated to 10
mg mL™? by 3.0 kDa molecular weight cutoff Amicon (Millipore) for
further studies.

SM80.2 protein crystals diffracted to 2.0 A resolution at home
source and 1.87 A resolution at BM14 European Synchrotron Radiation
Facility, Grenoble, France. The cuboidal shaped crystals belonged to
space group P64, with unit cell parameters a = b = 88.8 A and ¢ = 49.0
A. Data were processed by iMosflm software.*® Data collection and
processing statistics are summed up for high resolution data in Table 1.
Matthews coefficient suggested the presence of two monomers per

asymmetric unit.24
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TABLE 1 Data collection and S-SAD phasing statistics for SM80.2 in P6, space group

Dataset1 Dataset2
SAD 0 Kappa SAD 40 Kappa
Space group P64 P6,
Unit-cell parameters
a(h 87.55 87.62
b (A) 87.55 87.62
c (&) 49.69 49.69
Wavelength (A) 1.7712 1.7712
Oscillation 1 1
No of images 360 360

Total reflections

Unique reflections

165 493 (23 318)
7 645 (1 093)

166 378 (23 491)
7 639 (1 090)

Dataset3
SAD 80 Kappa

P64

87.63

87.63

49.66

1.7712

1

360

166 465 (23 515)
7 637 (1 092)

Merged
SAD 0 + 40 + 80Kappa

P61

87.60

87.60

49.68

1.7712

1

1080

498 339 (69 416)
7 669 (1 095)

Dataset4 Native

P64

87.48

87.48

49.67

0.95372

1

300

169 020 (10 936)
18 069 (1 171)

Resolution range (A) 41-2.50 41-2.50
Completeness (%) 100 (100) 99.7 (99.2)
Redundancy 21.6 (21.3) 21.8 (21.6)
Mean I/(1) 34.3 (16.0) 37.9 (16.1)
Rmerge” 0.068 (0.204) 0.060 (0.211)

Reneas” (all 1+ &1—) 0.072 (0.213) 0.064 (0.220)

Rpim (all 14+ &l1-) 0.015 (0.04¢) 0.014 (0.047)

CC1/2 0.999 (0.994) 1.000 (0.994)

Mosacity 0.82 0.77

41-2.50 41-2.50 32-1.87
99.8 (99.5) 100 (100) 99.9 (100)
21.8 (21.5) 65.0 (63.4) 9.4 (9.3)
32.8 (11.9) 53.5 (22.7) 20.9 (5.2)

0.069 (0.298) 0.078 (0.252) 0.061 (0.433)

0.074 (0.311) 0.080 (0.256) 0.067 (0.484)

0.016 (0.066) 0.010 (0.032) 0.022 (0.158)

0.999 (0.986) 1.000 (0.997) 0.999 (0.939)

0.71 0.77 0.66

*Rmerge = 2 naZillithkl) — <I(hkl)>|/Zp Zili(hkl) where I(hkl) is the i'" measurement of the intensity of reflection hkl and <I(hkl)>is the mean intensity of

reflection hkl.

meeas(redUndanCY'independent Rmerge) = th|[Nhk|/(Nhk| - 1)]1/22|“|(hk|) - <I(hk|)>|/Ehk| Z,I,(hkl)
CRpim(precision—indicating Rmerge) = zhkl[l/(Nhkl - 1)]1/22|“|(hk|) - <I(hk|)>|/2hk| lel(hkl)

Data processed using iMosflm.
“Values in parentheses are for the highest resolution shell.”

3.2 | Structure determination

Although a few crystal structures of nsLTPs were known, we
attempted ab initio Sulfur-SAD phasing method?® for structure deter-
mination (Table 1) to ensure unbiased electron density map. Prelimi-
nary model was prepared by PHENIX AutoSol suite followed by
iterative model building in AutoBuild.*” AutoSol program identified 17
sites with correlation coefficient for consensus sequence of 53%. Final
preliminary model consists of 150 residues and overall model map cor-
relation of 63. This initial model had Ryo and Rgee of 38.32 and
41.81%, respectively with no side chains. The complete SM80.2 struc-
ture was refined to Ryon Of 18.36% and Rgee Of 22.54% with 98% of
the residues in the favored region of the Ramachandran plot. Final

refinement statistics are listed in Table 2.

3.3 | Overall structure

SMB0.2 consists of 92 residues and exists as dimer in the crystal struc-
ture (Figure 2A). The monomer can be divided into three parts that is,
four helices (H1-H4), three short loops and a long C-terminal having
four disulfide bonds. This long C-terminal contains a 310 helix and is

linked to N-terminal by a long helix H3 through a pair of disulfide
bonds. Another pair of disulfide bonds link helices H1 and H4. In all,
disulfide bonds are present between cysteine 4-51, 14-28, 29-74,

TABLE 2 Refinement statistics of SM80.2

Resolution range (A) 32.83-1.87
Final Ryork (%) 18.36
Final Reree (%) 22.54
R.M.S. deviations
Bonds (A) 0.010
Angles (°) 1.380
Average B factors (A?)
Protein 32.20
Ligand 45.70
Water 39.10
Ramachandran plot
Most favoured (%) 98.88
Allowed (%) 1.12
QOutlier (%) 0.00
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FIGURE 2 Overall structure of SM80.2. (A) Cartoon representation of SM80.2 dimer. The helices of each monomer have been differently
colored and marked as 1, 2, 3, and 4, from N to C terminus. Ligands, octacosanol (magenta), myristic acid (magenta) and glycerol (cyan) are
shown in sticks. Ligand protein interactions were analyzed between (B) Octacosanol, (C) Myristic acid. Residues interacting by hydrophobic
or nonbonded interactions and hydrogen bond were represented as lines in yellow and blue, respectively. Red and white are the residues
belonging to SM80.2 structure and symmetry mates, respectively. Octacosanol and myristic acid are shown in blue sticks. Water molecules
are represented in asterisk. Figures are prepared in PyMOL. (D) Representation of hydrophobic patches on surface of SM80.2. The intensity
of red color is based on hydrophobicity. Hydrophilic residues are lighter/white, whereas hydrophobic residues are darker/red. This coloring
is done in PyMOL using the color_h.py python script. Bound lipids are shown in green sticks [Color figure can be viewed at

wileyonlinelibrary.com]

49-88. In SM80.2, these four helices are also involved in formation of
a hydrophobic tunnel (Figure 2A). Dimer is stabilized by 82 non-
bonded interactions and 9 hydrogen bonds. A total of 61 water mole-
cules were identified in SM80.2 structure.

Apart from the protein chains and water molecules, extra electron
density for two long continuous stretches and a small entity was seen
in the electron density map. Because molecules from the crystallization
buffer and cryo-protectant are known to bind to macromolecules,?®
cryo-protectant and crystallization components were considered while

interpretation of these extra electron densities. In this context,

possibility of the small entity being glycerol was considered since it
was present in cryo-protectant. Further refinement by modeling glyc-
erol in the small entity of electron density, with favorable chemical
environment and no negative density indicated that it is indeed glycerol
(Figure 2A).

It was evident that the other two continuous elongated electron
densities could correspond to long hydrocarbon chains. They could
either be PEGs as crystallization buffer contained PEG or could be lip-
ids as the protein is a member of the nsLTP family. While we had car-

ried out the delipidification process, the inherent lipid binding features


http://wileyonlinelibrary.com

JAIN anp SALUNKE

ﬂ*WI LEY

TABLE 3 Tabular representation of refinement statistics of the protein without ligand, with polyethylene glycol as compared to the protein

with lipids
Values without polyethylene
glycol and lipids
Rwork 19.51 18.72
Réree 23.49

could be relevant in case of a lipid transfer protein unlike any other solu-
ble protein. Therefore, we had attempted modeling both polyethylene
glycols and lipids in the extra electron density. To model these two elec-
tron density regions, the expected numbers of atoms were calculated
based on size and shape of electron density. We tried to model different
hydrocarbons including lipids and polyethylene glycols. For polyethyl-
ene glycol, both pentaethylene glycol or 1PE (C10H2,0¢) and nonaethy-
lene glycol or 2PE (C41gH35040) were modeled. To identify biologically
relevant lipids of corresponding lengths, Lipid Maps Structure Database
(LMSD) was also searched. Initially after exploring different lipids, myris-
tic acid (MYR) for 14-carbon lipid, and octacosanol (O8N) for 28-carbon
lipid, were further considered as they showed better fit. The crystallo-
graphic refinement parameters (Ryorc and Rgee) Showed less improve-
ment when 1PE and 2PE were modeled as compared to the O8N and
MYR in the extra electron density (Table 3). Also, the real space correla-
tion coefficient (RSCC) values for O8N and MYR (0.84 and 0.75, respec-
tively) were significantly better compared to those for 2PE and 1PE
(0.73 and 0.61, respectively), indicating that the lipid models fit better.
Thus, based on the refinement statistics, octacosanol and myristic acid,
were built during the final refinement (Figure 2A). Of course, the possi-
bility of presence of a longer lipid with highly flexible hydrocarbon chain
could also not be entirely ignored. However, identification of lipids
using mass spectrometry gave ambiguous results.

Based on the local environment, the modeled lipids octacosanol
and myristic acid could be stabilized by hydrogen bonds and hydropho-
bic contacts. Octacosanol, if present, could form hydrogen bonds with
neighboring symmetry related water molecules and Asn87 whereas
myristic acid will form hydrogen bond with Lys33. These lipids, other-
wise will be stabilized by hydrophobic contacts, with Cys74 in case of
myristic acid and symmetry related Thr85, Lys53, Ala54, main chain
Lys53, Asn87, a water molecule with octacosanol (Figure 2B,C). The
average B-factor for refined octacosanol and myristic acid are 42.75
and 50 respectively. These interactions are based on the analysis done
using PDBSum?” and COOT. Stability of these lipids was further eval-
uated by analyzing the hydrophobic region of the protein. It was
observed that indeed these regions could allow the stability of lipids on
the surface of the protein (Figure 2D). To check whether these ligands
are actually present and are not due to refinement artifact, simulated
annealing (SA) ligand omit Fo-Fc maps were prepared (Supporting

Information Figure S1).

3.4 | Structural comparisons with related proteins

Structure-based comparative analysis was performed toward structure-

function analysis for elucidating the possible physiological role of this

Values with polyethylene
glycol (2PE and 1PE)

22.73

Reported values with
lipids (octacosanol and myristic acid)

18.36
22.54

class of proteins along with its association with allergy. A protein data
bank search led to identification of several proteins structurally similar
to SM80.2 from different sources, which were subjected to compara-
tive analysis. In protein data bank, we identified comparable X-ray
structures of nsLTP’s from maize, barley, peach, rice, hazelnut and
wheat*+28-3¢ (Table 4, Supporting Information Figure S2). All the
monomers of these structures superimposed well with rmsd <1 A. The
rmsd calculations were done using PyMOL.?2 The major variations are
mostly seen along two regions that are involved in formation of hydro-
phobic tunnel. These are H1-H2 loop and the C-terminal region includ-
ing H3-H4 loop. These deviations are affecting the hydrophobic cavity
size.

The structural comparison suggests that size of the cavity varies
from apo- to liganded nsLTP structures. Apo-structure showed compa-
rably smaller cavity size than the liganded structure. Out of four apo-
nsLTP structures, SM80.2 showed the smallest cavity size followed by
rice 1RZL, maize 1MZL and hazelnut 4XUW, respectively. The cavity
size comparison was based on the position of the farthest residues that
is, position 16 and position 79 of SM80.2 and comparable positions in
other nsLTPs. The biggest cavity size is observed in the case of wheat
1BWO that holds two molecule of 22-carbon fatty acid, LPC ([1-myris-
toyl-glycerol-3yl] phosphonylcholine), the largest fatty acid bound so
far in the cavity. Table 4 further shows features of all known homolo-
gous structures compared with the SM80.2. Lipid mostly binds in this
tunnel with head group toward surface and tail buried inside. Range of
lipids binds in the cavity from C-7 to C-22 that show plasticity of the
cavity as compared to apo-structures. Lipid binding is generally
observed in two modes, inside or partially outside in reference to tun-
nel. It was mentioned that such binding is a result of collapsing of C-
terminal into the hydrophobic cavity. Thus, if lipids are fortuitously
bound on the surface of SM80.2, it effectively could be an intermedi-
ate state before the lipid gets into the cavity.

Structure-based sequence alignment of all the above structures
was carried out. Clustal Omega multiple sequence alignment®” identi-
fied conserved residues among all. It is seen that Val6, Thr40, Arg44,
Leu51, Pro71, Pro78 and aromatic residue at position 79 (Aro79) are
consensus residues (residue numbering is as per rice nsLTP sequence).
However, in case of SM80.2, Thr40, Leu51, Pro78, and Aro79 are not
conserved. The consequences of absence of consensus residue in
SMB80.2 were checked in crystal structure to understand differences in
lipid binding in hydrophobic pocket. In the hydrophobic cavity, at non
polar end presence of Tyr59 instead of corresponding residue lle (in
rice, hazelnut, wheat, barley) or Val (in peach, maize) is oriented in such
a way that it closes the entry. However, at polar end which anchor car-
boxylic acid, orientation of Arg45 and Asn79 are closing the end.
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TABLE 4 Comparison of all known crystal structures of nonspecific lipid transfer protein with SM80.2

WILEY-Z

S.no Plant name PDB id Ligand Lipid Size RMSD (A)
1 Barley 1IMID Lauroyl Cyo Haz N O; P 0.738
3GSH (12E)10-oxooctadec12-enoic acid Cig Hzpr O3 0.844
2 Maize 1FKO Capric acid Ci0 Hpo Oy 0.838
1FK1 Lauric acid C12 Hp4 O, 0.857
1FK2 Myristic acid C14 Hag Oy 0.922
1FK3 Palmitoleic acid C16 Hz0 O2 0.840
1FK4 Stearic acid Ci8 Hzg O5 0.813
1FK5 Oleic acid Cig Hzs Oy 0.847
1FK6 a-linolenic acid Ci8 Hzp O5 0.869
1FK7 Ricinoleic acid Cis H34 O3 0.852
1MZL Unliganded state o 0.845
1MZM Palmitate C1¢ Hzp Oy 0.858
3 Wheat 1TUK Lysophosphatidylglycerol Coo Hyga Og P 1.408
1BWO Phosphonyl choline Cxr Hi7NO, P 0.594
4 Peach 2ALG Lauric acid Cqs Hpg Oy 0.642
2B5S Lauric acid C12 Hp4 O, 0.727
5 Rice 1RZL Unliganded state R 0.888
1UVA Myristic acid C14 Hpg O5 0.590
1UvVB Palmitoleic acid C16 H30 O2 0.716
1UvC Stearic acid C1s Hz6 O» 0.701
) Hazelnut AXUW Unliganded state R 1.057
7 Brinjal (SM80.2) 5TVI Octacosanol; Myristic acid CogHsg O; C14 Hog O

Presence of Asn79 and Val80 instead of consensus residues Pro78 and
Aro79 (as in rice nsLTP) are resulting in reducing the area of hydropho-
bic pocket.

In case of SM80.2, the hydrophobic pocket is formed by 21 resi-
dues that include Val2, Val7, Leull, Phel7, Leul8, Pro24, Val32,
Leu35, Asn36, Ala39, lle52, Ala55, Leu62, Leu70, Pro71, lle76, Leu78,
Asn79, Val80, lle82, and lle86. To identify the reason for compact clos-
ing in SM80.2 all the comparable nsLTP structures were superimposed
(Figure 3). This plasticity of the binding pocket is governed by Tyr79 in
all nsLTPs. This key residue Tyr79 of the hydrophobic pocket, known
to play a crucial role in opening and closing of hydrophobic tunnel, is
absent in case of SM80.2. In this case, Val80 is present instead of aro-
matic residue Tyr79 (Figure 3). Val80 occupies the equivalent position
in space as observed for Tyr79 in rice nsLTP apo-structure (1RZL). Sur-
prisingly, Asn79, residue before Val80, is further involved in reducing
the pocket space. This position is occupied by proline in all other nsLTP
structures. Superimposition of all the apo-nsLTPs suggested that
indeed the cavity in SM80.2 had smallest size, mainly because of
Asn79. It is observed that Asn79 of SM80.2 is involved in hydrogen
bonding with Asn36 of helix-2 which results in reduced size of the cav-
ity in SM80.2 (Figure 3). In other nsLTPs, Try79 is mostly stabilized by

forming hydrogen bond with a water molecule or the polar heads of
the lipid in the liganded state. We found that owing to the structural
similarity of SM80.2 with Peach Pru P3, we could map the identified
allergy specific epitopes that can result in cross-reactivity.>? Accord-
ingly, three potential epitopic regions were identified in SM80.2. Inter-
estingly, epitopes mapped overlap with one of the probable lipid
binding regions (Figure 4).

4 | DISCUSSION

We have determined the structure of non-specific lipid transfer protein
(nsLTP), SM80.2 from S. melongena ab initio. SM80.2 is the first struc-
ture from A-like class of nsLTPs. A few other structures from this fam-
ily are deciphered by X-ray crystallography or NMR spectroscopy.
Although the known structures show common structural fold, there
exist significant differences in the size of hydrophobic pocket to
accommodate different lipids. However, by comparing the structures
of SM80.2 with other nsLTPs, evident structural difference was mainly
due to sequence variation. These deviations were seen mainly in loops
H1-H2 and H3-H4, which affect the hydrophobic cavity.
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FIGURE 3 Superimposition of SM80.2 with all homologous PDBs. (A) Stereo view of C-alpha superimposition showing the variation of
tyrosine in all liganded and unliganded structures with respect of valine (Val80) of SM80.2. (B) Stereo view of C-alpha superimposition
showing zoomed in on the important position corresponding to Val80 and Asn79 in SM80.2 suggesting flexibility in loop for unliganded or
apo-structures. Comparable tyrosine is also shown in stick. (C) Stereo view of C-alpha superimposition showing hydrogen bond between

Asn79 and Asn36 of SM80.2

SMB80.2 exhibits smallest cavity size identified so far in nsLTPs.
Comparison of the cavity in SM80.2 with that of other known nsLTPs
suggested that the size difference in cavity is governed mainly by few
critical residues. In maize nsLTP, Arg46, and Tyr81 were identified as
key residues for the arrangement of lipids in the hydrophobic cav-
ity.2° In rice nsLTP unliganded structure, Tyr79 ensures total break-
down of lipid binding environment by occupying the central space in
the cavity whereas this residue reorients in the liganded structure such
that extra space is created for lipid binding.23* Similar degree of plas-
ticity is observed in barley and peach nsLTPs despite existence of disul-
fide bonds.3%*? Molecular dynamics experiment also suggests that the

tyrosine residue rotates inside or outside in liganded or unliganded

state resulting in plasticity of C-terminal region to facilitate ligand bind-
ing.32 Despite being a critical residue, as identified in all other nsLTPs,
this tyrosine is not conserved in SM80.2. Absence of this key residue
in SM80.2 structure suggests that the harmony of liganded and unli-
ganded state could disrupt. However, for proper equilibrium between
entry and exit of different lipids in this class of nsLTP, nature had
ensured another mechanism mediated by hydrogen bonding.

The key residue in SM80.2, Asn79 is responsible for even tight clo-
sure as compared to tyrosine mediated closure of binding pocket due
to formation of hydrogen bond. The presence of these hydrogen bonds
between Asn79 and Asn36 are playing key role in reducing the cavity

size and probably restricting the entry of lipids in the cavity. This
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Identification and depiction of epitopic regions and lipid binding regions in SM80.2. (A) Sequence alignment of SM80.2 with

peach PruP3 sequence. Residues in box highlight the epitopic region in SM80.2. Three boxes represent the epitopes mapped for peach PruP3
and the corresponding in SM80.2. (B) Surface representation of SM80.2 showing myristic acid position with respect to the surface epitope.
Protein surface is shown in pale green, epitopes in green, and lipid in red stick [Color figure can be viewed at wileyonlinelibrary.com]

hydrogen bond mediated closure of binding pocket is observed for the
first time in nsLTPs as the residue important for formation of this bond
is absent in all the known nsLTP structure. This suggested that the
absence of consensus residues are playing critical role in relatively tight
closure of binding pocket in SM80.2 structure. However, closure of
binding pocket via hydrogen bond could possibly be favored in other
A-like nsLTP due to Asn/Asp residue at the comparable position (Sup-
porting Information Figure S3). This structure thus is a novel structure
with the smallest pocket size so far identified.

The presence of two elongated blobs of continuous electron den-
sity observed in the case of SM80.2 structure is curious. While we
could not obtain unambiguous interpretation in the mass spectrometric
data, it was attractive to model biologically relevant lipids, octacosanol
and myristic acid in this electron density, the chemical environment
being conducive for such a consideration. SM80.2, being a member of
nsLTP, could have modeled lipids at non-canonical position due to clo-
sure of binding pocket in contrast to the canonical hydrophobic cavity
in which they bind in other nsLTP structures. If this is actually the case,
then it is very interesting to state that SM80.2 probably shows an

intermediate state, perhaps favored by residues which keep the lipid
binding pocket relatively tight.

Several recent reports indicate that nsLTPs from different species
can contribute in plant food allergies. Amino acid sequence identity
and immunological cross-reactivity among different nsLTPs strongly
suggest that the identical or nearly identical epitopic regions can partic-
ipate in allergic responses. In case of SM80.2, we found that one of the
regions that show long extra density (modeled as lipid) and the epi-
topes overlap together. This association might be acting as a shield to
the epitope and thus could be a plausible cause of increase in stability
of the epitopic fragment leading to increase in the gastrointestinal sta-
bility of proteins. This suggests that intermediate state, seen in SM80.2
might be causing allergy. This could be one of the ways that promotes
allergenic sensitization (Figure 4).

To conclude, we have isolated, purified, crystallized and solved the
structure of first A-like non-specific lipid transfer protein, SM80.2 from
eggplant by ab initio S-SAD method. SM80.2 shows structural similarity
in overall structure with known nsLTP structure but variation in
sequence, role and hydrophobic pocket. Structural comparison gave
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insights about hydrogen bond mediated closure of binding pocket crit-

ically defined by certain key residues.
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SUPPLEMENTAL FIGURES



Figure S1: Simulated annealing ligand omit FoFc maps. A) myristic acid. B) octacosanol.

The SA ligand omit FoFc maps are prepared at 3.5sigmain COOT.




Figure S2: Comparison of available non-specific lipid transfer proteins. Stereo view of
C-apha superimposition of homologous nsLTP structures (green) from maize, peach,
barley, rice, hazelnut and wheat with, SM80.2 monomer chains (magenta) suggesting a
well fit of monomer with RMSD less than 1 A. SM80.2 ligands are shown in magenta
sticks whereas in cyan is the ligand binding in all the comparable structures at the

prescribed hydrophobic pocket.




Figure S3: Multiple sequence alignment of SM80.1 from solanum melongena with

homologous A-like nsLTPs from different species. In yellow are the conserved residues

and in red are the residues corresponding to Asn79 that can form similar H-bond

resulting in closure of binding pocket.
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