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Ligand binding to an Allergenic 
Lipid Transfer Protein Enhances 
Conformational Flexibility resulting 
in an Increase in Susceptibility to 
Gastroduodenal Proteolysis
Syed Umer Abdullah1,*, Yuri Alexeev1,*,†, Philip E. Johnson1,2,*,‡, Neil M. Rigby1, 
Alan R. Mackie1, Balvinder Dhaliwal2 & E. N. Clare Mills1,2

Non-specific lipid transfer proteins (LTPs) are a family of lipid-binding molecules that are widely 
distributed across flowering plant species, many of which have been identified as allergens. They are 
highly resistant to simulated gastroduodenal proteolysis, a property that may play a role in determining 
their allergenicity and it has been suggested that lipid binding may further increase stability to 
proteolysis. It is demonstrated that LTPs from wheat and peach bind a range of lipids in a variety of 
conditions, including those found in the gastroduodenal tract. Both LTPs are initially cleaved during 
gastroduodenal proteolysis at three major sites between residues 39–40, 56–57 and 79–80, with 
wheat LTP being more resistant to cleavage than its peach ortholog. The susceptibility of wheat LTP 
to proteolyic cleavage increases significantly upon lipid binding. This enhanced digestibility is likely 
to be due to the displacement of Tyr79 and surrounding residues from the internal hydrophobic cavity 
upon ligand binding to the solvent exposed exterior of the LTP, facilitating proteolysis. Such knowledge 
contributes to our understanding as to how resistance to digestion can be used in allergenicity risk 
assessment of novel food proteins, including GMOs.

The non-specific lipid transfer proteins (nsLTPs) are a group of plant proteins initially defined by their ability to 
transfer phospholipids from liposomes to mitochondria in vitro, in a non-specific manner with regards to both 
the type of phospholipid and membrane1. They are widely found in plant tissues, with >​100 proteins annotated as 
nsLTPs or putative nsLTPs in the model plant species Arabidopsis thalinia alone2 indicative of their diverse biolog-
ical roles in plants. The first allergenic LTP from peach was identified more than a decade ago3,4, since when LTPs 
have been found to be the major allergens in many foods, leading to the family being termed as ‘pan-allergens’4. 
Allergies to LTPs are generally found in populations living around the Mediterranean area5 where it is an impor-
tant type of food allergen accounting for sensitization in more than 90% of patients allergic to peach alone in this 
region of Europe, and is associated with severe, life-threatening reactions including anaphylaxis. More recently it 
has emerged that LTPs may be important for allergies to fruits such as peach in Northern Europe6 and have been 
implicated as important allergen molecules in severe forms of hazelnut allergy7. Similarly, wheat LTP is a major 
allergen associated with baker’s asthma8-an occupational asthma found in bakery employees, and food allergy9.

LTPs are small, ~9 kDa proteins comprising a bundle of four α​-helices packed against a C-terminal region and 
belong to the prolamin superfamily of allergens10. Eight conserved cysteines are characteristic of the superfamily, 
notably the Cys-Cys and Cys-X-Cys motifs, (where X represents any other residue). These cysteines form four 
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intra-chain disulphide bonds configured to create a hydrophobic tunnel capable of binding a variety of lipophilic 
molecules. The structures of several free and liganded LTPs have been determined, including those from barley, 
wheat and peach11–13 and a post-translationally modified form of barley LTP1, LTP1b, in which a lipid-like adduct 
is attached to the protein via the side chain of Asp 714,15. Molecular dynamics studies have indicated that the 
hydrophobic lipid binding tunnel of nsLTPs is plastic in nature16, observations supported by the fact the cavity 
expands from 250 Å3 to 750 Å3 on binding di-myristoyl-phosphatidyl-glycerol17 and that the adducted LTP1b of 
barley has increased flexibility18.

It has been proposed that resistance to digestion may play an important role in determining the ability of cer-
tain proteins to sensitise naïve individuals and that factors such as stability and solubility may facilitate transfer 
of allergen into the circulation and hence potentiate severe allergic reactions19. As a consequence resistance to 
pepsin digestion is used as part of the allergenicity risk assessment of genetically modified organisms (GMOs)20. 
We have previously shown that the resistance of LTPs to gastric proteolysis is a result of the structural stability 
of this protein to the low pH conditions of the stomach21. However, amino acid side chain mobility may play an 
important role in determining susceptibility to hydrolysis by intestinal proteases trypsin and chymotrypsin, with 
the increased susceptibility of the lipid adducted LTP1b suggesting ligand occupancy might enhance digestion 
by increasing polypeptide mobility21. We have now tested this hypothesis by investigating the effect of ligand 
binding on the susceptibility of peach and wheat LTPs to simulated gastroduodenal digestion, using the widely 
found plant lipid linoleic acid.

Results
Wheat and peach LTP ligand binding studies.  The ligand binding activities of peach and wheat LTP 
were compared using cis-parinaric acid (CPA) in a fluorescence-based assay22: CPA is a naturally occurring poly-
unsaturated fatty acid with intrinsic fluorescent properties, the quantum yield of which is sensitive to changes in 
solvent. CPA bound to peach LTP with greater affinity than to wheat LTP (Fig. 1A), with Kd values of 1 and 4.5 μ​M,  
respectively (Table 1). A CPA displacement assay was then used order to study the binding of other commonly 
occurring ligands which are non-fluorescent. Since palmitic acid and linoleic acid are the major fatty acids found 
in peach23 and wheat24 respectively, their binding was assessed, together with biosurfactants commonly found 
in the gastrointestinal tract25 (Table 1). The displacement curves for peach and wheat LTP differed (Fig. 1B), the 
latter showing an increase in fluorescence as the displacing ligand was titrated in, which then gradually decreased. 
Wheat LTP has previously been shown to bind multiple lipids and the bell-shaped curve could be explained by 
a lipid binding in the cavity alongside the CPA, which may result in more effective exclusion of solvent from the 
pocket, increasing the fluorescence of the CPA11,26–28. In general, the ligands displaced CPA much more readily 
from peach compared with wheat LTP, giving apparent Ki values of 0.7–1.1 μ​M compared to 3.6–5 μ​M for wheat. 
Multiple occupancy may also account for the lower apparent affinity of the wheat LTP for ligands, such as linoleic 
acid. Interestingly, both LTPs showed weaker binding to monomeric PC compared to its miceller form, which 
may reflect the complex interactions of LTP with vesicular lipid structures29. At pH 2.5 in the presence of 150 mM 
NaCl, a model of the pH and ionic strength conditions found in the stomach21, the affinity for CPA and PC 
increased for both proteins (Table 1).

Mass spectrometric analysis of LTP digestion reveals three major cleavage sites.  The effect of 
lipid binding on the stability of wheat and peach LTPs to gastroduodenal digestion was assessed using linoleic 
acid as a representative ligand. Both LTPs were resistant to pepsinolysis in both liganded and unliganded forms, as 
judged by SDS-PAGE and MALDI-ToF MS (Figures S1 and S2), as previously described21,30. However, following 
in vitro gastric digestion, they were digested albeit to a limited extent, by the duodenal proteases trypsin and chy-
motrypsin (Figs 2 and S3): Mass spectrometry profiling using MALDI-ToF under reducing conditions confirmed 
previous observations that peach LTP is digested to yield a large 8334.09 Da fragment corresponding to residues 

Figure 1.  Ligand binding to peach and wheat LTP. (A) CPA binding to peach or wheat LTPs at pH 2.5 and 
7.5. (B) Example CPA displacement assays (using palmitic acid as the competitive ligand) highlighting the 
difference in the wheat and peach LTP fluorescence curves. Each data point is the mean of three replicate 
experiments, with the standard deviation error shown.
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1–79 which is further degraded at later stages of digestion into two fragments corresponding to residues 1–39 
and 40–79 (4200.8 Da) (Figure S3)21. The wheat LTP, like the closely homologous LTP from barley, was somewhat 
more resistant to gastroduodenal proteolysis with 80% of the protein remaining intact after 120 min, as assessed 
by densitometric analysis of SDS-PAGE gels (Fig. 2D).

Ligand Buffer

Kd (μM) IC50 (μM) Ki (μM) ΔG (Kcal/mol)

Wheat Peach Wheat Peach Wheat Peach Wheat Peach

CPA*
50 mM 

phosphate, 
pH 7.5

4.5 ±​ 0.2 1 ±​ 0.02 — — — — — —

CPA* 150 mM NaCl, 
pH 2.5 1.2 ±​ 0.1 0.6 ±​ 0.1 — — — — — —

Palmitic acid
50 mM 

phosphate, 
pH 7.5

NDΨ ND 5.2 ±​ 0.1 1.4 ±​ 0.1 3.6 ±​ 0.1 0.7 ±​ 0.03 7.41 8.39

Linoleic acid
50 mM 

phosphate, 
pH 7.5

ND ND 7.6 ±​ 0.03 1.6 ±​ 0.1 5.3 ±​ 0.02 0.8 ±​ 0.04 7.19 8.29

Phosphatidyl choline
50 mM 

phosphate, 
pH 7.5

ND ND 6.7 ±​ 0.1 2.2 ±​ 0.03 4.6 ±​ 0.1 1.1 ±​ 0.02 7.27 8.13

Phosphatidyl choline 150 mM NaCl, 
pH 2.5 ND ND 5.3 ±​ 0.1 1.8 ±​ 0.1 2.8 ±​ 0.1 1.0 ±​ 0.1 7.55 8.17

Phosphatidyl choline 
(vesicular)

50 mM 
phosphate, 

pH 7.5
ND ND 5.6 ±​ 0.1 1.5 ±​ 0.1 3.9 ±​ 0.1 0.7 ±​ 0.04 7.37 8.35

Phosphatidyl choline 
(vesicular)

150 mM NaCl, 
pH 2.5 ND ND 6.8 ±​ 0.2 1.5 ±​ 0.1 3.6 ±​ 0.1 0.8 ±​ 0.1 7.41 8.29

Table 1.   Comparative ligand binding characteristics of peach and wheat LTPs at pH 7.5 and 2.5. For 
the remaining ligands, IC50. and Ki values were determined by competitive displacement with CPA. Δ​G 
was calculated using Δ​G =​ -RTln(Ki). ΨND-Kd not determined; CPA not displaced even at a 3:1 ligand:LTP 
stoichiometric ratio. *​Kd values for CPA were determined directly by titration.

Figure 2.  Duodenal digestion of wheat LTP. (A,B) SDS PAGE analysis of digestion under reducing 
conditions at various time points in the absence (A) or presence (B) of 0.26 mM linoleic acid (LA); lane R is a 
reference showing wheat LTP following the duodenal digestion procedure but in the absence of trypsin and 
chymotrypsin. (C) MALDI-ToF MS spectra of the duodenal digests of wheat LTP after 120 min in the absence 
(red spectra) or presence (blue) of 0.26 mM linoleic acid. The peptides were relativity quantified by comparing 
spectral intensities of the same peptide in the absence or presence of linoleic acid. (D) Densitometric analysis of 
SDS PAGE shown in (A,B).
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MALDI-ToF spectra of reduced wheat LTP after 120 minutes of duodenal digestion showed the presence of 
23 mass events of which 16 could be assigned as wheat LTP fragments based on accurate parent ion mass (Fig. 3A 
and Table 2). In addition to the intact protein, major peptide fragments identified corresponded to residues 1–39, 
1–56, 1–79, 17–39 and 40–79, with a number of other lower intensity peptides also being identified. Digestion 
products were also characterised by MS/MS (Fig. 3) to provide unambiguous identification of peptides although 
it is applicable only to low mass ranges (typically below 3500 Da in our experience). These data confirm the major 
cleavage sites observed by MALDI-ToF MS and identified several smaller peptides, presumably derivatives of 
the high molecular weight peptides corresponding to residues 1–79, 1–39, 40–79 and 1–56. Normalised relative 
intensity allowed the relative abundance of the peptides to be mapped on to the wheat LTP sequence (Fig. 3A) and 
shows that the major peptide products detected corresponded to residues 9–16, 68–79 and 80–90. Combining the 
MALDI-ToF and MS-MS mapping of the major proteolysis products shows the presence of four major cleavage 
events. (Figure 3C) corresponding to three chymotryptic sites, Asp7-Ser8, Tyr16-Val17 and Tyr79-Thr80 together 
with a single tryptic site corresponding to Arg39-Ser40. Mapping of the major digestion products onto the LTP 
structure showed these sites reside in loop regions on the surface of the protein (Fig. 3C).

Wheat LTP digestibility is increased upon lipid binding.  Loading peach LTP with linoleic acid did not 
affect the rate of digestion (Figure S3) whereas lipid loading of wheat LTP increased its digestibility such that only 
around 30% of the protein remained intact after 120 min digestion (Fig. 2), with a lower mass (~8.5 kDa) stable 
digestion product evident on SDS-PAGE. This polypeptide has a mass similar to the abundant peptide identified 
by MALDI-ToF MS of 8803.44 Da corresponding to residues 1–79. This peptide is ~8-fold more abundant in the 
MALDI-ToF spectrum for wheat LTP digested in the presence of lipid (Fig. 2C). The abundance of many other 
assigned peptides were also slightly higher during digestion in the presence of linoleic acid. The pattern of pro-
teolytic digestion products mapped by MS/MS analysis (Fig. 3B) was identical, to that obtained in the absence of 
lipid, indicating that the lipid occupancy simply enhanced the rate of proteolysis and did not affect the pattern of 
peptide products.

Tyr79 is displaced upon ligand binding to wheat LTP.  Ligand binding has been shown to increase 
side-chain mobility within the LTP cavity18. Side-chain dynamics have in turn been shown to be an important 
factor in determining the cleavability of LTP by trypsin and chymotrypsin21. Therefore, differences in side-chain 
dynamics may explain why loading wheat LTP with ligand increases its susceptibility to gastroduodenal proteol-
ysis. A comparative structural analysis of wheat and peach LTPs was conducted by superposing the structures of 
unliganded wheat LTP (PDB 1GH1), wheat LTP bound to either a single molecule of prostaglandin B2 (1CZ2) or 
two phospholipid molecules (1BWO), and peach LTP bound to heptane and/or lauric acid (2ALG). Overall the 
structures are similar (RMSD range of 1.5–1.8 Å for all Cα​ atom pairs), with the unstructured C-terminal region 
(residues 74–90) expectedly showing the greatest variation (RMSD of 3.1–4.0 Å) (Table S1).

How does lipid binding to wheat LTP displace Tyr79 from the central hydrophobic cavity? Molecular dynam-
ics (MD) simulations of peach LTP had previously been conducted to analyse lipid binding and the plasticity of 
the central cavity13. Intriguingly the authors noted the side-chain of Tyr79 as being particularly flexible. Therefore 
we conducted MD simulations on wheat LTP. The global conformational flexibility of the protein is found to vary 
significantly upon the binding of one or two ligands, with the overall average residue RMS fluctuation (RMSF) 

Figure 3.  Mapping of in vitro gastroduodenal digestion products of wheat LTP using MS/MS with either LTP 
alone (A) or in the presence of 0.26 mM linoleic acid (B). Digestion products were mapped on the primary 
sequence of wheat LTP (Uniprot ID P24296) (A,B), coded by relative intensity with blue indicating the lowest 
and red indicating the highest intensity. Arrows mark the major experimentally determined cleavage sites. 
Digestion products were mapped onto a cartoon representation of wheat LTP (C), with the major cleavage sites 
displayed.
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values for each wheat LTP protein complex (0.8 Å, 0.9 Å and 0.7 Å for unliganded, one- or two-linoleic lipids 
bound wheat LTPs, respectively) revealing that wheat LTP bound to one ligand is structurally less stable than 
when it is bound to two ligands or is unliganded (Fig. 4). This is an unexpected finding as proteins are often 
stabilized upon binding of a ligand. Furthermore, the conformational flexibility of wheat LTP can be divided 
into two distinct regions: The N-terminal region is more flexible when the protein is bound to one ligand, com-
pared to the unliganded or two ligands-bound forms. The C-terminal tail of wheat LTP is very flexible when 
unliganded or bound to one ligand, but stable when two ligands are bound. Interestingly, a subregion comprising 
Tyr79 and proximal residues is the only moiety where flexibility of the unliganded wheat LTP is lower than that 
of its liganded forms. Specifically, the RMSF of Tyr79 increases from 0.7 Å in the unliganded form of wheat LTP, 
to 1.2 Å and 1.0 Å when one or two ligands are bound respectively (Fig. 4). Therefore, taken together with the 
experimentally determined structures of wheat LTP, MD simulations show that upon ligand binding the flexibility 
of Tyr79 and its neighboring residues are increased, allowing the residues to adopt positions outside the hydro-
phobic cavity. The solvent accessible residues are thus more susceptible to proteolytic cleavage. The increased 
flexibility of side-chains participating in proteolysis has previously been linked to the increased digestibility of a 
protein31 and is consistent with the presented experimental results.

Discussion
The mass-spectrometric profiling and SDS-PAGE analysis of the in vitro gastroduodenal digestion of wheat LTP 
show that whilst the pattern of proteolytic digestion products remain unaffected, the rate of digestion is increased 
significantly in the presence of a lipid ligand, such that its digestibility more closely resembled that of peach LTP.

Examination of the two main sites for proteolytic cleavage of wheat LTP by trypsin and chymotrypsin, Arg39 
and Tyr7921 respectively, revealed that whilst the orientation of the Arg39 side-chain remains essentially unchanged, 
Tyr79 is conformationally dynamic: In the unliganded form of wheat LTP, Tyr79 has a solvent accessible surface 
area (SASA) area of just 5 Å2 (Table 3 and Fig. 5), indicating that the residue is almost inaccessible to solvent. Upon 
the binding of a single lipid molecule by wheat LTP, the SASA of the interacting Tyr79 residue increases 7-fold to 
38 Å2. The binding of a second ligand results in the solvent exposure of Tyr79 further increasing to 83 Å2. Turning 
to peach LTP, its crystal structure has two molecules present within the asymmetric unit13, with molecule B binding 
a single lauric acid molecule in an unusual manner (Fig. 5D). The lipid only partially occupies the central cavity 

LTP fragments

m/z Normalised relative intensity

Observed Calculated Wheat LTP alone Wheat LTP + linoleic acid

Intact protein (residues 1–90) 10063.22 10063.18 518 705

1–34 3474.74 3474.93 160 292

1–39 4310.6 4309.77 2546 3290

1–56 6243.58 6242.91 537 1047

1–67 7477.3 7477.18 214 290

1–79 8803.44 8803.75 270 2300

17–39* 2436.75 2436.65 805 1290

17–56 4370.01 4369.78 533 ND

17–61 4904.39 4904.39 90 90

40–56 1951.23 1951.15 292 ND

40–67 3185.43 3185.43 248 340

40–79 4512.11 4512.0 128 656

57–67*​ 1252.34 1252.29 450 ND

57–89 3739.16 3739.16 110 130

68–79*​ 1344.71 1344.58 334 ND

80–90* 1277.74 1277.45 1550 1200

Unassigned 3514.0 — 2833 1668

Unassigned 1098.54 — 1320 ND

Unassigned 2679.24 — 1373 1927

Unassigned 4334.4 — 1027 1070

Unassigned 5032.13 — 435 ND

Unassigned 5379.31 — 479 ND

Unassigned 5794.72 — 1004 ND

Unassigned 8673.0 — 312 400

Table 2.   Peptide profiling of 120 min duodenal digests of wheat LTP alone and in the presence of 0.26 
mM linoleic acid determined by MALDI-ToF mass spectrometry. Peptide assignments were derived from 
comparison of experimentally derived masses with those obtained through in silico digestion of wheat LTP 
(Uniprot ID P24296, Figure S2) with trypsin and chymotrypsin. Peptide assignments corresponding to the 
most intense mass events are in bold. Asterisks denote peptides that were confirmed by LC-MS/MS. ND- not 
detected.
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and is distant from Tyr79 (9 Å). However, Tyr79 of this molecule is found to be partly solvent accessible (22 Å2). 
Molecule A of the peach LTP structure has both heptane and lauric acid bound within the central cavity in a con-
ventional mode, and the molecule’s Tyr79 residue is exposed to solvent (52 Å2) (Fig. 5). The wheat and peach LTP 
structural data are consistent with our results, namely that the chymotryptic proteolysis of peach LTP is unaffected 
by the presence of lipid likely due to the Tyr79-Thr80 cleavage site being solvent exposed in both “unliganded” and 
liganded forms. The rate of wheat LTP proteolysis is enhanced upon the addition of lipid most probably because 
Tyr79 is displaced from an almost inaccessible cavity to a solvent exposed environment.

Molecular dynamic simulations, coupled with structural and mass spectrometric data, suggest a mechanism 
for the enhanced digestibility of wheat LTP in the presence of ligand. In addition to the well-characterized expan-
sion of the hydrophobic cavity upon lipid binding, the side-chains of Tyr79 and neighbouring residues increase 
in flexibility, allowing Tyr79 to flip out of the hydrophobic pocket to the solvent exposed exterior of LTP, residues 
79–80 consequently become more susceptible to chymotryptic cleavage. Subsequently, it appears that the LTP 
is cleaved at residues 39–40 by trypsin, a slower event since the pH in the in vitro digestion model is below the 
optimum for trypsin.

The interaction of LTPs and lipids may not only modulate the immune system by varying the susceptibility of 
these potentially allergenic proteins to digestion, but the interaction may also be important in the defence against 
antimicrobial infection (speculated to result from LTPs interacting and permeabilizing biological membranes32); 
the presentation of lipid antigens to T-cells33; and allergen uptake by intestinal epithelial cells34. Therefore differ-
ences in lipid binding affinities may reflect differences in the immunomodulatory activities of LTPs.

In most proteins ligand binding reduces the digestibility of regions of the protein in limited proteolysis exper-
iments35–37. This is thought to be due to formation of additional hydrogen bonds between ligand and protein that 
stabilise the protein scaffold, increasing rigidity, and resulting in a decreased rate of proteolysis. However, in the 
case of wheat LTP, ligand binding increases susceptibility to proteolysis in our limited trypsin-chymotrypsin 
system, and runs counter to results in grape and sunflower LTPs where resistance to digestion is enhanced by the 
presence PC vesicles38,39. Our surprising observations suggest the response of the wheat LTP structure to ligand 
binding is unusual. Our findings are, however, consistent with previous work on peach and barley LTPs14,18,21. 
Barley LTP has a unique plastic hydrophobic cavity14 and studies with a covalent lipidic adduct suggest changes 
in mobility in the region of the C-terminus occur upon occupancy of the hydrophobic cavity18. Such mobility is 
consistent with B-factor analyses of LTP crystal structures that show the C-terminal region becomes more flexible 
on ligand binding. This is supported by our previous study of peach and barley LTP21, where we demonstrated 
that the flexibility of residues 39 and 80 are critical for proteolysis.

Figure 4.  RMS fluctuations of unliganded and liganded wheat LTP side-chains. The blue, green and red 
lines show RMSF values for unliganded (based on PDB 1GH1), one linoleic acid molecule bound (1CZ2) and 
two linoleic acid molecules bound (1BWO) wheat LTPs, respectively. (The C-terminal residue Val90 of the 
unliganded wheat LTP is extremely flexible and has a RMSF value of 5.9 Å). The key proteolytic cleavage site 
residues 39 and 79 are labelled.

LTP Unliganded (Å2) 1 ligand (Å2) bound 2 ligands (Å2) bound

Wheat 5 (1GH1) 38 (1CZ2) 83 (1BWO)

Peach 22 (2ALG mol B)ϑ — 52 (2ALG mol A)

Table 3.   Solvent accessible surface area of Tyr79 of wheat, peach and barley LTPs. Surface area values are 
averaged over the fifteen, twelve and four ensemble models of the 1GH1, 1CZ2 and 1LIP NMR structures, 
respectively. For the crystal structures, values are averaged over the two molecules present in each of the 
asymmetric units of 3GSH and 1BWO (the asymmetric unit of 1MID contains a single LTP molecule). PDB 
accession codes are in parenthesis. ϑ​Molecule B present in the asymmetric unit of the peach LTP crystal 
structure 2ALG was observed to bind a single lauric acid molecule in an unconventional manner, with the 
ligand only partially occupying the cavity (Fig. 4D). Therefore, for the purposes of this study, the LTP molecule 
is regarded as “unliganded”.
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Bakan et al.40 suggest that changes in surface properties of LTP upon ligand binding might reflect its biological 
functionality. It is striking that Tyr79 is absolutely conserved in the LTPs of higher plants. These observations 
suggest that Tyr79 may be involved in signalling a state of ligand occupancy via conformational changes. This is 
similar to the mechanism by which mammalian fatty acid binding proteins (FABPs) appear to signal ligand occu-
pancy via phosphorylation of a surface accessible tyrosine41. However, in the case of FABPs, the mechanism by 
which this tyrosine becomes available for tyrosine kinase action upon ligand binding remains unclear.

This report indicates that, in addition to their role as immune modulators, lipids could modulate the aller-
genicity of proteins34 both by modifying an allergen’s structure and physiochemical properties as well as acting 
directly on the immune system42. As members of the prolamin superfamily, plant LTPs share a structural simi-
larity to the plant 2S albumins, for example, the lipid-binding major Brazil nut allergen Ber e 1. Recently, Mirotti 
et al.43 demonstrated that lipids modulate the immune responses to Brazil nut in mouse and human cell model 
systems. The capacity of lipids to modify the conformation of LTPs may prove to be important in understanding 
how such interactions affect allergenic potential and runs counter to current dogma that lipid ligands increase 
resistance of allergens to digestion34. Our observations show that structural changes in wheat LTP occur primarily 
at residues 79–80 upon lipid binding, enhancing its digestibility.

Figure 5.  Structural comparison of wheat and peach LTPs. (A–E) Structures of wheat and peach LTPs 
(shown as cartoon Cα​ traces with transparent van der Waals surfaces. Ligands and Tyr79 side-chains are 
shown in all-atom stick representation): (A) Unliganded wheat LTP (PDB 1GH1, ensemble model 11)–colored 
red; (B) Prostaglandin B2-bound wheat LTP (1CZ2, ensemble model 10)–orange; (C) wheat LTP bound to 
two molecules of phospholipid (1BWO, molecule A)–green; (D) peach LTP bound to a lauric acid molecule 
partially occupying the central cavity13 (2ALG, molecule B)–purple; (E) peach LTP bound to lauric acid and 
heptane (2ALG, molecule A)–blue. (F) Superposition of the wheat and peach LTP structures, Tyr79 are shown. 
(G) Enlarged view highlighting the positions of Tyr79 in the wheat and peach unliganded and ligand-bound 
structures. Also shown are the solvent accessible surface areas for each Tyr79 residue (see Table 3).
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Further studies into the relationship between the processing of food proteins, their proteolysis and effects on 
allergenicity are required. Following processing, proteins may retain their native folds, or unfold (completely or 
partially) leading to the formation of aggregates44 with a modified allergenic potential45. After ingestion, many 
proteins that are susceptible to proteolysis retain their allergencity (review46). In the study presented here, whilst 
a proportion of the wheat and peach LTPs remain intact after simulated duodenal digestion, the digested protein 
consists of large peptide fragments, with the four-disulphide bonds disposed such that the peptide digestion 
products will be held together retaining much of the three-dimensional architecture of the undigested protein as 
we have previously demonstrated for the peach and barley homologues21, and thus may be capable of decreased 
levels of IgE binding. Studies will also be required using LTPs from different plant sources to assess further the 
correlation of structural dynamics, particularly of Tyr79, and stability to digestion. It maybe that lipid binding 
reduces Tyr79 mobility in certain LTPs, such as those from grape and sunflower and hence increases their resist-
ance to digestion.

Such knowledge contributes to the weight of evidence approach used in the allergenicity risk assessment of 
novel food proteins, including newly expressed proteins in GMO food crops20, which takes into consideration 
measures of protein digestibility.

Materials and Methods
Protein Preparations.  Wheat LTP was purified from wheat bran using a modified protocol previously 
described for barley LTP47. Briefly, the wheat bran was defatted using hexane, followed by the addition of 3% 
(w/v) of polyvinylpolypyrrolidone in deionized water to adsorb soluble phenolic acids. The clarified wheat extract 
was then loaded onto a cationic-exchange SP-Streamline column, and protein eluted with 1M NaCl. Fractions 
containing LTP were concentrated before loading onto a Superdex 75 prep grade gel-filtration column. LTP was 
then loaded onto a Poros HS-20 cation-exchange column; protein was eluted using a 0 to 0.25 M NaCl gradient. 
3.0 M ammonium sulfate was then added to the pooled fractions. The suspension was spun at 1,700 g at 10 °C 
before loading the supernatant onto a HP 2 hydrophobic interaction column pre-equilbrated with 20 mM Tris, 
2.8 M ammonium sulfate buffer. Protein was eluted using a 2.8 to 0 M ammonium sulfate gradient. Purified wheat 
LTP was passed down a Sephadex G15 desalting column before freeze-drying and storing the protein at −​20 °C.

Peach LTP was purified from the skin of peach fruits by a combination of ammonium sulphate fractionation 
and cation exchange chromatography and gel filtration according to Gaier et al.48.

Ligand binding.  Ligand binding was assessed using a fluorescence assay based on cis-parinaric acid orig-
inally described by Cooper et al.22. Fluorescence intensity was measured at 25 °C with a LS55 Luminescence 
Spectrometer (Perkin Elmer, Cambridge, UK) using a 5 mm slit width for both excitation (λ​ =​ 320 nm) and emis-
sion (λ​ =​ 420 nm) and the measurement taken for no longer than 1.5–2s. CPA (3 mM in ethanol) was titrated 
by 1 μ​L injections into 1 mL of LTP solutions (5 μ​M in 50 mM phosphate buffer pH 7.5) in a stepwise manner. 
Binding curves were fitted with GraphPad Prism using the rectangular hyperbolic function of Hill’s equation. For 
non-fluorescent ligands, a competitive assay was developed using CPA as a tracer ligand. CPA concentrations 
close to the calculated Kd of each LTP49,50 (at either 1 or 0.5 μ​M CPA for peach LTP and 2 or 1 μ​M CPA for wheat 
LTP in 50 mM phosphate buffer pH 7.5 or pH 2.5, 150 mM NaCl, respectively) were used. After equilibrating for 
2–3 min with gentle mixing, the competing non-fluorescent ligands (1 mM of palmitic acid, 16-OH palmitic acid, 
12-OH stearic acid, linoleic acid or 1-palmitoyl–sn–glycerol–3–phosphatadyl choline (PC) ethanol) were titrated 
into the LTP solution in 1 μ​L aliquots. The resulting data were fitted using a sigmoidal curve-fitting logarithm in 
GraphPad Prism from which the concentration able to displace 50% of the CPA (IC50) was calculated. Ki values 
were calculated according to Cheng-Prusoff equation51.

Simulated gastric and duodenal proteolysis.  Both wheat and peach LTPs were preloaded with lin-
oleic acid before in vitro gastroduodenal digestion; linoleic acid, the most abundant lipid in wheat and peach, 
was solubilised in 250 mM NaOH to a final concentration of 26 mM. 100 μ​l of the lipid solution was then slowly 
added to 6 ml simulated gastric fluid52 containing 5 mg protein (~0.1 mM LTP), therefore establishing a LTP to 
lipid ratio of about 1:5. The pH of the mixture was carefully maintained between 4 and 7 using 1 M NaOH or 
HCl, before being placed in a 37 °C shaking incubator for an hour. Proteins (0.25 mg/ml in the final digestion 
mix) were then incubated with pepsin at pH 2.5 to simulate gastric proteolysis. This was sequentially followed by 
trypsin and chymotrypsin at pH 6.5 to mimic duodenal proteolysis, as described by Moreno et al.53. The pepsin, 
trypsin, and bovine R-chymotrypsin enzyme activities were 3,300 U/mg of protein calculated using haemoglo-
bin as substrate, 13,800 U/mg of protein using BAEE as substrate, and 44 U/mg of protein using BTEE as sub-
strate, respectively. The standardised international static in vitro digestion protocol, developed within the COST 
INFOGEST (European Cooperation in Science and Technology-Improving health properties of food by knowl-
edge sharing of the digestive process) network, includes a 120 minutes gastric phase and a 120 minutes duodenal 
phase52. However, this was modified as an earlier in vitro gastroduodenal study of wheat and peach LTPs revealed 
that both proteins are resistant to in vitro gastric phase after 120 minutes, and that a time point of 60 minutes is 
sufficient for the evaluation of in vitro gastric digestion of both LTPs54, a finding which is consistent with our 
earlier studies of peach LTP21. The progress of proteolysis was followed by SDS-PAGE analysis under reducing 
conditions with 50 mM dithiothreitol using a 12% Bis-Tris gel in a NuPAGE system (Invitrogen, Groningen, 
The Netherlands). Proteins were visualised by Coomassie brilliant Blue safe stain (Invitrogen, Paisley, UK). The 
molecular weight marker contained the following proteins: Insulin A chain (2,500 Da), Insulin B chain (3,500 
Da), aprotinin (6,000 Da), lysozyme (14,400 Da), trypsin inhibitor (21,500 Da), carbonic anhydrase (31,000 Da), 
lactate dehydrogenase (36,500 Da), glutamic dehydrogenase (55,400 Da), BSA (66,300 Da), phosphorylase B 
(97,400 Da), β​-galactosidase (116,300 Da) and myosin (200,000 Da) (Invitrogen, Groningen, The Netherlands). 
Preloading of the LTP proteins with a high concentration of linoleic acid in conditions favouring binding, and 
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therefore maximizing its effects, resulted in 70% of the wheat LTP being proteolytically cleaved during digestion. 
Preloading the protein with lower concentrations of linoleic acid before in vitro digestion would therefore present 
challenges in the identification of peptide fragments using MALDI-ToF or SDS-PAGE.

Mass spectrometry.  Digestion products were also analysed by MALDI-ToF mass spectrometry (MS). 
Analysis of high molecular weight (>​3,000 Da) peptides was performed by mixing each sample with a saturated 
sinapinic acid (Sigma-Aldrich, Dorset, UK) matrix in 30% (v/v) acetonitrile, 0.1% (v/v) trifluroacetic acid (TFA). 
The target plates used were polished stainless steel (Bruker Daltonics, Coventry, UK). Samples were prepared in 
the presence or absence of 5 mM tris(2-carboxyethyl)phosphine (TCEP) depending upon whether reduction was 
required. Sample/matrix mixture (0.5 μ​L) was spotted onto the MALDI target and dried in air. The MALDI-MS 
measurements were performed using a Bruker UltraFlex MALDI-ToF/ToF mass spectrometer (Bruker Daltonics, 
Coventry, UK) equipped with a pulsed N2 laser (λ​ =​ 337 nm, frequency 10 Hz). Whole protein spectra were 
recorded over the 2000–12000 m/z range in linear mode at an accelerating voltage of 25 kV by averaging of 300 
individual laser shots. The concentration of each protein solution was adjusted to give peak intensities similar to 
that of the ubiquitin and myoglobin calibrants used. Lower molecular weight peptides were analysed by spot-
ting 0.5 μ​l of each digest onto 4-hydroxy cinamic acid (HCCA) pre-spotted anchor chip (PAC) plates (Bruker 
Daltonics, Coventry, UK). After drying, spots were washed with 10 μ​l of 10 mM ammonium phosphate contain-
ing 0.1% (v/v) TFA and again allowed to dry. Mass spectra were recorded over the 700–4000 m/z range in linear 
mode at an accelerating voltage of 25 kV by averaging of 150 individual laser shots.

Data analysis was performed by comparison of experimentally derived peptide masses with those predicted 
by in-silico digestion of peach and wheat LTPs by trypsin and chymotrypsin using the Mmass software package55 
with a 100 ppm tolerance.

LC-MS/MS analysis was performed using a LTQ-Orbitrap mass spectrometer and a nanoflow-HPLC system 
(nanoAcquity, Waters Corp.). Peptides were applied to a pre-column (Symmetry C18 5 μ​m beads, 180 μ​m ×​ 20 mm  
column, Waters Corp.) connected to a 25 cm analytical column (BEH 130 C18 1.7 μ​m beads, 75 μ​m ×​ 250 mm 
column, Waters Corp.). Peptides were eluted by a gradient of 5 to 40% (v/v) acetonitrile in 0.1% (v/v) formic acid 
from 1 to 40 min at a flow rate of 250 nL min−1. Mass spectra were obtained in positive ion electrospray mode. 
The mass range for the survey scans was m/z 300–2000, resolution 60,000, with m/z values determined by the 
Orbitrap FTMS stage. The FTMS fill target was 200,000 ions with a maximum fill time of 1000 ms. The resultant 
monoisotopic masses were accurate to better than 10 ppm. MS/MS spectra were obtained using collision induced 
dissociation with collision voltage 35 V with m/z values determined by the Linear Ion Trap stage. The MS/MS was 
triggered by a minimal signal of 5000 ions with a fill target of 10,000 ions and 150 ms maximum fill time with 
exclusion of 4 +​ charge states. A maximum of 4 MS/MS spectra per survey scan were obtained by defaulting to the 
most abundant ions, with m/z values determined to better than ~0.4 Da. Charge state selection was not enabled. 
Dynamic exclusion was set to 1 count and 60 s exclusion with an exclusion mass window of −​0.5 to +​1.5 Da.

Wheat and peach LTP amino acid sequences were aligned using CLUSTAL Omega56 and a figure generated 
using ESPript 357.

Molecular dynamics simulations.  The structures used for simulations were unliganded wheat LTP1 NMR 
structure (PDB 1GH158, ensemble model 11), and the wheat LTP1 structures bound to either prostaglandin B2 
(1CZ259, ensemble model 10) or 2 phospholipid molecules (1BWO11, chain A). The wheat LTP1 1BWO crystal 
structure has a dimer in the asymmetric unit, since wheat LTP1 is monomeric at neutral pH and both polypep-
tides are similar, chain A was chosen for simulations. The most representative NMR structures were chosen using 
the OLDERADO program60.

Linoleic acid was used in the lipid binding experiments, but the force field parameters in all-atom (version 27) 
CHARMM force field are not available for this particular fatty acid. However, there are parameters for oleic acid, 
a similar fatty acid that differs from linoleic acid by saturation of double bond 12. Therefore we used these existing 
parameters for generation of linoleic acid parameters by using the CHARMM-GUI61 and CGenFF program ver-
sion 1.0.062. The CH_PENALTY varied from 0 to 2.089 for linoleic acid atoms where the vast majority of atoms 
had a penalty score of zero, and the single added dihedral angle had a penalty of 0.6. These penalties suggest that 
the generated parameters are accurate and no additional validation is required. Both prostaglandin B2 (in 1CZ2) 
and phospholipid molecules (in 1BWO) were modified with a minimum number of changes to linoleic acid for 
simulations (all equivalent atom coordinates were kept). Since all molecules have the same or a similar length, we 
believe that the resultant modelled structures are reasonable. All calculations were carried out using programs 
VMD63, CHARMM (version c37b1) and NAMD (version 2.10)64. CHARMM force field 27 was used to build the 
systems. The psfgen VMD plug-in was utilized to build systems containing protein and ligand structures solvated 
in a water box extending at least 15 Å beyond every protein atom with the VMD solvate plug-in. All systems were 
neutralized by randomly placing Na+ and Cl− ions in the water box using the autoionize VMD plug-in. The size 
of the resulting systems was approximately 60 ×​ 60 ×​ 60 Å3 and the number of atoms was roughly 23 thousand 
atoms. The integration time step was set to 2 fs. A cutoff of 12 Å for van der Waals interactions was used and the 
particle-mesh Ewald method was used to compute long-range electrostatic forces. Langevin dynamics was uti-
lized to maintain a constant temperature with the damping coefficient set to 5 ps−1. The constant pressure equal 
to 1 atm was maintained using a hybrid Nosé-Hoover-Langevin piston method with a decay period of 50 fs. In 
all MD simulations periodic boundary conditions in all directions were used. Initially, systems were minimized 
with conjugate gradient and line search algorithm implemented in NAMD for 5,000 steps without any constrains 
on the protein and water molecules. Subsequently, the temperature of the system was raised from 0 K to 300 K 
in 25 K steps (25 ps each step), for the total 300 ps time steps. Finally, the system was equilibrated for 700 ps. The 
production simulations were run for 20 ns and were used to collect atom fluctuations of the protein and ligands. 



www.nature.com/scientificreports/

1 0Scientific Reports | 6:30279 | DOI: 10.1038/srep30279

For RMS deviation and fluctuations analysis the backbone Cα​ atoms were reoriented relative to the first frame in 
the production trajectory to remove translational and rotational modes.

Structures were superposed and analysed using the CCP4 suite of programs. All of the structural figures pre-
sented were generated using PyMOL (Version 1.8 Schrödinger, LLC).
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