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ABSTRACT: The structure and stability of the allergenic nonspecific lipid transfer protein (LTP) of peach were
compared with the homologous LTP1 of barley and its liganded formLTP1b. All three proteins were resistant
to gastric pepsinolysis and were only slowly digested at 1 to 2 out of 14 potential tryptic and chymotryptic
cleavage sites under duodenal conditions. Peach LTP was initially cleaved at Tyr79-Lys80 and then at Arg39-
Thr40 (a site lost in barley LTP1). Molecular dynamics simulations of the proteins under folded conditions
showed that the backbone flexibility is limited, explaining the resistance to duodenal proteolysis. Arg39 and
Lys80 side chains were more flexible in simulations of peach compared with barley LTP1. This may explain
differences in the rates of cleavage observed experimentally for the two proteins and suggests that the
flexibility of individual amino acid side chains could be important in determining preferred proteolytic
cleavage sites. In order to understand resistance to pepsinolysis, proteins were characterized by NMR
spectroscopy at pH 1.8. This showed that the helical regions of both proteins remain folded at this pH. NMR
hydrogen exchange studies confirmed the rigidity of the structures at acidic pH, with barley LTP1 showing
some regions with greater protection. Collectively, these data suggest that the rigidity of the LTP scaffold is
responsible for their resistance to proteolysis. Gastroduodenal digestion conditions do not disrupt the 3D
structure of peach LTP, explaining why LTPs retain their ability to bind IgE after digestion and hence their
allergenic potential.

Plant nonspecific lipid transfer proteins (LTPs)1 are a family of
low molecular mass (7-9 kDa) basic proteins which were first
discovered over 30 years ago when they were thought to play a
role in the intracellular trafficking of lipids (1). Their precise
biological role in plants still remains a matter of debate, but it is
now considered more likely they play a role in the transport of
monomers involved in the formation of protective hydrophobic
cutin and/or suberin layers and the defense of plants against
microbial pathogens (2). They share a conserved disulfide
skeleton with other members of the prolamin superfamily,
namely, the 2S albumin storage proteins of dicotyledonous seeds
and R-amylase/trypsin inhibitors of cereal grains (3). However,
the disulfide connectivities in the LTP family are different to
those in the 2S albumins and inhibitors, allowing the bundle of
four R-helices that makes up their basic scaffold to form a
hydrophobic cavity into which a variety of lipophilic molecules,
including lipids, can bind (2). The three-dimensional structures of

a number of LTPs have been described including a crystal
structure of peach LTP (4) and solution structures of the barley
LTP1 in an unliganded form (5) and complexed with various
ligands (6). In addition, a modified form of barley LTP1, termed
LTP1b (7), in which an adduct is attached to the protein via the
Asp7 side chain has been identified in both barley seeds and in
beer. While it was originally proposed that the adduct was cis-
7-heptadecenoic acid (8), subsequent investigations have shown
that it is R-ketol 9-hydroxy-10-oxo-12(Z)-octadecenoic acid (9).
NMR studies showed the adduct lies in the LTP1 cavity of
LTP1b, displacing Tyr79 and increasing protein mobility (10).

More recently, LTPs have been designated as a family of pan
allergens (11, 12), causing severe allergies to a variety of foods,
including peach. Indeed, peach LTP accounts for sensitization in
more than 90%of patients allergic to peach in theMediterranean
area and can cause severe, life-threatening reactions including
anaphylaxis (13). There are also reports of cereal LTPs causing
allergic reactions following consumption of wheat-based
foods (14) and beer (15) although these allergies probably result
from primary sensitization toward peach LTP. It is thought that
allergenic LTPs in food are able to sensitize via the gastrointest-
inal tract due to their stability to digestion (16) and thus trigger
severe allergic reactions. Stability to digestion may allow a
protein to be presented to the gastrointestinal immune system
in an immunologically active form (17).

While there has been a general assumption that the structural
stability of LTPs contributes to their resistance to digestion, this
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has not been fully explained at a molecular level. Correlation
between flexibility and proteolytic sites has been established in
previous studies. Fontana et al. (18) proposed that accessibility
and flexibility of the polypeptide chain at the site of proteolytic
attack promote optimal binding and proper interaction with
protease. The theory is supported by reported correlation of
main chain temperature factors of thermolysin with proteolytic
cleavage sites. Falconi et al. (19) found that enhanced chain
flexibility indicated by molecular dynamics simulations is the key
feature of proteolytic cleavage site. Out of 14 solvent-accessible
proteolytic sites in superoxide dismutase, only one flexible site is
cleaved.

It is possible that subtle differences in the dynamical properties
of proteins sharing the same three-dimensional structure affect
their stability to digestion. We have therefore compared the
structure of the allergenic LTP of peach (also designated as
the allergen Pru p 3) with the homologous LTP1 of barley,
together with its modified form LTP1b (9). We have also
characterized the effects of conditions which are relevant to those
found in the gastrointestinal tract (such as pH) on LTP folding
and dynamics and related the structures of the proteins to their
patterns of gastroduodenal proteolysis.

EXPERIMENTAL PROCEDURES

Protein Preparations. Peach LTPwas purified from the skin
of peach fruits by a combination of ammonium sulfate fractiona-
tion and cation exchange chromatography according to Gaier
et al. (20). Barley LTP and LTP1b were prepared as described by
Wijesinha-Bettoni et al. (10).
Simulated Gastric and Duodenal Proteolysis. Proteins

(0.25 mg/mL in the final digestion mix) were incubated with
pepsin (1:20 w/w) at pH 2.5 to simulate gastric proteolysis,
followed by trypsin and chymotrypsin (1:400:100 w/w/w) at pH
6.5 to mimic duodenal proteolysis, as described by Moreno
et al. (21). The enzyme activities were 3300 units/mg of protein
calculated using hemoglobin as substrate, 13800 units/mg of
protein using BAEE as substrate, and 44 units/mg of pro-
tein using BTEE as substrate for pepsin, trypsin, and bovine
R-chymotrypsin, respectively. Progress of proteolysis was fol-
lowed by SDS-PAGE analysis under reducing conditions with
0.5 M dithiothreitol using a 12% Bis-Tris gel in a NuPAGE
system (Invitrogen, Groningen, The Netherlands) according to
the manufacturer’s instructions. Proteins were visualized by
Sypro Ruby staining (Invitrogen, Groningen, The Netherlands).
Marker proteins were insulin A chain (Mr 2500), insulin B chain
(Mr 3500), aprotinin (Mr 6000), lysozyme (Mr 14400), trypsin
inhibitor (Mr 21500), carbonic anhydrase (Mr 31000), lactate
dehydrogenase (Mr 36500), glutamic dehydrogenase (Mr 55400),
BSA (Mr 66300), phosphorylase B (Mr 97400), β-galactosidase
(Mr 116300), and myosin (Mr 200000) (Invitrogen, Groningen,
The Netherlands).

For N-terminal sequencing, the duodenal proteolysis products
were separated by SDS-PAGE electrophoresis and electro-
blotted onto PVDF membrane (Immobilon-PSQ), and the
protein was stained with SimplyBlue colloidal Coomassie
(Invitrogen, Groningen, The Netherlands), as described by
Maciercenka et al. (22). N-Terminal sequencing (Edman degra-
dation) was performed for selected peptides at the Protein and
Nucleic Acid Chemistry Facility, Department of Biochemistry at
University of Cambridge (Cambridge, U.K.).

Digestion products were also analyzed byMALDI-TOFmass
spectrometry. Each sample was mixed with a saturated sinapinic

acid (Sigma-Aldrich,Dorset,U.K.) matrix in 30% (v/v) acetonitrile
and 0.1% (v/v) trifluoroacetic acid (TFA). The target plates used
were polished stainless steel (Bruker Daltonics, Coventry, U.K.).
Samples were prepared in the presence or absence of 5mM tris(2-
carboxyethyl)phosphine (TCEP) depending upon whether re-
duction was required. Approximately 0.5 μL of the sample/
matrix mixture 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, U.K.) equipped with a pulsed N2

laser (λ=337 nm, frequency 10Hz).Whole protein spectra were
recorded over the 2000-12000 Da range in linear mode at an
accelerating voltage of 25 kV by averaging of at least 300 indi-
vidual laser shots. The concentration of each protein solutionwas
adjusted to give peak intensity similar to that of the calibrants
used. Calibration was performed using ACTH (adrenocorti-
cotropic hormone), somatostatin, ubiquitin, insulin, and myo-
globin. Data analysis was performed by comparison of experi-
mentally derived peptide masses with those predicted by in silico
digestion of peach and barley LTPs by trypsin and chymotrypsin
using theMmass software package (23) with a 200 ppm tolerance.
Molecular Dynamics Simulations. The structures for si-

mulations were the barley LTP1 first NMR structure in 1LIP (5)
(determined at pH4.0, 310K) and the peachLTPX-ray structure
2ALG (4) (pH 6.5, 293K). The peach 2ALG structure is a dimer;
since peach LTP is monomeric at neutral and low pH (20) and
both polypeptides were similar, chain A was chosen for simula-
tions. Modeling was undertaken without ligands, and crystal-
lographic water molecules were excluded in the simulations. All
calculations were carried out using the programs CHARMM
(version c34b2) (24) and NAMD (version 2.6) (25). All-atom
version 27 CHARMM force field parameters (26) were em-
ployed. Polar hydrogens were introduced with the CHARMM
HBUILD command (24, 27). A sphere of preequilibrated TIP3
water molecules was centered on the center of mass of the protein
to form a 10 Å shell of water molecules around the protein. All
water molecules overlapping with the protein were deleted.
Structures were minimized with conjugate gradient and line
search algorithms implemented in NAMD for 10000 steps with-
out any constraints on the protein and water molecules. Subse-
quently, the temperature of the simulation was raised from 0 to
250 K in 50 K steps (50 ps each) and then from 250 to 300 K in
10 K steps (50 ps each). Finally, the system was equilibrated for
500 ps. Water molecules were kept within the sphere by a weak
spherical harmonic boundary potential. The CHARMM default
cutoffs for long-range interactions were used; i.e., a shift function
was used for the electrostatic term with a cutoff at 12 Å, and a
switch truncation acting between 10 and 12 Å was employed for
the van der Waals interactions. Temperature was controlled
using Langevin dynamics with a damping constant of 5 ps-1,
with hydrogen atoms uncoupled to the heat bath. The integration
time step was set to 2 fs. The protein coordinates were extracted
from the equilibrated MD trajectory (5 ns) every 4 ps for the
following RMS deviation and fluctuations analysis. The back-
bone atoms (atom types CR, C, N, O) were reoriented to remove
translational and rotational modes.
NMR Studies. The NMR studies were carried out at pH

1.85, 310 K. The barley LTP1 assignments were taken from the
published data (5) and were confirmed for the present conditions.
The assignments for peach LTP were obtained using 2D spectra
and could be confirmed for 96% of the protein sequence and
have been deposited (BioMagRes bank accession code 16294).
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The data were of good quality, although four peaks cannot be
assigned as they are not visible in the spectra under the experi-
mental conditions.

All spectra were collected using home-built spectrometers at
the Department of Biochemistry, OxfordUniversity, functioning
at 500, 600, or 750MHz, using protein samples ranging from 2 to
3 mM concentration in 95%/5% H2O/D2O. DQF-COSY,
TOCSY, and NOESY spectra were recorded for barley LTP1
at pH 4, 310 K, and pH 5, 298 K, and TOCSY and phase-
sensitive COSY (phCOSY) spectra at pH 1.8, 310 K. For peach
LTP, phCOSY, DQF-COSY, TOCSY, and NOESY spectra
were recorded at pH 5.3 at 310 K and phCOSY, TOCSY, and
NOESY spectra at pH 5.3, 298 K; further spectra were collected
at pH 4, 298 K, which included a NOESY spectrum in 95%/5%
H2O/D2O,NOESY and TOCSY spectra inD2O (showing slowly
exchanging amides), and reverse hydrogen exchange NOESY
and TOCSY spectra (fully exchanged sample freeze-dried and
redissolved in H2O). Sets of TOCSY, NOESY, and phCOSY
spectra were also recorded at pH 6.5, 293 K, and pH 1.8, 37 �C.
Further NOESY spectra were collected at pH 3.9, 298K, and pH
3, 293 K. All TOCSY spectra collected had mixing times in the
range 72-74 ms, and the NOESY spectra had 200 ms mixing
times. Spectra were collected in both the absence and presence
of 50 mM NaCl (which did not make a noticeable difference to
the spectral quality).

For NMR hydrogen exchange experiments on barley LTP1
and peach LTP, the proteins were dissolved in H2O at pH 1.85

and freeze-dried prior to hydrogen exchange. The samples were
then dissolved to 3 mM in 25 mM deuterated sodium acetate
buffer (pH 1.85). A series of nine COSY spectra was collected
for each protein at 310 K. Acquisition was started 1 h after
dissolution in D2O, and the acquisition time was 7.8 h per
spectrum.

RESULTS

Gastroduodenal Proteolysis. Peach LTP, barley LTP1, and
barley LTP1b were all completely resistant to gastric pepsinolysis
at pH 2.5, as shown byMALDI-TOFmass spectrometry (Figure
1A,D,G) over the mass range of 2000-12,000 Da and
SDS-PAGE (Figure 2). The masses of all three proteins did
not alter throughout the time course of pepsinolysis studied. A
9144.2 Da peptide was observed throughout pepsin digestion of
peach LTP, which corresponds to residues 1-91 of intact,
unmodified peach protein (Swiss Prot Q9LED1). Following
mass spectrometry analysis it became evident that the barley
LTP1 (9694.4 Da, accession number P07597) preparation was
contaminated by LTP1 without a C-terminal tryptophan which
is represented in spectra as a mass of 9529.5 Da. Loss of the
C-terminal residue of barley LTP has been observed previously in
purified preparations (6).Digests of barleyLTP1 gave a fragment
mass of 9694.4 Da corresponding to the calculated intact mass of
9694.89Da for barley LTP1 (Swiss Prot P07597) (Figure 1D) and
barley LTP1b a dominant mass of 9990.2 Da. This corresponds
to LTP1 with the addition of 294.5 Da, consistent with the

FIGURE 1: Analysis of LTP gastroduodenal digestion by MALDI-TOF mass spectrometry: panels A-C, peach LTP digestion; panels D-F,
barley LTP1 digestion; panels G-I, barley LTP1b digestion. Spectra are as follows: A, D, G, after 60 min gastric pepsinolysis; B, E, H, 60 min
pepsinolysis followed by 30 min duodenal proteolysis (reduced); C, F, I, 60 min pepsinolysis followed by 30 min duodenal proteolysis
(nonreduced). Intact (undigested) protein is labeled asLTP (peach), LTP1 (barleyLTP1), orLTP1b (barleyLTP1b). Low intensitymass events of
approximately 3000Dawere frequently observed andweremost likelymatrix-associated.Mass events are singly charged unless denoted as 2þ. bb
represents Bowman-Birk inhibitor added to terminate duodenal proteolysis.
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modification of Asp7 with R-ketol 9-hydoxy-10-oxo-12(Z)-octa-
decanoic acid as previously reported (9) with a calculatedmass of
9989.9 Da.

Following gastric pepsinolysis, the digestion of peach and
barley LTPs by trypsin and chymotrypsin under duodenal
conditions was followed by MALDI-MS (Figure 1) and
SDS-PAGE (Figure 2), with the masses determined for the
proteolysis products being compared with those of peptides
predicted by in silico digestion with chymotrypsin and trypsin
using mMass (23). No digestion of peach LTP, barley LTP1, and
barley LTP1b was observed by either SDS-PAGE (Figure 2) or
MALDI-MS (Figure 1A,D,G) during the gastric (pepsinolysis)
phase. For duodenal digestion results were consistent between
experimental methods, with quantitative analysis by SDS-
PAGE showing that peach LTP was more rapidly digested than
either of the barley LTPs and the unliganded barley LTP1 being
the most resistant LTP, (Figure 2). Concentration of peptide
1-79 rises over time except for peach LTPwhere it drops after an
initial rise which is consistent with further digestion to 1-39 and

40-79 fragments. Smaller (1-39 and 40-79) fragments are not
observed using SDS-PAGE, possibly because of their small size
(<4000 Da) and relatively low abundance. Fourteen different
tryptic and chymotryptic digestion sites are theoretically possible
for peach LTP, using established cleavage rules for trypsin and
chymotrypsin. These cleavage sites were used to generate a list of
peptides and corresponding masses under the assumption that
any number of missed cleavages were possible. This list of
potential proteolytic fragments was searched against experimen-
tally obtained MALDI data using the “match data” function of
mMass using an accepted tolerance of 200 ppm.This showed that
only two of the potential tryptic and chymotryptic cleavage sites
were cleaved in the simulated duodenal digest. For peach LTP a
mass of 9144.2 Da corresponding to the intact protein was
observed throughout duodenal digestion, together with a
7939.7 Da polypeptide digestion product (Figure 1B,C). This
mass corresponds to the predicted chymotryptic digestion pro-
duct residues 1-79 (Table 1) and is consistent with the fact that
N-terminal sequencing of the dominant Mr 7 kDa fragment
resolved by SDS-PAGE, which increased in abundance early
during digestion and then began to decrease after 30 min
(Figure 2 A), possessed an intact N-terminus. Relatively less
intense signals corresponding to lower masses were observed in
increasing amounts as duodenal digestion progressed. Thesewere
consistentwith the presence of peptides corresponding to residues
1-39 and 40-79, which may result from further digestion of the
dominant 7939.7Da peptide. Thus, after initial cleavage of peach
LTP between Tyr79 and Lys80 by chymotrypsin, the resulting
7940 Da polypeptide is cleaved between Arg39 and Thr40 by
trypsin. All of the observed fragments were greatly reduced in
relative intensity when the digests were not reduced using TCEP
prior to MALDI-MS (Figure 1), suggesting that most of the
fragments remain associated by intramolecular disulfide bridges
(see Figure 3). However, the presence of observable 1-79 peptide
in the nonreduced samples indicates either that some fragments
are unassociated after duodenal digestion or that the ionization
used in the MALDI experiments partially fragments associated
peptides. A mass of 7258.18 Da was observed in peach protein
preparations and could not be assigned to possible proteolysis
products or other known components of the reaction mixture.

FIGURE 2: Relative abundance of LTPs and digestion products over
time as estimated from densitometry of SDS-PAGE gels. Band
intensities were calculated as a percentage of maximum Gaussian
volume by scanning of gel images and subsequent analysis using the
TotalLab package. Curve fitting was performed using the Prism
package (version 5.01). In the case of peach LTP the identity of the
1-79 fragment was confirmed by N-terminal sequence analysis (not
shown) andMALDI-TOF data (Table 1). In the case of barley LTP1
and LTP1bN-terminal sequence information for themajor fragment
was unobtainable because of low abundance, and identity of the
1-79 fragment was inferred as it was the only fragment of significant
abundance in the MALDI-TOF experiments.

Table 1: Peach and Barley LTPDigestion Products Identified byMALDI-

TOF Mass Spectrometrya

sequence assignment obsd m/z (Da) calcd m/z (Da) error (ppm)

Peach LTP, Accession Number Q9LED1

1-91 (LTP) 9144.2 9145.0 83

40-79 3929.9 3930.5 165

1-39 4028.6 4028.6 17

1-79 7939.7 7940.1 50

Barley LTP1, Accession Number P07597

1-91 (LTP1) 9694.4 9694.9 51

1-90 (LTP1*) 9530.8 9533.2 248

1-79 8329.6 8331.4 213

Barley LTP1b, Accession Number P07597

1-91 (LTP1b) 9990.2 9989.9 30

1-79 8624.8 8625.4 115

aProteins and peptides are denoted in the same way as that shown in
Figure 1. Putative peptides were assigned on the basis of matching masses
observed by MALDI-TOF and predicted masses calculated using mMass.
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Similarly, other minor peaks (unmarked peaks in Figure 1) were
occasionally present in spectra but could not be assigned.

Similar analysis of digested barley LTP1 revealed that the
intact protein was present in all digestion samples corresponding
to a mass of 9694.4 Da. A digestion product of 8329.6 Da was
observed in duodenal digests after 15 and 30 min but was of very
low abundance (Figure 1 F). This can be tentatively assigned as
corresponding to residues 1-79 (expected mass 8331.38 Da) as
themass accuracy of themeasurementwas poor (200 ppm) due to
the low abundance. The relative abundance of this 8331.38 Da
chymotryptic digestion product increased throughout digestion
(Figure 2B), but in contrast to themajor digestion products of the
peach LTP, its abundance in MALDI-MS analysis was not
affected by reduction (Figure 1E-F). For barley LTP1b a
fragment of mass 8624.8 Da was observed after 10 min of
duodenal digestion, which was presumed to correspond to
residues 1-79 (expected mass of 8625.38 Da) with the addition
of the 294.5Da adduct (Figure 1I). The relative abundance of this
fragment also increased up to 30 min while the abundance of the
intact protein decreased, as observedbySDS-PAGE (Figure 2C).
As with barley LTP1, the relative abundance of this fragment
did not appear to change significantly under reducing condi-
tions (Figure 1H-I).

Thus, all three types of LTP were all completely resistant to
simulated gastric proteolysis, and of 14 possible cleavages in
duodenal proteolysis, only 2 were observed (Figure 3). Of the

seven conserved cleavage sites in the peach and barley LTPs, only
one (Lys80) was cleaved in all proteins, and this occurred more
slowly in barley LTPs than in peach LTP.
Molecular Dynamics Simulations. Since all proteases

require some flexibility in their substrates, particularly pep-
sin (28), the dynamic properties of the peach and barley LTPs
were studied computationally in order to seek an explanation for
their experimentally observed resistance to proteolysis. MD
simulations were run for peach LTP and barley LTP1. Over a
5 ns simulation time the structures of both proteins were stable.
The CR atom and all-atom positional root-mean-square devia-
tions through the simulations were higher for barley LTP1
compared to peach LTP by approximately 1 Å (barley LTP1,
CR atom RMSD 2.2 Å, all-atom RMSD 2.7 Å; peach LTP, CR
atomRMSD 1.2 Å, all-atomRMSD 1.6 Å). However, care must
be taken in drawing conclusions about these differences, as
different methods were used for structural determination of the
two proteins (NMR for barley LTP1, X-ray crystallography for
peach LTP) and the protein conformations may have been
affected by the purification methods used. The isotropic RMS
fluctuations of the CR atoms and all atoms were calculated from
the MD trajectories to monitor any difference in the flexibility of
the LTP structure in the simulations (see Figure 4). For compar-
ison, atomic fluctuations were estimated from the experimental
B-factors from the crystal structure of peach LTP. There is
generally a good correlation between the simulation RMS

FIGURE 3: Sequence alignment of peach LTP and barley LTP1. Peach IgE-binding epitopes (33) are shown in boxes. The actual cleavage sites
determined bymass spectrometry are shown by arrows, trypsin cleaving at Arg39-Thr40 and chymotrypsin at Tyr79-Lys80. Disulfide bonds are
indicated by arrows.

FIGURE 4: RMS fluctuations of peach LTP (A andB) and barley LTP1 (C andD). CR atom fluctuations aremarked by2 (fromB-factors) and4
(from simulations); all atom fluctuations are marked by O (from simulations). Residues 39 and 80 are labeled on panel B. For peach LTP the
RMS fluctuations were calculated from the X-rayB-factors using the formulaB=(8π2/3)Δr2. Potential cleavage sites are marked by black stars
on panel B.
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fluctuations and those calculated from the B-factors (correlation
coefficient 0.6, Figure 4A). Any differences may reflect the fact
that the X-ray structure of peach LTP was determined for a
dimeric form of the protein while the simulations of peach LTP
used just one monomer. Our analysis of peach LTP and barley
LTP1 revealed both to be monomeric at both pH 3.0 and pH 7.0
(data not shown), indicating that changes in oligomeric state did
not play a significant role in protease protection in our experi-
ments and that use of a monomeric structure in our simulations
was appropriate.

Overall, the RMS fluctuations seen in both simulations are
low. This is consistent with the experimentally observed resis-
tance of these proteins to proteolysis. However, there are two
regions in peach LTP that have CR atom RMSF values greater
than 1.0 Å, namely, residues 56-61 and 78-85 (Figure 4A).
The second of these regions also shows higher experimental CR
B-factors (RMSF values calculated from the B-factors greater
than 1.5 Å for residues 74-88). In contrast, the only significant
backbone flexibility observed in barley LTP1 is at the C-terminus
(residues 87-91, Figure 4C). In addition, the all-atom RMSF
values show that several side chains are very flexible, namely,
Arg39 and Lys80 of peach LTP (Figures 4B and 5) and Ile90 at
the C-terminus of barley LTP1 (Figure 4D) which have RMS
fluctuations >1.9 Å. Thus, the two gastroduodenal proteo-
lysis sites observed in peach LTP, Arg39-Thr40 (trypsin) and
Tyr79-Lys80 (chymotrypsin), both have highly mobile side
chains directly adjacent to them. Both cleavage sites are
shown in Figure 5. The trypsin cleavage site is shown in great
detail, particularly, the Arg39 flexible side chain. This flex-
ibility presumably enables access to the peptide bond and
hence cleavage. For barley LTP1 gastroduodenal proteolysis
only cleaves the 79-80 peptide bond, the tryptic site having
been lost through substitution of Arg for Gln at position 39 in
barley compared with peach LTP (Figure 3). However,
cleavage of the 79-80 peptide bond was much slower in
barley LTP1 compared to peach LTP and may result from the
lower backbone mobility of this region in the barley protein
seen in the CR atom RMSF data (Figure 4B) alone or in
combination with the change in amino acid sequence close
to the cleavage site (Lys80 in peach LTP vs Thr80 in barley
LTP1).

The increased susceptibility to chymotryptic cleavage of barley
LTP1b compared to barley LTP1 at the 79-80 peptide bond
implies that there is increased exposure or flexibility of these
residues when the lipid-like R-ketol 9-hydoxy-10-oxo-12(Z)-
octadecanoic acid adduct is present. This is interesting in the
light of our previous NMR studies of barley LTP1b which
showed that the lipid-like adduct lies in the hydrophobic cavity
of the protein, with Tyr79 being displaced to accommodate the
ligand (10). In addition, the modified barley LTP1b showed a
reduced level of hydrogen exchange protection compared to
barley LTP1, presumably reflecting a loosening of the protein
structure and increased flexibility (10). These changes would be
consistent with the increased susceptibility of barley LTP1b over
barley LTP1 to duodenal digestion reported in this work. More-
over, the chemical shift changes for residues 77-81 observed on
binding palmitate and palmityl-CoA (6, 29) to barley LTP1
suggest that changes in Tyr79 orientation and increasing side
chain flexibility may be a general feature of occupation of the
binding cavity in LTP1 by a suitably sized ligand. If this is the
case, the digestibility of LTP1 may be explained by changes in
Tyr79 orientation which may be influenced by binding different
types of ligands (adduct versus noncovalently bound ligand).
NMR Spectroscopic Study at Low pH. The MD simula-

tions show that the LTP structures have limited dynamical
behavior under native conditions at pH 7. This may be respon-
sible at least in part for their resistance to chymotrypsin and
trypsin proteolysis. However, to understand the experimentally
observed resistance to pepsinolysis, the proteins need to be
characterized at low pH (conditions under which many proteins
are substantially unfolded). Peach LTP and barley LTP1 were
therefore studied by NMR spectroscopy at pH 1.8 and 310 K.
The assignments for peach LTP were obtained using 2D spectra
and have been deposited (BioMagRes bank accession code
16294). The data were of good quality, although four peaks
(Leu54, Ser55, Ile81, and Ser82) cannot be seen in the spectra
under the experimental conditions and thus could not be
assigned. In general, the resonances of residues in the second
part of helix C, which includes residues Leu54 and Ser55, proved
particularly difficult to assign. It is likely that this region of the
protein has some internal dynamics which gives rise to exchange
broadening of the resonances. This is consistent with the pre-
liminary 1D NMR studies of peach LTP by Gaier et al. (30),
which suggested that minor unstructured regions are present at
pH 3. Support for this also comes from the increased RMS
fluctuations and B-factors for this region seen in the MD
simulations and crystal structure of peach LTP under native
conditions (Figure 4).

A comparison of the backbone NH chemical shifts between
pH 1.8 and pH 5.3 (spectra at 310K at both pH values) for peach
LTP is shown in Figure 6A. Only Thr 40 shows a difference
greater than 0.2 ppm, with Asp43 showing the next largest
difference of 0.16 ppm. The barley LTP1 assignments were taken
from the published data (5) and were confirmed for the present
conditions. A comparison of the backboneNH chemical shifts at
pH 1.8 and pH 4 is shown in Figure 6B. The residues with NH
shift differences greater than 0.2 ppm are Glu26, Gln39, Ser40,
Asp86, Ser88, Arg89, and Ile90 in barleyLTP1. The differences in
HR chemical shifts were all smaller than 0.15 ppm.

To determine whether the observed NH chemical shift differ-
ences were due to the proximity of these NH groups to Asp and
Glu side chains or to the C-terminus (all of which will change
their protonation states over the pH range studied), the structures

FIGURE 5: A schematic view of the structure of peach LTP. The
cleavage sites Arg39-Thr40 and Tyr79-Lys80 are colored red. IgE-
binding epitopes are colored blue. On the right side in the circle is the
overlay of 50 snapshots of Arg39-Thr40 side chain coordinates taken
from MD trajectory shown as sticks with backbone atoms of
neighboring residues shown as tubes. Hydrogen atoms are not
shown; carbon and nitrogen atoms are colored red and blue, respec-
tively. The structures were reoriented to remove translational and
rotational motions.
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of peach LTP (2ALG, molecule B crystal structure which has a
ligand partially inserted in the cavity, pH 6.5, 293 K) and barley
LTP1 (1LIP, NMR structure, pH 4, 310K) were analyzed. Peach
LTP has only one ionizable residue, Asp43, which would explain
the lack of pronounced differences inNHshift under the different
pH conditions. Barley LTP1 has five Asp residues and one Glu
residue. For peach LTP, theNHof Thr40, the only amide proton
showing a significant pH shift, is only 2.75 Å away from OD2 of
Asp43. For barley LTP1, nearly all of the amide protons showing
large changes in chemical shift with pH are either those of Asp or
Glu residues themselves or are closer than 3.5 Å to the OD orOE
groups in Asp or Glu side chains in the protein structure. The
only exception is the NH of Ile90, whose nitrogen atom is,
however, close to the C-terminus oxygen. Thus all of the
significant changes in chemical shift for peach LTP and barley
LTP1 at low pH come from changes in electrostatic interactions
arising from changes in protonation state of adjacent side chains
or the protein C-terminus. There is no evidence for changes to the
protein structure or significant unfolding at pH 1.8.
Low pH Hydrogen Exchange NMR Study. Although

there is no evidence from the chemical shift data for changes to
the LTP structures at low pH, the proteins may become more
flexible under these conditions. In order to probe the dynamics of
the protein structures at low pH, we studied the hydrogen
exchange protection of individual backbone amide protons in

peach LTP and barley LTP1. A number of residues in both
proteins are strongly protected, even under this extreme pH
condition (Figure 7), particularly residues in the helices
(Figure 8). This level of hydrogen exchange is typical of that
expected for a protein which is still fully folded and has fairly
limited internal dynamics. The hydrogen exchange data show
that most of the epitopic regions in peach LTP retain their
hydrogen-bonded secondary structure (the backbone amide
protons of residues 14, 17, 30-34, 36, 37, 44-47, 49, 69, and 71-
75 all show some degree of protection from hydrogen exchange)
and are folded at the pH found in the stomach.

However, the hydrogen exchange protection in peach LTPwas
on average lower than in barley LTP1, with significant differences
in certain parts of the protein. After 1 h of dissolving the protein
in D2O, barley LTP1 has 31 protected amides, compared with 24
for peach LTP. There was a pronounced difference between the
protection in the two proteins by the last time point, 63.5 h after
dissolution, with barley LTP containing 20 strongly protected
amides while peach contained only 8 (panel D vs panel B of
Figure 7). Themain differences (Figure 8) lie in the second part of
helix C (residues 51-56), the start of helix D (residues 65-67),
and the loop connecting these two helices (residues 58 and 60),
which show far greater protection in barley LTP. Although
differences in the observed protection could reflect differences
in the intrinsic hydrogen exchange rates for the two protein
sequences in these regions, comparisons of the intrinsic exchanges
rates show that this is not a significant factor here. As two of the
unassigned residues in peach LTP (Leu54 and Ser55) also lie in
this region, it is likely that internal dynamics within the protein
structure may be giving rise to exchange broadening. Hence,
there is evidence from the hydrogen exchange data that the peach
LTP structure is somewhat more flexible than the barley LTP1
structure under low pH conditions. This, together with the higher
RMS fluctuations seen for some regions of the peach LTP
structure in theMD simulations, may explain the fact that peach
LTP is slightly more susceptible to gastroduodenal proteolysis
than barley LTP1.

DISCUSSION

In this paper, we have succeeded in relating the structural
stabilities of peach and barley LTPs to their stabilities toward
gastric pepsinolysis at pH 2.5 and simulated gastroduodenal
proteolysis at pH 6.5. Despite the presence in each protein of
numerous predicted pepsin, trypsin, and chymotrypsin cleavage
sites, peach LTPwas only cleaved at two sites, by trypsin (Arg39-
Thr40) and chymotrypsin (Tyr79-Arg80), while barley LTP was
cleaved only at the chymotryptic site, as the tryptic site has been
lost as a consequence of substitution of the Arg for Gln at
position 39 in barley LTP. Molecular dynamics simulations
under conditions where the proteins are fully folded showed that
backbone flexibility is mainly limited to the C-terminus, with side
chain mobility at residues 39 and 80 promoting cleavage at/near
these sites in peach LTP. The slightly higher susceptibility to
duodenal proteolysis for peach LTP compared to barley LTP1
can be ascribed to its increased structural flexibility, as seen from
the NMR hydrogen exchange data. This conclusion is further
supported by a comparison of the gastroduodenal proteolysis of
barley LTP1 and the liganded form barley LTP1b. The latter,
which is known to have a more flexible structure, is again seen to
be slightly more susceptible to proteolysis. The results also show
that the peptides resulting from duodenal digestion of LTPs
remain disulfide linked to the remainder of the protein. Thus,

FIGURE 6: Histograms showing the 1H chemical shift difference (low
pHminushighpH) for backboneNHgroupsat 37 �C: (A) pH1.8 and
pH 5 for peach LTP and (B) pH 1.8 and pH 4 for barley LTP1.
Residues whose NHgroups show a difference>0.2 ppm are labeled.
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gastrointestinal digestion does not result in the diffusion of
digested peptides from the protein scaffold. The effect of this
proteolytic “clipping” of LTP on protein structure is of great
interest and will be investigated further.

The experimental and theoretical work was performed on
unliganded LTPs (barley LTP1b adduct is not technically a
ligand because it is covalently attached to the protein) in this
work. It is certainly possible that ligand binding may affect
protein flexibility and hence protein digestion. In particular,
ligand binding may affect the orientation of Tyr79 in the
C-terminal region which may influence chymotrypsin binding.
For example, Tyr79 in barley LTP1 is the most buried and least
flexible, which may result in poor susceptibility to duodenum
digestion as seen in the mass spectrometry data (see Figure 1).
Additional work is under way in our laboratory to investigate the
effect of ligand binding on structure and digestion.

The retention of the overall three-dimensional structure of
these proteins following simulated gastrodudoenal digestion
explains the fact that simulated gastric (31) and gastrointestinal

proteolysis does not affect the ability of allergenic LTPs, such as
grape, to bind IgE and elicit histamine release (32). Epitope
mapping employing overlapping synthetic peptides has shown
that major IgE epitopes of peach LTP lie between residues
11-25, 31-45, and 71-80 with mimotope analysis confirming
the involvement of regions around residues 34-46 and 76-79 in
IgE binding (33). Both the Arg39-Thr40 and the Tyr79-Arg80
intestinal endoprotease cleavage sites of peach LTP lie within
these major IgE-binding regions, the latter site lying at the
C-terminal end of the 76-79 epitope region (see Figure 5). Even
after cleavage our analysis indicates that LTP proteolysis pro-
ducts will remain assembled in an intact-like structure retaining
the native topology and, hence, not affecting the IgE epitope
structures, providing the disulfide bonds are maintained in their
oxidized form. Similarly, T-cell epitopes of peach LTP are not
generally hydrolyzed during simulated gastrointestinal proteoly-
sis, with the exception of the major T-cell epitope that spans
residues 34-48 (34) and hence contains within it the Arg39-
Thr40 cleavage site. Thus, while it appears that the T-cells

FIGURE 7: The fingerprint regions of 2DCOSY spectra showing amide protons that are protected from hydrogen exchange in peach LTP (A, B)
and barley LTP1 (C, D) at pH 1.8 and 37 �C. (A) and (C) are spectra collected 1 h after the proteins were dissolved in D2O, while (B) and (D) are
spectra collected 62 h after dissolution in D2O.
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involved in generating IgE responses to peach originate from
the gut, this evidence indicates that the immune systems of peach-
allergic individuals are primed to some extent to intact peach
LTP.

It is interesting to note the colocation of the endoprotease
cleavage sites and IgE epitopes in the loops spanning residues
39-43 (loop 2) and 74-91 (unstructured region), which may
reflect the fact that, like immunoglobulin binding sites, proteases
require a certain degree of flexibility in the docking with a target
protein. Indeed, the ability of aspartyl proteases to bind to
extended regions of polypeptides and unfolded or partially folded
proteins in a chaperone-like manner has recently been character-
ized (35). Since LTPsmaintain a tightly folded compact structure
at low pH, theywill present little of their polypeptide backbone in
a manner that would allow pepsin to bind and hence explaining
the lack of hydrolysis of these proteins by pepsin. Trypsin and
chymotrypsin have a lower requirement for substrates presenting
peptide bonds in an extended conformation but do require some
level of flexibility. Hence only those candidate cleavage sites lying
in the more mobile regions of the protein toward the C-terminus
are actually cleaved. These data also demonstrate the limitations
of simplistic tools such as PeptideCutter for predicting proteoly-
tic cleavage of intact proteins as they do not take account of
the properties of folded proteins in determining patterns of
proteolysis.

Our research supports the theory (18, 19) that accessibility and
flexibility of proteolytic cleavage sites are key factors for proteo-
lysis. We found that not only is the flexibility of the backbone
important but also the flexibility of amino acid side chains
participating in proteolysis. This study confirms the important
role of protein flexibility in proteolysis and expands the scope of

study to food allergens, where digestion is a key component of
antigen reactivity.
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