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Mechanisms leading to the assembly of wheat stopagieins into proteins bodies within the endoplasm
reticulum of endosperm cells are unresolved totfayhis work, physical chemistry parameters whiolld be
involved in these processes were explored. In oimlenodel the confined environment of proteins initthe
endoplasmic reticulum, the dynamic behavioy-gliadins inserted inside lyotropic lamellar phases studied
using FRAP experiments. The evolution of the diffuscoefficient as a function of the lamellar peiaty
enabled to propose the hypothesis of an interadigweeny-gliadins and membranes. This interaction was
further studied with the help of phospholipid Langmmonolayersy- and w-gliadins were injected under
DMPC and DMPG monolayers and the 2D systems wardiest by Brewter Angle Microscopy (BAM),
Polarization Modulation Infrared Reflection-Absaqot Spectroscopy (PM-IRRAS), and surface tension
measurements. Results showed that both gliadinerlaet$s under phospholipid monolayers, considered as
biological membrane models, and formed micrometaresdomains at equilibrium. However, their thickses,
probed by reflectance measurements, were differergtiadins aggregates displayed a constant thickness
consistent with a monolayer, while the thicknesg-ghiadins aggregates increased with the quantitgrofein
injected. These different behaviors could find soexplanations in the difference of aminoacid segaen
distribution: an alternate repeated — unrepeatedado within y-gliadin sequence, while one unique repeated
domain was present withim-gliadin sequence. All these findings enabled wppse a model of gliadins self-
assembly via a membrane interfaoe to highlight the predominant role of wheat anain repeated domain in
the membrane interaction. In the biological contéhése results would mean that the repeated docoaild be
considered as an anchor for the interaction wighethdoplasmic reticulum membrane and a nucleus favithe
formation and growth of protein bodies within erngesn cells.

I ntroduction

Wheat storage proteins (WSP), constituting glutare
very important for various technological applicago
ranging from baking performanceso the elaboration of
biomaterial§, and the development of new drug delivery
systemd Moreover, as wheat is the world’s largest crop,
these storage proteins are the major source ofrgiet
protein for human and livestock.

Most of WSP are classified as prolamins becaustheif
high proportions of proline and glutamine. Desiteir
high proportion in polar glutamine residues, prdlssrare
poorly soluble in water. However they can be digsdlin
water-alcohol mixtures or in low pH solutidhswSP
display a very extensive polymorphism, but theyspre a
common feature which is the presence of repeatddoam
acid sequences in their primary structures. Pralanaire
subdivided into two groups based on their abildyfdrm
polymeric systems by means of intermolecular didelf
bonds between protein subunit§liadins are monomeric

proteins, whereas glutenins are polymeric onesadiis
account for about half of the gluten proteins, eaaré
subdivided into four types according to their
electrophoretic mobility in acid-polyacrylamide gel
electrophoresis, commonly denoted &as (-, y-, and w-
gliadins. a-, B- and y- gliadins have similar primary
structures. They are composed of a short N-terminal
domain, a repetitive domain which contains repeated
motifs rich in proline, glutamine and phenylalaniaed a
non-repetitive domain which includes all intramalee
disulphide bonds. Their primary structure indicdtest the
non-repetitive domain is more hydrophobic than the
repetitive one, suggesting an amphiphilic featur¢hese
gliadins. w-gliadins principally consist of proline and
glutamine residues, and are made up almost entotly
repeated domains without cysteines to form disdiphi
bond$. w-gliadins are globally more polar than, - and
y-gliading’.



Table I Putative Sequences of y,44-Gliadin and “Slow” m-Gliadin

Putative sequence of y,¢-gliadin

NIQVDPSSQV QWLQQQOQLVPQ LQQPLSQQPQ QTFPQPQQTE PHOPQQOVPQ
PQOQPQQPTFLO PQQPFPOQQOPQ QPFPOTQOPO QPFPOQOPQOQP FPOTOQOQPQQP
FPQQPQQPFP QTQQPQQPTP QLOQPQQPTP QPQQQLPQPQY QPOQQSFPQQO)
RPFIQPSLOQ QLNPCKNILL QQCEKPASLVS SLWSITWPQS DCOVMRQQCC
QOQLAQIPQOL QUAATHSVVH SIIMOQQOQOQQ0 QOQOQOQGMHIFL PLSQQQOVGO
GSLVQGQGI QPOOQPAQLEA IRSIVLOQTLP SMCNVYVPPE CSIMRAPFAS
IVAGIGGO

308 Amino acid residues

Calculared MM: 35228

Measured MM: 351595

Theoretical pl: 10.10 net charge at pH7: +2.4

Putative sequence of “slow” m-gliadin

ARELNPSNEKE LOSPQOQSFSH QOQQPFPOOPY POOQPYPSQQP YPSQOPFPTP
QOQQFPQQSQQ PFTQPQOPTP LOPQOPFPQQ POOPQOPFPQ POOPFPWQPQ
QPFPQTQQSE PLOQPQOQPFPQ QPOOQPFPOPQ LPFPQOQSEQV IPQQPQOPFP
LOPQOPFPQQ PQOQPFPQPQQ PIPVQPQOQSE PQOSQQSQQP FAQPQQLFPE
LOQPIPQQOPO QPFPLOPQOP FPOQOQPOQQPEP QOQPQQSFPQQ PQOPYPQOOQ
SFPQOQPQOPF PQPOPQOPEP LRPQQPFPQQ PQOSQQSFLO POQPOQQOQPQOPS
[LOPQOPLPO QPQOAPFQOPQ QOLSQOPEQT ISQQPQOPFP QOPHOPQOQPY
PQOQOPYGSSLTSIGGQ

366 Amino acid residues

Calculated MM: 42752

Measured MM: 42749

Theoretical pl: 5.32 net charge at pH7: =2

bodies in developing grains, before their maturRyotein
bodies (PB) are micrometer-sized organelles emegrgin
understanding the mechanisms involved in the
unconventional protein traffic pathways which leadPB
formation, is a great challenge in plant biol8gy
Moreover, the organization of WSP in the biological
context, as well as their composition, should bpartant

for wheat grain quality. The aim of the study istacidate
physical chemical parameters involved in the orzmion

of WSP in the cellular context.

The formation of natural-like PB with prolamins egpsed

in different heterologous systeth¥*3suggested that the
assumption is supported by the different surfacp@rties

of y- and wdgliadins at the air-water interfaCe
Furthermore w-gliadins should be considered as a model
of the repetitive domain of-gliadins. In a first part,
in order to identify key parameters of the accumofe  |yotropic lamellar phases, consisting of stackswfactant
process. Considering the high membrane surfadeeik R, bilayers separated by aqueous layers, were used &R
the interactions between WSP and membranes were mormodel environment for gliadins. This 3D approachi#ed

particularly studied. To our knowledge, the hypsthedf s to study both the confinement effect on the ginst

In the biological context, WSP serve as amino goidrce
for germination, and are principally stored withprotein
from endoplasmic reticulum membranes, and may @aonta
up to 80% of proteifs The mechanisms leading to the
formation of PB, and the organization of storagetgins
inside the organelles, are not well understood ytodan
accumulation of proteins within the endoplasmidcrdtim
(ER), leading to the emergence of protein bodiesh&
cytoplasm, is suggested. However, due to the abseha
retention signal in the sequence of these protetims,
sequestration and the accumulation processes tdipsdn
the lumen of the ER are unexplailedToday,
mechanism involved was controlled by the intrinsic
structure of proteins as well as by the ER envirentn
The strategy of this work was thus to study theabvéir of
model WSP in a confined environment similar to Hfe,

such interactions was scarcely studied. Koganaf**
revealed the interaction between a peptide correfipg
to the repetitive domain gfzein (a maize storage protein)
with soybean phosphatidylcholine liposomes. In thse

assembly, and to suggest an interaction betweenligh
and membranes. However, the results obtained with t
approach being not sufficient to firmly conclude the
gliadin-membrane interaction, in a second part, a 2

of wheat, it was observed that total gliadins coulddify
mechanical

approach was carried out to look at the proteiraiien at
properties of giant unilamellar vesicles the water lipid interface. In this case, 1,2-Dirsywiyl-sn-
membranes. Glycero-3-Phosphocholine (DMPC) and 1,2-Dimyristoyl

In our study, model WSP used weyaliadins andw- snGlycero-3-[Phospho-rac-(1-glycerol)] (DMPG)
gliadins.y-gliadins are considered as an ancestral form of monolayers were used as ER model membranes. DMPC
storage proteins, and were shown to be able to &dome was chosen as it represents the major phospholipid
PB in heterologous systefnso-gliadins were also used contained in plant ER membrangswhile DMPG was
because their involvement in PB formation could be selected in order to study the effect of negatiiarges
different due to their fully repetitive sequencehist  generally observed in biological membranes.



Experimental methods

1/ 3D approach: lyotropic lamellar phases system
Samples.y- and o-gliadins were purified according to
Banc et dP procedure. The gliadin components used in
this work were not fully sequenced. However it isgible

to propose putative sequences (table 1) based @n th
measured molecular masses, partial sequences aed ot
physicochemical  properties  with  reference to
literaturd®192% 2122y gliadin was labeled with
tetramethylrhodamine isothiocyanate (TRITC) acaugdi
to a new procedure adapted for this protein whgimat
soluble in alkaline aqueous solutions. Briefly, fheeze-
dried y-gliadin was dissolved at 10 mg/ml in an ethanol-
bicarbonate buffer (0.1 M, pH 9) mixture 45:55 {jvaAnd
incubated for 7 hours, at 50°C, with a TRITC salntiat

10 mg/ml in DMSO. The molar ratio of TRITC yegliadin

in the initial reaction solution was 10. After réan, the
excess reagent was removed by extensive dialyaisastia
water-ethanol (45:55) solution, and the final mataio of
TRITC to y-gliadin, determined by UV spectroscopy, was
1.

The lamellar phase system was spontaneously fommitad
the non-ionic n-pentaethyleneglycol monododecylethe
surfactant GEs (Nikko Ltd), hexanol and wat&r** The
hexanol/G,Es weight ratio used was 0.29, and the water
content was varied from 40 to 90 wt%. This range of
aqueous fractions enabled to obtain monophasic tamec
structures with repeat distances d ranging from 58 nm.
Three different probes were mixed with the lyotmpi
lamellar formulations at constant concentration0§2o
(w/w)): The rhodamine-labeledy-gliadin (y-gliadin-
TRITC), the rhodamine dye TRITC (mixed isomers,
purchased from Aldrich) and the hydrophobic probe,
rhodamine 1,2 dihexadecanoyl-sn-glycero-3-
phosphoethanolamine (DHPE-TRITC, purchased from
Invitrogen — Molecular Probes). After mixing, saegpl
were let several days to reach equilibrium.

X-ray scatteringSmall angle x-ray scattering experiments
(Nanostar, Bruker) were performed in order to descthe
host phase nature and to measure the lamellarngpéd)

of lamellar phase systems. Samples prepared witbhuga
water contents display various water layer thickess
(dy). The quantity ¢ was deduced from the swelling
behavior established using x-ray experiments adsvist
the stacking period d of the lamellar phase wast fir
obtained from the value,gy of the first order Bragg peak
as d = @/gn. Repeating the measurement for different
water concentrations, the bilayer thicknéssas extracted
from the swelling law d =5/¢m with ¢, the membrane
volume fraction. The water layer thickness was Ifna
deduced using the relatiog, ¢ d-3.

Optical microscopy. Polarized light and fluorescence
microscopy observations were done on a Leica SP
confocal laser scanning microscope. For observstitiat
capillaries (thickness e = 50m) were filled with the

lamellar phase samples and sealed with a UV-curing

adhesive (Norland Optical Adhesive 81).

Diffusion  coefficients determination using FRAP
measurementSRAP measurements were performed using
a confocal laser scanning microscope (CLSM) thaegi
high spatial resolutidn and allows surgical bleaching. In
order to measure the translational diffusion cogffit
parallel to the layers (D i.e. perpendicular to the optical
axis), homeotropically oriented lamellar phasesewgsed.

In flat capillaries, the lamellar phase naturaligopted
homeotropic anchoring (stacking axis perpendictdahe
walls) and well oriented monodomains were thusiobth

The homeotropic orientation was checked using fiieal
polarized light microscopy technique, so that thsef
beam was parallel to the normal of the layers. The
bleaching and imaging were performed on a Leica SP2
confocal microscope with an oil immersion x63 olijex
lens (numerical aperture 1.4). A spot area of geapim in
radius was bleached during a timén the range 1 to 10 s,
depending on the sample). The image acquisition was
made by scanning the field with a confocal photdipligr
(acquisition time of a few seconds) after a tinf@.635 s)

had elapsed.

Analysis of data was performed according to thedaaret

al’® method. In a first approximation, the lateral width

the laser beam spot was neglected. Secondly the
permeation through the bilayers was consideredetsd
small that the diffusion coefficient for motions ihe
direction parallel to the optical axis (Jp was assumed
negligible compared to the translational diffusi@) for
species diffusing between nanometered-separated
membranes. As a consequence, the concentration of
bleached dyes c(r, t) versus space and time, llpiti@n-
zero only within the point-like laser spot, is fauiby
integrating Fick’s law in the 2D-space perpendictitathe
optical axis, which leads to:

r 2

&)
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when the bleaching duration was extremely shortedn
(1), r is the distance from the center of the héag point,

t the time, O the diffusion coefficient in the layer plane,
and g a normalization constant depending mainly on dye
concentration, power of the bleaching radiation, et

For the sake of simplicity, the depletion in fluscence
intensity at time t after a photo bleaching of tenduration

T is represented as the superimposition of timesteded

expressions similar to eq. (1), namely:

I[:xr.r]:/
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with, t > 1, and } a normalization constant. Using this

scheme, the fluorescence intensity could therefoee

described by the equation:
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2\Nith E; the exponential integral function of oraer L. The

diffusion coefficient D. was deduced from the recorded
images by a numerical fitting using eq. (3), withlyotwo
fitting parameters, namely &s an arbitrary intensity scale
ando® = 4D. t, since the bleaching duratiorwas known.



2/ 2D approach: Langmuir films system
MaterialsExperiments were done in a circular Teflon®
trough 51 mm radius, filled with 8 mL of subpha3ée
subphase was constituted of a 50 mM P2 phosphate
buffer previously filtered through a glass microétfilter

the incidence angle) that can be fitted by a pdeahmund
the Brewster angle minimum.

PM-IRRAS. PBectra were recorded on a Nicolet 870
Fourier transform infrared (FT-IR) spectrometer t&y-
addition of 600 scans at a resolution of 8'cifihe details

(GF/F, Whatman). The water used was purified from a of the optical setup, the experimental procedung, the

milliQ system (Millipore, Molsheim, France) with a
nominal resistivity of 18.2 MQ.cm. Phospholipids
monolayers were prepared with DMPC or DMPG
purchased from Avanti Polar Lipids. Phospholipidsrav
previously dissolved in chloroform (for DMPC), or
chloroform:ethanol 4:1 (v/v) (for DMPG) at 0.5 md/m
and spread at the air-water interface using a Hamil

microsyringe according to the Langmuir method. The perpendicular

two-channel processing of the detected intensitye Heeen
already describéd PM-IRRAS is a technique sensitive to
the orientation of the transition moment at the ewat
surface, and hence the molecular groups themselves.
Briefly, the surface selection rule indicates pwsitbands

for transition moment lying in the surface planeevdas
negative bands are attributed to transition moments
to the surface. For an intermediate

volume injected was adjusted in order to obtain the orientation of the transition dipole moment, theotw

required monolayer pressure. Proteins used weliadins
and w-gliadins purified according to the Banc et al

contributions are competing and the absorption band
vanishes when the transition dipole moment isdibie 39°

proceduré’. Freeze-dried proteins were dissolved in a from the surface normal of the water subphase.

48:52 (viv) water:ethanol mixture at a concentratio
C=1mg/mL, and filtered through a 0.45 um pososit
filter (Millipore). After an equilibration time ofthe
phospholipid monolayer, protein solutions were dtgel
into the subphase using a Hamilton microsyringee Th
surface pressurat was monitored by a Wilhelmy surface
balance using a filter paper plate (Whatman).

Brewster Angle Microscopihe surfaces of the films were
observed using the Brewster angle microscope BAM2 p

PM-IRRAS device allows obtaining of the differemtia
reflectivity spectrum:

AR/R= [(Rp-Rs)/(Rp+Rs)]a) (4)

with Rp the p-polarized reflectance, Rs the s-poéar

reflectance and,the Bessel function.

To remove the contribution of the subphase absor@tind

the dependence on the Bessel function, the filnttspe

(NFT, G(’jttingen, Germany) equipped with a frequency were divided by that of the Subphase. The watemwvap

doubled Nd:YAG laser with a wavelength of 532 nrd an

contribution on each film spectrum was removed by

charge-coupled device (CCD) camera with a x10 subtraction of water vapor spectrum.

magnification lens. The exposure time (ET), depegdin
the image luminosity, was adjusted from 20 to 05 tm
avoid saturation of the camera.The spatial latersdlution
of the Brewster angle microscope wagr, and the image
size was 400 x 650m2. The BAM images were coded in
grey level. To determine the reflectance of layarghe
surface, the calibration procedure of the BAM saftsv

Results

1/ 3D approach: lamellar phase system

Structural characterizationln order to study the behavior
of model gliadins inside a membrane confined
environment, lyotropic lamellar phases were forrrada

was used to determine the linear function betwden t with labeled y-gliadins. Hydrophilic and hydrophobic
This function was model probes were also prepared in the lamellaesys$o
support the analysis.

reflectance and the grey level
established by comparison between the experimentaé
of the grey level as a function of the incidencglarand
the Fresnel curve (curve of the reflectance asation of
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Figure 1. Images obtained using optical microscopes foihEs/Hexanol/water-gliadin-TRITC system for three
different water layer thicknesses,jd(a) Polarized light microscope and (b) Confdtairescent optical microscope.



Firstly, a characterization of the samples wasquaréd to
determine whether gliadins were inserted

typical texture of defects of the lamellar struetfinoily
streaks) appears using polarized light microscéfy. (1a).
The fluorescence intensity is homogeneous in horopiat
domains (Fig. 1b) when the membranes are paralldia

glass platesig. the normal of the layer is parallel to the

optical axes), and bright fluorescent spots aresitesl in
the vicinity of the lamellar phase grain boundariEsese
observations indicate a biphasic system of gliadiserted
inside the lamellar phase and aggregated gliadinside

the lamellar phase. The protein should be partially

excluded from the lamellar phase so that the textuwses

its homogeneity. This phenomenon is more pronouinted
the hydrophilic (TRITC) and
hydrophobic (DHPE-TRITC) probes, a monophasic doped

diluted systems. For
lamellar phase with the probe totally inserted desthe
lamellar phase is always characterized.

The lamellar structure of doped samples was alsclaid
by x-ray diffraction experiments. Figure 2 displdypical
x-ray diffraction results obtained for lamellar ®ss

formulated withy-gliadin. Bragg peaks observed in Fig. 2a

are consistent with the lamellar structure of tbetlphase.
An intensity increase of the small angle scattenwith

dilution of the systems is also observed. Though no

investigated in detalils, it may be correlated ® phesence
of large protein aggregates between lamellar plgaaim

boundaries observed by fluorescence microscopy. Zig
compares the swelling law d vs @4 for the gliadin doped

lamellar system and the undoped system previously

studied by Freyssingeas at®. The membrane thickness
is found to be equal to 2.9 and 3.0 nm for the pedoand
doped system, respectively. It turns out that tiaeking
periods are not significantly modified after adoliti of
either protein (Fig. 2b) or probes (data not shovilije
most important result is that gliadins may be itesbr
inside the lamellar phase for a large range oftidihs.
Dynamic inside the lamellar phas@he dynamic of thg-
gliadins inserted into lyotropic lamellar phasesthwi
various water contents was studied by FRAP expettisne

As the image analysis is based on the Fick's law an
equation (3), the Brownian dynamic of the different
labeled molecules inside lamellar systems was ateck

measuring the parametef as a function of time: The
Gaussian broadening should be a simple linear ifumctf
the elapsed time t. Figure 3 shows the evolutiors®of
versus time for theg-gliadin-TRITC protein, TRITC and
DHPE-TRITC probes inserted in the ;;Es/Hexanol
system with a water layer thickness,Xcqual to 8 nm.

From the observed linear behavior, unambiguousegalu

for the diffusion coefficient could be deduced wibhr

inside the
lamellar phase or notFigure 1 displays microscopic
observations of gliadin doped lamellar systems. The
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Figure 2. X-rays scattering experimentspfliadins
doped lamellar phases. (a) Bragg peaks ofhiéadin-
TRITC protein inside the GEs/Hexanol/water lamellar

system for three different water layer thicknegsis (b)

Evolution of the d-spacing as a function of theavat

content. Empty circles correspond to the proteipedb
lamellar phase and filled diamonds correspond écstime
lamellar phase without proteins (Freyssingeaf® data).

The solid lines correspond to a linear fit using &f¢om.

For the TRITC dye, the molecules should be encapesdl
inside the water layer of the lamellar structfir®espite
the large error bars, it can be observed thatrgeld,, the
D. values asymptotically approach 120 x'iam’s; at
lower d,, the diffusion coefficient D significantly and
steadily decreases; and a quasi-plateau, wherexBibits
little variations with ¢, is reached for g< 4.7 nm (vertical
full line in Fig. 4). The first (dilute) regime cabe

FRAP analysis method. Using FRAP experiments, thequalitatively explained by Faxén’s motieior the 2D self-
diffusion coefficient D of each probe as a function of the diffusion of a colloidal particle symmetrically ciomed

water layer thickness ,d of the G.Es/Hexanol/Water
lamellar phase was measured.

between two rigid walls. According to this modei,héigh
dw values the translational diffusion coefficient the



diffusing object D tends towards the 3D free-diffusion
coefficient value.
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Figure 3. Gaussian broadenimgf versus time resulting
from fits according to equation (3). The lines espond to
simple linear fits; GEs / Hexanol / water / TRITC system
(empty circles), GEs / Hexanol / water y-gliadin-TRITC
system (filled diamonds),gEs/ Hexanol / water / DHPE-

TRITC system (empty squares).

The second (concentrated or confined) regime, wthen
self-diffusion coefficient remains nearly constémt small
membrane separations, was explained by the conéinem
(dy < particle diameter) of particles between fluid
membraneS. According to the authors, the limit between
the two regimes is thus directly correlated to dieemeter
of the particle. It is interesting to note that thensition in
our system apparently occurs for @ dalue (4.7 nm,
vertical full line in Fig. 4) larger than the exped
hydrodynamic diameter of the TRITC d9&"*(ca. 1 nm).
At the same time, the diffusion coefficient for dard,
values is close to 120 x 1®m%s. This asymptotic value is
much lower than the 3D free-diffusion coefficieng (2a.
425 x 10" m¥s) of TRITC calculated using the Stokes-
Einstein equation (in water at 20°C). This equatielates
the free diffusion coefficient of a hard sphere an
Newtonian fluid to the hydrodynamic radius, in the
colloidal range in which the sphere is subject tovihian
motion:

£ 61, Ry

Dy 5)

where kg is the Boltzmann constant, T the temperatqre,
the drag coefficient)o the viscosity of the fluid and,Rhe
hydrodynamic radius. With D= 120 x 10 mé/s, R,
calculated from equation 5 is 1.8 nm and shoulde giv
transition between the dilute and confined regifoes,, =
2Ry = 3.6 nm, a value consistently close to thevdlue

phase. The TRITC aggregation occurring in wated an
being self-consistent with the chemical structufethe
fluorophore, could also explain the large error sbar

obtained for diffusion coefficient from FRAP
measurements.
- '.f-g:_lia{jin -TRITC
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Figure 4. Diffusion coefficients D derived from FRAP
experiments as a function of the water layer thédang,
for three different dopedgEs/hexanol/water lamellar
phases: free TRITC (empty circles), thgliadin-TRITC
(filled diamonds) and the DHPE-TRITC (empty squares
Vertical solid line drawn correspond tg d 4.7 nm.

For the DHPE-TRITC probe, the diffusion coefficiest
mostly independent on swelling (Fig. 4, empty sqagar
The values are small (ca. 20 x*fan?/s) and do not vary
with the confinement, behavior in agreement with
amphiphilic probes diffusing along the bilayers.
Interestingly, the same behavior is observed fa \th
gliadin-TRITC protein (Fig. 4, filled diamonds)
encapsulated inside the ;£s/Hexanol/water lamellar
phase. The diffusion coefficient value does notywaith

dw, and is equal to 30 x 8 m?s, a small value again.
This invariance of the diffusion coefficient clearl
indicates that-gliadin do not freely diffuse in the water
layer of the lamellar structure. Either the proseare in
interaction with the bilayers, or they form largbjects
soluble in the aqueous medium which remain
geometrically confined by adjacent bilayers in thieole
range of ¢ studied. In order to confirm and decipher a
potential membrane-gliadin interaction, a completagn
2D approach was performed using different kinds of
gliadins ¢~ andw-gliadins) and phospholipids (DMPC and
DMPG).

(ca. 4.7 nm) measured for the TRITC dye encapsiilate 2 Langmuir films _ _ _
inside the lamellar phase. Taking into account the Interfacial pressureD experiments were carried out using
hydrodynamic radius Rfor the rhodamine dye (ca. 0.5 DMPC or DMPG monolayers at the air-water interfae,
nm), it is therefore assumed that TRITC is preseran ~ Model membranes. Figure 5 displays the interfacial
aggregated form inside the aqueous layer of theellam  Pressure evolution as function of time with theatjon of



y-gliadin solution under DMPC monolayers. When the monolayer. The same behavior was observed with the
phospholipid monolayer has an initial pressure of DMPG monolayer. Kelleet af”® previously found that a
20 mN/m, the y-gliadin injection induces an abrupt complex gliadin fraction could not insert into bpior
increase of the interfacial pressure followed by emulsifier monolayers above a critical surface gues.

stabilization at about 25 mN/m. The gliadin insertion into DMPC or DMPG monolayers
50 : . . , depends on interfacial pressure, as observed imeraus
proteind* % 3% In some cases, however the peptides
expelled from the lipid monolayer remained adsorléd
a0 | the monolayef. Because the biological membrane
SR o pressure is considered ranged from 25 to 35 miNibcan
E 30+t _ - be supposed thakgliadins do not insert into biological
Z S—— membranes. In this range of surface pressupegjadins
E 20 L l exhibit the same behavior ggliadins. Only the system
= T with a 35 mN/m initial pressure was further chagazed
because our study is related to the behavior edgis in
10+ . the ER lumen.
0 ) ) , ) BAM measurement$he effect of the injection of gliadins
0 500 1000 1500 2000 2500 under DMPC monolayers was observed by Brewstereing|
Time (s) Microscopy. At 35 mN/m, DMPC monolayer displays a
Figure 5. Evolution of the interfacial pressufe(mN/m) homogeneous aspect, with constant grey level (data
as a function of time (s) with the injectionyegliadin shown). After the injection of gliadins under the
(arrow) under DMPC monolayers at 20 mN/m (thin eyrv ~ Monolayer, appareances and disappearances of lugino
and 35 mN/m (thick curve). fjots, .I|ke blinking, was observed. As the reer@v
intensity observed by BAM is correlated to the aefive
This increase of pressure can be ascribed to antims of index and the thickness of the interfacial film,isth

gliadins inside the monolayer. When the DMPC moymia ~ Pheénomenon can be attributed to adsorption-desorpti
has an initial pressure of 35 mN/m, even if a pbation  cycles of gliadins under the monolayer.

is firstly observed, the surface pressure is finall

unmodified after a short equilibration time. Atghiigher

pressure,y-gliadins can not penetrate into the DMPC

(a) (b)

100um

100um

Figure 6. Brewster angle microscopy images of gliadins itgdainder a DMPC monolayer@t= 35 mN/m. (a) 10pg»>-
gliadin injected (b) 100ugr-gliadin injected (c) 100ugr-gliadin injected, observed between crossed p@agad analyser
(d) 10pgy-gliadin injected (e) 100pggliadin injected (f) 100ug-gliadin injected, observed between crossed paeagad

analyser (Exposure Time= 1/50s).



After an equilibration time, the stabilized systesplays
bright dots on a field which has the same greyllagehe
pure DMPC monolayer (Fig. 6). Considering that the
interfacial pressure is unchanged with the injectiof
gliadins, luminous dots can be ascribed to thedglia
adsorption under the phospholipidic monolayer. Moeg,
the observation of the stabilized system by BAM hwit
crossed polarizer and analyzer shows a dark pi¢kige 6
c,f). This observation means that gliadin dots ddu flat

refractive index of biological materials is knowa be
comprised between 1.43 and %7nd the protein-lipid
monolayer assembly is considered to be continudasa
consequence, the refractive index value is an estimation
which implies an uncertainty in the thickness value
calculated. The DMPC monolayer thickness value thus
obtained is 2.2 nm, a value in agreement with tHosed

in literaturé®. The average thicknesses corresponding to
the dots reflectance are comprised between 8 aman2idx

and smooth, because rough aggregates would inducghe presence of-gliadins and about 6 nm in the presence

scattering and depolarization of the incident ligfigure 6
(a,b,d,e) presents BAM pictures obtained afterirtfection
of different quantities ofy- and w-gliadins under the
monolayer. In all cases, the diameter of brightsdist
limited to few microns and it appears impossibldéaion a
homogeneous protein film under the phospholipidic
monolayer whereas such a film was formed with taes
quantity of gliadin injected at the air-water irfigere™. For
low protein quantities injected, boti* and w-gliadin
systems present similar pictures,
luminous dots with a micrometric radius. For higher
gliadin quantities injectedy-gliadin-DMPC monolayer
system displays more numerous larger and bright¢s d
than w-gliadin-DMPC monolayer system. The local
reflectance intensity of the dots as a function tioé
injected gliadin quantity, and the reflectance ickhess
relationship are plotted in Fig.7. The reflectatiziekness
relationship is based on Fresnel equations and:sakere
calculated by a software developed by Buffeteaal®t
The plot shows a periodical function indicating esey
thicknesses values for one reflectance value (. The
reflectance of-gliadin dots increases with the quantity of
gliadin injected, whereas the reflectanceuwsgliadin dots
is constant (Fig. 7a). The increase of reflectivitigh the
addition ofy-gliadins has to be attributed to an increase of
thickness, rather than a decrease in thicknessthén
thickness range presented, there are two regionthdn
periodical function where the reflectivity increaswith
the thickness. Considering a progressive thickgesaith,
to reach the high thicknesses regions, the refiiggti
should have first increased then decreased. Thiavier
was not encountered in our study. Moreover,
reflectance values measured in tlyegliadin system,
ranging from 0 to 3.1 are very low compared to the
global reflectance range (ranging from 0 to 2.3)10hese
reflectance values suggest very thin objects. hiekiess
values were estimated thanks to the following eqodt
which establishes a relationship between the refitee
and the square of the thickness, for a thin, siaered
R=—=

interfacial film:
Ul —1g -1 |§ )
Iy

1+ m3
where } and k are the incident and the reflected intensity,
ny, N, therefractive indices of the film (1) and the subphase
(2), A the wavelength of the incident light and d the
thickness of thdilm. Parameters used wheke= 532 nm,
n,=1.333 and = 1.47. The pnvalue is chosen as the

the

d

)

T—
A

Iy

characterized by

of w-gliadins. Considering the DMPC monolayer
thickness, the y-gliadin aggregates thickness grows
approximately from 6 to 18 nm with the addition of
proteins, whereas thexgliadin aggregates thickness is
constant and approximately equals to 4 nm. With low
quantities ofy- and w-gliadins injected, the aggregates
thicknesses suggest gliadin monolayers adsorbeer uhe
DMPC monolayer.
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Figure7. (a) Evolution of the local reflectance of
aggregates (luminous dots) versus gliadin quantity
injected. Filled dotsy-gliadin, unfilled dotstw-gliadin. (b)
Brewster Angle Microscopy model of reflectance uers
thickness (incidence wavelengh= 532 nm, incidence
angled = 53.17°, film refractive index n=1.47).



With high quantities ofy-gliadins injected, but noto- that the DMPC signal is unmodified by protein agsion
gliadins, the calculated thickness suggests a lanysdii and suggests thus a weak interaction between |ipis
structure of the protein aggregates. Brewster Angleproteins. The maximum intensity of the amide | band
microscopic observations of systems made with DMPG appears at 1665 ¢hindicating a secondary structure rich
monolayers were also carried out. Observations werein B-turns and/or smalla-helices. This band appears
qualitatively the same as those performed using DMP similar to the band obtained fggliadins alone injected at
monolayers. It was also observed the formationlaf, f the air-water interface at 6300 A2’molecule (Fib) &his

circular, micrometric gliadin aggregates under lipédic molecular area roughly corresponds to yegliadins
monolayer, whose reflectivity depended on the qtyant injection of 2ug in the trough used for experimemade
protein injected in thg-gliadin case only. with a lipid monolayer). In both cases, the amideand is
absent. This absence can be assigned to a specific
8000 . . - orientation of secondary structures. Our previold- P

IRRAS spectrum analysis of tlyggliadins at the air-water
interface indicates that secondary structures de¢ f
oriented relative to the interfaCe Considering the
similarity of y-gliadins amide bands at both air-water and
DMPC-water interfaces, it can be concluded thgliadins
adsorbed under a DMPC monolayer is structuregitimns

(a) and small a-helices, flat oriented relative to the
phospholipidic monolayer plane.

-2000 + -
(b) Discussion
The 3D approach developed in this study shows yhat
,_,‘\_,/\_,\Ww gliadins can be partially inserted within a noniton
-6000 (c) lyotropic lamellar phase in a large range of ddos.
Whereas the bilayer thickness is constant and €qual9o
nm, the most confined system displays a water layer

4000 -

)

. 2000 |

Intensity (a. u

-B000 . . L . . .
2000 1800 1600 1400 1200 thickness of 1.8 nm. These dimensions, smaller than
| dimensions of gliadin estimated in different sohein
Wavenumber (cm ) suggests that gliadins inserted inside the lamedlzase

adopt a thinner, and consequently more anisotropic
Figure 8. PM-IRRAS spectra: (a) DMPC monolayer at 40 conformation than in solution. Such an elongated
mN/m (b)y-gliadins (40pg) injected under a 35 mN/m  conformation would be consistent with the thicknefy-
DMPC monolayer (spectrum divided by that of the DBMP  gliadin monolayers adsorbed at the air-water iatef
monolayer) (cy-gliadins alone injected at the air-water measured at low compression levelsHowever, the
interface. dynamical study using FRAP measurements of the
gliadins-lyotropic lamellar phase system also sstgje
PM-IRRAS spectraThe y-gliadin — DMPC monolayer additional hypotheses, stipulating that gliadinndd freely
system was studied by PM-IRRAS. The protein sigves diffuse in the aqueous layer:

very difficult to obtain, probably due to the lowidkness (1) vy-gliadins formlarge objects, soluble into water,
of the aggregates and their low surface represeeatetss. which are geometrically confined between
Figure 8 displays PMIRRAS spectra of the pure DMPC bilayers in the whole range of dw studied,
monolayer (a), the ratio between the spectrum pbéthi (2) y-gliadins are embedded into bilayers,

after the injeCtion of 40|J| Of-gliadins under a 35 mN/m (3) y.g”adins are close to the p0|ar head-water
DMPC monolayer and the DMPC spectrum (b) , and the interface interacting with the bilayers from their
spectrum ofy-gliadins alone at the air-water interface (c). water side.

The DMPC spectrum displays characteristic band¥29,  The size ofy-gliadins in our system is unknown but it is

1468, 1230 cm (fig. 8a). These bands are assigned, important to note that gliadins can adopt very ediht
respectively, to the stretching of the C=0 esterdsothe  conformations and sizes according to the naturehef
CH, bending mode, and the antisymmetric P=0 stretchingsplvent and the ionic strendthIn a good solvent, like
vibratiorf. The y-gliadin under the DMPC monolayer 70% (v/v) aqueous ethanol, SAXS measurenféstowed
spectrum (fig. 8b) displays a band at 1665'@scribed to that the dimensions of y-gliadins were d
the amide | band of the protein, and no band amm_idb to (diameter)=3,35nm and L(length)=12,5nm assumingda r
the DMPC monolayer. The presence of the amide bandmodel.y-gliadins can also display smaller dimensions, for

proves that proteins are not far from the air-ljui example, in an acetic acid-10mM NaGblvent, the
interface, whereas the absence of DMPC bands #edica hydrodynamic radius can be estimated to 3nm



Hypothesis (1) can be examined considering eithadig
aggregates or unfolded gliadin monomers. Taking int

andw-gliadins, could be ascribed to an interaction leetav
polar heads of phospholipids and the repetitive alanof

account the dimensions measured in a good solventgliadins. This hypothesis would be in agreementhwit

dynamic data of gliadins in the lamellar phase t&n
interpreted as the result of the confined diffusioh
anisotropic object§, which would be stericallprohibited
from having their long axis parallel to the stakiamgs of
the lamellar phase. Within the framework of hypsthe
(1), however, the diffusion of confined objecte&imated
to be similar to that of the same objects embeddenl
membranes, and current modéf§“®indicate that, for a
given membrane system, a larger object alwaysaljspla
lower diffusion coefficient than a smaller obje&s a
consequence, with hypothesis (1), and similarly hwit
hypothesis (2), the protein diffusion coefficiestredicted
to be smaller than for lipids embedded inside lgitay
Despite the high error bar of measurements, thersev
tendency is unambiguously observed experimentally i

biological studies showing that the repetitive domaf
gliadins is crucial for protein bodies formationvimeat®*
>3 The exact nature of the interaction between $ipdd
gliadins could not be solved in our study. Howeube
low net charge of gliadins at the pH conditions cafr
experiments ytgliadin: +2, y-gliadin’s repetitive domain:
+5, w-gliadin: -2), and the similar observations obtdine
using both zwiterrionic and negatively charged nlayers
exclude a predominance of electrostatic interastidn
addition, PMIRRAS measurements suggest weak gliadin
membrane interactions. Fernandszaf* showed that the
extent of protein deposition on the lipid bilaysrstrongly
correlated with the average extent of underwrapphg
backbone hydrogen bonds in the native structurea of
protein. According to authats®® intramolecular hydrogen

Fig. 4. As a further argument against hypothesis 2,ponds that are not properly desolvated by surroundi

transmembrane domains are not predictedy-gliadin
sequence by the method of Zao and Lontofhat is why
the hypothesis of monomeric protein close to théampo
heads — water interface, interacting with the l@taycan be
privileged. This interaction would induce the elatey
conformation previously suggested.

In a second time, the gliadin-membrane interactitudy

hydrophobic groups are available to benefit fronther
protection by another body, like lipid bilayersnsg an
exogenous removal of surrounding water enhances the
electrostatic  stability. The extent of unprotected
intramolecular hydrogen bonds is not known for djlis,
as these proteins were never crystallized. Howetres,
content can be expected important as the primaungtsire

was completed by the 2D approach using DMPC andof gliadin repetitive domains contains many glutaesi,

DMPG phospholipids. Results indicate an insertidn o
gliadins for monolayer pressures below 20mN/m and a
adsorption of gliadins under the monolayer for puess
above. Different authors, on different systems aith

which are susceptible to form hydrogen bonds (474 a
43%, for y- and w-gliadins respectively), and few
hydrophobic residues to protect intramolecular bgén
bonds (16% and 18% foF and w-gliadins respectively).

different experimental methods, determined bilayer- \joreover, the secondary structure of wheat storage
monolayer equivalence pressures in the range of 25y oteins repetitive domains is known to be veryahs®’

35mN/ni®*%%9>! This suggests that the equivalent pressure and extended due to prolines and glutamines resfiue

of bilayers in the lamellar phase is higher thamR@dm

The proposed repetitive domain — membrane intenacti

and confirm that gliadins are in interaction with couid thus be explained by the protection of hyerog
membranes, without being embedded inside them. BAMp 4o Finally, the thickness growth, observed ovit} y-

observations indicate that bothand w-gliadins locally
adsorb under lipid monolayers to form small domaiits

a limited lateral expansion. This behavior suggests
nucleation-growth mechanism for the formation dadjins
aggregates under the membrane. The limited lageoaith
can be attributed to an important line tension leetwthe
adsorbed gliadins aggregates and the subphase uteslec
in interaction with polar heads of phospholipidsheT
thickness of these domains was estimated by refigct
measurements and indicated different behaviorsrdoop
to the gliadin type. Initiallyy- and w-gliadins adsorb as
monolayers under the lipidic monolayer. With incieg
gliadin quantity injected into the subphase, fhgliadins
aggregate thickness grows wheraagliadins aggregate
thickness remains constant. Considering thafiadins
display an amphiphilic structure made of a hydrdpbo
non-repetitive domain, and a more hydrophilic, tijve
domain, and thato-gliadins are essentially composed of a
repetitive domain, a model is proposed to explaim o
experimental observations (Scheme 1). The intenacti
between protein and membrane, observed using Ypoth

gliadins, could be ascribed to the non-repetitivendin. A
multilayer structure, characterized by a stackinf§ o
repetitive and non repetitive domains, is thus peegl. In
this multilayer structure model, hydrophobic inttians
are considered to be predominant in the interaction
between non-repetitive domains, whereas the inierac
between repetitive domains should be explained Hey t
under-wrapped hydrogen bond model, previously
described for the protein membrane interaction.

The different abilities ofy- and w-gliadins to accumulate
via an interface were previously observed at thevater
interface where gliadins form homogeneous mono&$er
Under lateral compressiory-gliadins monolayer forms
thicker film whereasw-gliadins monolayer collapses. The
accumulation mechanism, at the air-water interfacder
compression could also be due to the amphiphilaradtter

of y-gliadins. The interaction of gliadin with membrane
was previously suggested by suction experimentgiant
phospholipidic vesicles in presence of gliadinduthors
interpreted the modification of mechanical propestiof
vesicles as an insertion of gliadins inside theayt.



However our results clearly indicate that and domain of gliadins, and could act as a anchor fiadins
w-gliadins do not penetrate into membranes with press  on the ER membrane and as a nucleus point forrthetiy
higher than the critical pressure of 20 mN/m. Aseiion ~ of prolamin assemblies leading the protein bodies
of gliadins in vesicle membranes can be considerdyl if formation. The amphiphilic character gfgliadins would
local low pressures (<20mN/m) are induced by thetisn be at the origin of the accumulation process inERe of
action. Moreover, the modification of mechanical endosperm cells.

properties observed by the authors does not seem

contradictory with the hypothesis of an adsorptioh Conclusions

protein on the bilayer.

The demonstration ofy- and w-gliadins-membrane
interaction, using a combined 3D approach usingelam
phases and a 2D approach using Langmuir phosptiolipi
films, could explain the initiation of prolamins sesnbly
within the endoplasmic reticulum of wheat endosperm
cells. Moreover, the aggregate thickness growtleciesl
+y-gliadin / \ + w-gliadin in our prolamins-membrane model systems could seprte
i = a mechanism of the accumulation process occurrirthe
biological context. A model of accumulation procbssed
R on the amphiphilic nature gfgliadins is proposed. Further
studies will be needed to confirm this hypotheticaidel
of prolamins accumulation from a membrane, and in
particular by better characterizing gliadin aggtegaising

—_ —_— techniques which provide local informations suchA&s
.t" 1-gliadin l+ w-gliadin and microspectroscopies.
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