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Mechanisms leading to the assembly of wheat storage proteins into proteins bodies within the endoplasmic 
reticulum of endosperm cells are unresolved today. In this work, physical chemistry parameters which could be 
involved in these processes were explored. In order to model the confined environment of proteins within the 
endoplasmic reticulum, the dynamic behavior of γ-gliadins inserted inside lyotropic lamellar phases was studied 
using FRAP experiments. The evolution of the diffusion coefficient as a function of the lamellar periodicity 
enabled to propose the hypothesis of an interaction between γ-gliadins and membranes. This interaction was 
further studied with the help of phospholipid Langmuir monolayers. γ- and ω-gliadins were injected under 
DMPC and DMPG monolayers and the 2D systems were studied by Brewter Angle Microscopy (BAM), 
Polarization Modulation Infrared Reflection-Absorption Spectroscopy (PM-IRRAS), and surface tension 
measurements. Results showed that both gliadins adsorbed under phospholipid monolayers, considered as 
biological membrane models, and formed micrometer-sized domains at equilibrium. However, their thicknesses, 
probed by reflectance measurements, were different: ω-gliadins aggregates displayed a constant thickness, 
consistent with a monolayer, while the thickness of γ-gliadins aggregates increased with the quantity of protein 
injected. These different behaviors could find some explanations in the difference of aminoacid sequence 
distribution: an alternate repeated – unrepeated domain within γ-gliadin sequence, while one unique repeated 
domain was present within ω-gliadin sequence. All these findings enabled to propose a model of gliadins self-
assembly via a membrane interface and to highlight the predominant role of wheat prolamin repeated domain in 
the membrane interaction. In the biological context, these results would mean that the repeated domain could be 
considered as an anchor for the interaction with the endoplasmic reticulum membrane and a nucleus point for the 
formation and growth of protein bodies within endosperm cells. 

 
 

Introduction 
 

Wheat storage proteins (WSP), constituting gluten, are 
very important for various technological applications 
ranging from baking performances1, to the elaboration of 
biomaterials2, and the development of new drug delivery 
systems3. Moreover, as wheat is the world’s largest crop, 
these storage proteins are the major source of dietary 
protein for human and livestock. 
Most of WSP are classified as prolamins because of their 
high proportions of proline and glutamine. Despite their 
high proportion in polar glutamine residues, prolamins are 
poorly soluble in water. However they can be dissolved in 
water-alcohol mixtures or in low pH solutions4. WSP 
display a very extensive polymorphism, but they present a 
common feature which is the presence of repeated amino 
acid sequences in their primary structures. Prolamins are 
subdivided into two groups based on their ability to form 
polymeric systems by means of intermolecular disulfide 
bonds between protein subunits5. Gliadins are monomeric 

proteins, whereas glutenins are polymeric ones. Gliadins 
account for about half of the gluten proteins, and are 
subdivided into four types according to their 
electrophoretic mobility in acid-polyacrylamide gel 
electrophoresis, commonly denoted as α-, β-, γ-, and ω-
gliadins. α-, β- and γ- 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 phenylalanine, and a 
non-repetitive domain which includes all intramolecular 
disulphide bonds. Their primary structure indicates that the 
non-repetitive domain is more hydrophobic than the 
repetitive one, suggesting an amphiphilic feature of these 
gliadins. ω-gliadins principally consist of proline and 
glutamine residues, and are made up almost entirely of 
repeated domains without cysteines to form disulphide 
bonds6. ω-gliadins are globally more polar than α-, β- and 
γ-gliadins7.  



In the biological context, WSP serve as amino acid source 
for germination, and are principally stored within protein 

bodies in developing grains, before their maturity. Protein 
bodies (PB) are micrometer-sized organelles emerging 

from endoplasmic reticulum membranes, and may contain 
up to 80% of proteins8. The mechanisms leading to the 
formation of PB, and the organization of storage proteins 
inside the organelles, are not well understood today. An 
accumulation of proteins within the endoplasmic reticulum 
(ER), leading to the emergence of protein bodies in the 
cytoplasm, is suggested. However, due to the absence of a 
retention signal in the sequence of these proteins, the 
sequestration and the accumulation processes of proteins in 
the lumen of the ER are unexplained9. Today, 

understanding the mechanisms involved in the 
unconventional protein traffic pathways which lead to PB 
formation, is a great challenge in plant biology10. 
Moreover, the organization of WSP in the biological 
context, as well as their composition, should be important 
for wheat grain quality. The aim of the study is to elucidate 
physical chemical parameters involved in the organization 
of WSP in the cellular context. 
The formation of natural-like PB with prolamins expressed 
in different heterologous systems11,12,13 suggested that the

mechanism involved was controlled by the intrinsic 
structure of proteins as well as by the ER environment. 
The strategy of this work was thus to study the behavior of 
model WSP in a confined environment similar to the ER, 
in order to identify key parameters of the accumulation 
process. Considering the high membrane surface in the ER, 
the interactions between WSP and membranes were more 
particularly studied. To our knowledge, the hypothesis of 
such interactions was scarcely studied. Kogan et al14 
revealed the interaction between a peptide corresponding 
to the repetitive domain of γ-zein (a maize storage protein) 
with soybean phosphatidylcholine liposomes. In the case 
of wheat, it was observed that total gliadins could modify 
mechanical properties of giant unilamellar vesicles 
membranes15.  
In our study, model WSP used were γ-gliadins and ω-
gliadins. γ-gliadins are considered as an ancestral form of 
storage proteins, and were shown to be able to form alone 
PB in heterologous systems9. ω−gliadins were also used 
because their involvement in PB formation could be 
different due to their fully repetitive sequence. This 

assumption is supported by the different surface properties 
of γ- and ω-gliadins at the air-water interface16. 
Furthermore, ω-gliadins should be considered as a model 
of the repetitive domain of γ-gliadins. In a first part, 
lyotropic lamellar phases, consisting of stacks of surfactant 
bilayers separated by aqueous layers, were used as an ER 
model environment for gliadins. This 3D approach enabled 
us to study both the confinement effect on the proteins 
assembly, and to suggest an interaction between gliadins 
and membranes. However, the results obtained with this 
approach being not sufficient to firmly conclude on the 
gliadin-membrane interaction, in a second part, a 2D 
approach was carried out to look at the protein behavior at 
the water lipid interface. In this case, 1,2-Dimyristoyl-sn-
Glycero-3-Phosphocholine (DMPC) and 1,2-Dimyristoyl-
sn-Glycero-3-[Phospho-rac-(1-glycerol)]  (DMPG) 
monolayers were used as ER model membranes.  DMPC 
was chosen as it represents the major phospholipid 
contained in plant ER membranes17, while DMPG was 
selected in order to study the effect of negative charges 
generally observed in biological membranes.   



Experimental methods 
 
1/ 3D approach: lyotropic lamellar phases system 
Samples. γ- and ω-gliadins were purified according to 
Banc et al16 procedure. The gliadin components used in 
this work were not fully sequenced. However it is possible 
to propose putative sequences (table 1) based on their 
measured molecular masses, partial sequences and other 
physicochemical properties with reference to 
literature18,19,20, 21,22. γ-gliadin was labeled with 
tetramethylrhodamine isothiocyanate (TRITC) according 
to a new procedure adapted for this protein which is not 
soluble in alkaline aqueous solutions. Briefly, the freeze-
dried γ-gliadin was dissolved at 10 mg/ml in an ethanol-
bicarbonate buffer (0.1 M, pH 9) mixture 45:55 (v/v) and 
incubated for 7 hours, at 50°C, with a TRITC solution at 
10 mg/ml in DMSO. The molar ratio of TRITC to γ-gliadin 
in the initial reaction solution was 10. After reaction, the 
excess reagent was removed by extensive dialysis against a 
water-ethanol (45:55) solution, and the final molar ratio of 
TRITC to γ-gliadin, determined by UV spectroscopy, was 
1. 
The lamellar phase system was spontaneously formed with 
the non-ionic n-pentaethyleneglycol monododecylether 
surfactant C12E5 (Nikko Ltd), hexanol and water23,24. The 
hexanol/C12E5 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 smectic 
structures with repeat distances d ranging from 5 to 18 nm. 
Three different probes were mixed with the lyotropic 
lamellar formulations at constant concentration (0.08% 
(w/w)): The rhodamine-labeled γ-gliadin (γ-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, samples 
were let several days to reach equilibrium.  
X-ray scattering. Small angle x-ray scattering experiments 
(Nanostar, Bruker) were performed in order to describe the 
host phase nature and to measure the lamellar spacing (d) 
of lamellar phase systems. Samples prepared with various 
water contents display various water layer thicknesses 
(dw). The quantity dw was deduced from the swelling 
behavior established using x-ray experiments as follows: 
the stacking period d of the lamellar phase was first 
obtained from the value qmax of the first order Bragg peak 
as d = 2π/qmax. Repeating the measurement for different 
water concentrations, the bilayer thickness δ was extracted 
from the swelling law d = δ/φm, with φm the membrane 
volume fraction. The water layer thickness was finally 
deduced using the relation dw = d−δ.  
Optical microscopy. Polarized light and fluorescence 
microscopy observations were done on a Leica SP2 
confocal laser scanning microscope. For observations, flat 
capillaries (thickness e = 50 µm) were filled with the 
lamellar phase samples and sealed with a UV-curing 
adhesive (Norland Optical Adhesive 81). 

Diffusion coefficients determination using FRAP 
measurements.FRAP measurements were performed using 
a confocal laser scanning microscope (CLSM) that gives 
high spatial resolution25 and allows surgical bleaching. In 
order to measure the translational diffusion coefficient 
parallel to the layers (D┴, i.e. perpendicular to the optical 
axis), homeotropically oriented lamellar phases were used. 
In flat capillaries, the lamellar phase naturally adopted 
homeotropic anchoring (stacking axis perpendicular to the 
walls) and well oriented monodomains were thus obtained. 
The homeotropic orientation was checked using the optical 
polarized light microscopy technique, so that the laser 
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 objective 
lens (numerical aperture 1.4). A spot area of nearly 2 µm in 
radius was bleached during a time τ (in the range 1 to 10 s, 
depending on the sample). The image acquisition was 
made by scanning the field with a confocal photomultiplier 
(acquisition time of a few seconds) after a time t (1.635 s) 
had elapsed.  
Analysis of data was performed according to the Moreau et 
al26 method. In a first approximation, the lateral width of 
the laser beam spot was neglected. Secondly the 
permeation through the bilayers was considered to be so 
small that the diffusion coefficient for motions in the 
direction parallel to the optical axis (D⁄ ⁄) was assumed 
negligible compared to the translational diffusion (D┴) for 
species diffusing between nanometered-separated 
membranes. As a consequence, the concentration of 
bleached dyes c(r, t) versus space and time, initially non-
zero only within the point-like laser spot, is found by 
integrating Fick’s law in the 2D-space perpendicular to the 
optical axis, which leads to: 

 
when the bleaching duration was extremely short. In eq. 
(1), r is the distance from the center of the bleaching point, 
t the time, D┴ the diffusion coefficient in the layer plane, 
and c0 a normalization constant depending mainly on dye 
concentration, power of the bleaching radiation, etc.  
For the sake of simplicity, the depletion in fluorescence 
intensity at time t after a photo bleaching of finite duration 
τ is represented as the superimposition of time-translated 
expressions similar to eq. (1), namely: 

 
with, t > τ, and I0 a normalization constant. Using this 
scheme, the fluorescence intensity could therefore be 
described by the equation: 

 
with E1 the exponential integral function of order 1. The 
diffusion coefficient D┴ was deduced from the recorded 
images by a numerical fitting using eq. (3), with only two 
fitting parameters, namely I0 as an arbitrary intensity scale 
and σ2 ≡ 4D┴ t, since the bleaching duration τ was known.  

(1) 

(2) 

(3) 



2/ 2D approach: Langmuir films system 
Materials.Experiments were done in a circular Teflon® 
trough 51 mm radius, filled with 8 mL of subphase. The 
subphase was constituted of a 50 mM pH 7.2 phosphate 
buffer previously filtered through a glass microfibre filter 
(GF/F, Whatman). The water used was purified from a 
milliQ system (Millipore, Molsheim, France) with a 
nominal resistivity of 18.2 MΩ.cm. Phospholipids 
monolayers were prepared with DMPC or DMPG 
purchased from Avanti Polar Lipids. Phospholipids were 
previously dissolved in chloroform (for DMPC), or 
chloroform:ethanol 4:1 (v/v) (for DMPG) at 0.5 mg/ml, 
and spread at the air-water interface using a Hamilton 
microsyringe according to the Langmuir method. The 
volume injected was adjusted in order to obtain the 
required monolayer pressure. Proteins used were γ-gliadins 
and ω-gliadins purified according to the Banc et al 
procedure16. Freeze-dried proteins were dissolved in a 
48:52 (v/v) water:ethanol mixture at a concentration 
C = 1 mg/mL, and filtered through a 0.45 µm porosity 
filter (Millipore). After an equilibration time of the 
phospholipid monolayer, protein solutions were injected 
into the subphase using a Hamilton microsyringe. The 
surface pressure (π) was monitored by a Wilhelmy surface 
balance using a filter paper plate (Whatman). 
Brewster Angle Microscopy.The surfaces of the films were 
observed using the Brewster angle microscope BAM2 plus 
(NFT, Göttingen, Germany) equipped with a frequency 
doubled Nd:YAG laser with a wavelength of 532 nm and a 
charge-coupled device (CCD) camera with a x10 
magnification lens. The exposure time (ET), depending on 
the image luminosity, was adjusted from 20 to 0.5 ms to 
avoid saturation of the camera.The spatial lateral resolution 
of the Brewster angle microscope was 2 µm, and the image 
size was 400 x 650 µm². The BAM images were coded in 
grey level. To determine the reflectance of layers at the 
surface, the calibration procedure of the BAM software 
was used to determine the linear function between the 
reflectance and the grey level. This function was 
established by comparison between the experimental curve 
of the grey level as a function of the incidence angle and 
the Fresnel curve (curve of the reflectance as a function of 

the incidence angle) that can be fitted by a parabola around 
the Brewster angle minimum.  
PM-IRRAS. Spectra were recorded on a Nicolet 870 
Fourier transform infrared (FT-IR) spectrometer by co-
addition of 600 scans at a resolution of 8 cm-1. The details 
of the optical setup, the experimental procedure, and the 
two-channel processing of the detected intensity have been 
already described27. PM-IRRAS is a technique sensitive to 
the orientation of the transition moment at the water 
surface, and hence the molecular groups themselves. 
Briefly, the surface selection rule indicates positive bands 
for transition moment lying in the surface plane whereas 
negative bands are attributed to transition moments 
perpendicular to the surface. For an intermediate 
orientation of the transition dipole moment, the two 
contributions are competing and the absorption band 
vanishes when the transition dipole moment is tilted at 39° 
from the surface normal of the water subphase. 
PM-IRRAS device allows obtaining of the differential 
reflectivity spectrum:  
 
                        ∆R/R= [(Rp-Rs)/(Rp+Rs)].J2      (4) 
 

with Rp the p-polarized reflectance, Rs the s-polarized 
reflectance and J2 the Bessel function.  
To remove the contribution of the subphase absorption and 
the dependence on the Bessel function, the film spectra 
were divided by that of the subphase. The water vapor 
contribution on each film spectrum was removed by 
subtraction of water vapor spectrum. 
 

Results 
 
1/ 3D approach: lamellar phase system 
Structural characterization. In order to study the behavior 
of model gliadins inside a membrane confined 
environment, lyotropic lamellar phases were formulated 
with labeled γ-gliadins. Hydrophilic and hydrophobic 
model probes were also prepared in the lamellar system to 
support the analysis.  
 

Figure 1. Images obtained using optical microscopes for the C12E5/Hexanol/water/γ-gliadin-TRITC system for three 
different water layer thicknesses (dw). (a) Polarized light microscope and (b) Confocal fluorescent optical microscope. 



Firstly, a characterization of the samples was performed to 
determine whether gliadins were inserted inside the 
lamellar phase or notFigure 1 displays microscopic 
observations of gliadin doped lamellar systems. The 
typical texture of defects of the lamellar structure28 (oily 
streaks) appears using polarized light microscopy (Fig. 1a). 
The fluorescence intensity is homogeneous in homeotropic 
domains (Fig. 1b) when the membranes are parallel to the 
glass plates (i.e. the normal of the layer is parallel to the 
optical axes), and bright fluorescent spots are observed in 
the vicinity of the lamellar phase grain boundaries. These 
observations indicate a biphasic system of gliadins inserted 
inside the lamellar phase and aggregated gliadins outside 
the lamellar phase. The protein should be partially 
excluded from the lamellar phase so that the texture looses 
its homogeneity. This phenomenon is more pronounced in 
diluted systems. For the hydrophilic (TRITC) and 
hydrophobic (DHPE-TRITC) probes, a monophasic doped 
lamellar phase with the probe totally inserted inside the 
lamellar phase is always characterized.  
The lamellar structure of doped samples was also checked 
by x-ray diffraction experiments. Figure 2 displays typical 
x-ray diffraction results obtained for lamellar systems 
formulated with γ-gliadin. Bragg peaks observed in Fig. 2a 
are consistent with the lamellar structure of the host phase. 
An intensity increase of the small angle scattering with 
dilution of the systems is also observed. Though not 
investigated in details, it may be correlated to the presence 
of large protein aggregates between lamellar phase grain 
boundaries observed by fluorescence microscopy. Fig. 2b 
compares the swelling law d vs 1/ φm for the gliadin doped 
lamellar system and the undoped system previously 
studied by Freyssingeas et al24. The membrane thickness δ 
is found to be equal to 2.9 and 3.0 nm for the undoped and 
doped system, respectively. It turns out that the stacking 
periods are not significantly modified after addition of 
either protein (Fig. 2b) or probes (data not shown). The 
most important result is that gliadins may be inserted 
inside the lamellar phase for a large range of dilutions. 
Dynamic inside the lamellar phases. The dynamic of the γ-
gliadins inserted into lyotropic lamellar phases with 
various water contents was studied by FRAP experiments. 
As the image analysis is based on the Fick’s law and 
equation (3), the Brownian dynamic of the different 
labeled molecules inside lamellar systems was checked 
measuring the parameter σ2 as a function of time: The 
Gaussian broadening should be a simple linear function of 
the elapsed time t. Figure 3 shows the evolution of σ2 
versus time for the γ-gliadin-TRITC protein, TRITC and 
DHPE-TRITC probes inserted in the C12E5/Hexanol 
system with a water layer thickness (dw) equal to 8 nm. 
From the observed linear behavior, unambiguous values 
for the diffusion coefficient could be deduced with our 
FRAP analysis method. Using FRAP experiments, the 
diffusion coefficient D┴ of each probe as a function of the 
water layer thickness dw of the C12E5/Hexanol/Water 
lamellar phase was measured.  

 
Figure 2. X-rays scattering experiments of γ-gliadins 

doped lamellar phases. (a) Bragg peaks of the γ-gliadin-
TRITC protein inside the C12E5/Hexanol/water lamellar 

system for three different water layer thicknesses (dw). (b) 
Evolution of the d-spacing as a function of the water 

content. Empty circles correspond to the protein doped 
lamellar phase and filled diamonds correspond to the same 
lamellar phase without proteins (Freyssingeas et al19 data). 
The solid lines correspond to a linear fit using d = δ/φm. 

 
For the TRITC dye, the molecules should be encapsulated 
inside the water layer of the lamellar structure26. Despite 
the large error bars, it can be observed that at large dw, the 
D┴ values asymptotically approach 120 x 10-12 m2/s; at 
lower dw, the diffusion coefficient D┴ significantly and 
steadily decreases; and a quasi-plateau, where D┴ exhibits 
little variations with dw, is reached for dw < 4.7 nm (vertical 
full line in Fig. 4). The first (dilute) regime can be 
qualitatively explained by Faxén’s model29 for the 2D self-
diffusion of a colloidal particle symmetrically confined 
between two rigid walls. According to this model, at high 
dw values the translational diffusion coefficient of the 



diffusing object D┴ tends towards the 3D free-diffusion 
coefficient value.  

 
Figure 3. Gaussian broadening σ2 versus time resulting 

from fits according to equation (3). The lines correspond to 
simple linear fits; C12E5 / Hexanol / water / TRITC system 
(empty circles), C12E5 / Hexanol / water / γ-gliadin-TRITC 
system (filled diamonds), C12E5 / Hexanol / water / DHPE-

TRITC system (empty squares). 
 
The second (concentrated or confined) regime, when the 
self-diffusion coefficient remains nearly constant for small 
membrane separations, was explained by the confinement 
(dw < particle diameter) of particles between fluid 
membranes26. According to the authors, the limit between 
the two regimes is thus directly correlated to the diameter 
of the particle. It is interesting to note that the transition in 
our system apparently occurs for a dw value (4.7 nm, 
vertical full line in Fig. 4) larger than the expected 
hydrodynamic diameter of the TRITC dye30,31,32 (ca. 1 nm). 
At the same time, the diffusion coefficient for large dw 
values is close to 120 x 10-12 m2/s. This asymptotic value is 
much lower than the 3D free-diffusion coefficient D0 (ca. 
425 x 10-12 m2/s) of TRITC calculated using the Stokes-
Einstein equation (in water at 20°C). This equation relates 
the free diffusion coefficient of a hard sphere in a 
Newtonian fluid to the hydrodynamic radius, in the 
colloidal range in which the sphere is subject to Brownian 
motion: 

 
where kB is the Boltzmann constant, T the temperature, ζ 
the drag coefficient η0 the viscosity of the fluid and RH the 
hydrodynamic radius. With D┴ = 120 x 10-12 m2/s, RH 
calculated from equation 5 is 1.8 nm and should give a 
transition between the dilute and confined regimes for dw = 
2RH = 3.6 nm, a value consistently close to the dw value 
(ca. 4.7 nm) measured for the TRITC dye encapsulated 
inside the lamellar phase. Taking into account the 
hydrodynamic radius RH for the rhodamine dye (ca. 0.5 
nm), it is therefore assumed that TRITC is present in an 
aggregated form inside the aqueous layer of the lamellar 

phase. The TRITC aggregation occurring in water, and 
being self-consistent with the chemical structure of the 
fluorophore, could also explain the large error bars 
obtained for diffusion coefficient from FRAP 
measurements. 
 

 
Figure 4. Diffusion coefficients D┴ derived from FRAP 
experiments as a function of the water layer thickness dw 
for three different doped C12E5/hexanol/water lamellar 

phases: free TRITC (empty circles), the γ-gliadin-TRITC 
(filled diamonds) and the DHPE-TRITC (empty squares). 

Vertical solid line drawn correspond to dw = 4.7 nm. 
 
For the DHPE-TRITC probe, the diffusion coefficient is 
mostly independent on swelling (Fig. 4, empty squares). 
The values are small (ca. 20 x 10-12 m2/s) and do not vary 
with the confinement, behavior in agreement with 
amphiphilic probes diffusing along the bilayers. 
Interestingly, the same behavior is observed for the γ-
gliadin-TRITC protein (Fig. 4, filled diamonds) 
encapsulated inside the C12E5/Hexanol/water lamellar 
phase. The diffusion coefficient value does not vary with 
dw, and is equal to 30 x 10-12 m2/s, a small value again. 
This invariance of the diffusion coefficient clearly 
indicates that γ-gliadin do not freely diffuse in the water 
layer of the lamellar structure. Either the proteins are in 
interaction with the bilayers, or they form large objects 
soluble in the aqueous medium which remain 
geometrically confined by adjacent bilayers in the whole 
range of dw studied. In order to confirm and decipher a 
potential membrane-gliadin interaction, a complementary 
2D approach was performed using different kinds of 
gliadins (γ- and ω-gliadins) and phospholipids (DMPC and 
DMPG). 
 
2/ Langmuir films 
Interfacial pressure 2D experiments were carried out using 
DMPC or DMPG monolayers at the air-water interface, as 
model membranes. Figure 5 displays the interfacial 
pressure evolution as function of time with the injection of 

(5) 



γ-gliadin solution under DMPC monolayers. When the 
phospholipid monolayer has an initial pressure of 
20 mN/m, the γ-gliadin injection induces an abrupt 
increase of the interfacial pressure followed by 
stabilization at about 25 mN/m. 

 
Figure 5. Evolution of the interfacial pressure Π (mN/m) 

as a function of time (s) with the injection of γ-gliadin 
(arrow) under DMPC monolayers at 20 mN/m (thin curve) 

and 35 mN/m (thick curve). 
 

This increase of pressure can be ascribed to an insertion of 
gliadins inside the monolayer. When the DMPC monolayer 
has an initial pressure of 35 mN/m, even if a perturbation 
is firstly observed, the surface pressure is finally 
unmodified after a short equilibration time. At this higher 
pressure, γ-gliadins can not penetrate into the DMPC 

monolayer. The same behavior was observed with the 
DMPG monolayer. Keller et al33 previously found that a 
complex gliadin fraction could not insert into lipid or 
emulsifier monolayers above a critical surface pressure. 
The gliadin insertion into DMPC or DMPG monolayers 
depends on interfacial pressure, as observed for numerous 
proteins34, 35, 36. In some cases, however the peptides 
expelled from the lipid monolayer remained adsorbed at 
the monolayer36. Because the biological membrane 
pressure is considered ranged from 25 to 35 mN/m37, it can 
be supposed that γ-gliadins do not insert into biological 
membranes. In this range of surface pressures, ω-gliadins 
exhibit the same behavior as γ-gliadins. Only the system 
with a 35 mN/m initial pressure was further characterized 
because our study is related to the behavior of gliadins in 
the ER lumen. 

 
BAM measurements. The effect of the injection of gliadins 
under DMPC monolayers was observed by Brewster Angle 
Microscopy. At 35 mN/m, DMPC monolayer displays a 
homogeneous aspect, with constant grey level (data not 
shown). After the injection of gliadins under the 
monolayer, appareances and disappearances of luminous 
dots, like blinking, was observed. As the reflectivity 
intensity observed by BAM is correlated to the refractive 
index and the thickness of the interfacial film, this 
phenomenon can be attributed to adsorption-desorption 
cycles of gliadins under the monolayer.  
 

 
Figure 6. Brewster angle microscopy images of gliadins injected under a DMPC monolayer at Π = 35 mN/m. (a) 10µg ω-

gliadin injected (b) 100µg ω-gliadin injected (c) 100µg ω-gliadin injected, observed between crossed polariser and analyser 
(d) 10µg γ-gliadin injected (e) 100µg γ-gliadin injected (f) 100µg γ-gliadin injected, observed between crossed polariser and 

analyser (Exposure Time= 1/50s). 



After an equilibration time, the stabilized system displays 
bright dots on a field which has the same grey level as the 
pure DMPC monolayer (Fig. 6). Considering that the 
interfacial pressure is unchanged with the injection of 
gliadins, luminous dots can be ascribed to the gliadin 
adsorption under the phospholipidic monolayer. Moreover, 
the observation of the stabilized system by BAM with 
crossed polarizer and analyzer shows a dark picture (Fig. 6 
c,f). This observation means that gliadin dots would be flat 
and smooth, because rough aggregates would induce 
scattering and depolarization of the incident light. Figure 6 
(a,b,d,e) presents BAM pictures obtained after the injection 
of different quantities of γ- and ω-gliadins under the 
monolayer. In all cases, the diameter of bright dots is 
limited to few microns and it appears impossible to form a 
homogeneous protein film under the phospholipidic 
monolayer whereas such a film was formed with the same 
quantity of gliadin injected at the air-water interface16. For 
low protein quantities injected, both γ- and ω-gliadin 
systems present similar pictures, characterized by 
luminous dots with a micrometric radius. For higher 
gliadin quantities injected, γ-gliadin-DMPC monolayer 
system displays more numerous larger and brighter dots 
than ω-gliadin-DMPC monolayer system. The local 
reflectance intensity of the dots as a function of the 
injected gliadin quantity, and the reflectance - thickness 
relationship are plotted in Fig.7. The reflectance-thickness 
relationship is based on Fresnel equations and values were 
calculated by a software developed by Buffeteau et al38. 
The plot shows a periodical function indicating several 
thicknesses values for one reflectance value (Fig. 7b). The 
reflectance of γ-gliadin dots increases with the quantity of 
gliadin injected, whereas the reflectance of ω-gliadin dots 
is constant (Fig. 7a). The increase of reflectivity with the 
addition of γ-gliadins has to be attributed to an increase of 
thickness, rather than a decrease in thickness. In the 
thickness range presented, there are two regions in the 
periodical function where the reflectivity increases with 
the thickness. Considering a progressive thickness growth, 
to reach the high thicknesses regions, the reflectivity 
should have first increased then decreased. This behavior 
was not encountered in our study. Moreover, the 
reflectance values measured in the γ-gliadin system, 
ranging from 0 to 3.10-4, are very low compared to the 
global reflectance range (ranging from 0 to 2.5.10-3). These 
reflectance values suggest very thin objects. The thickness 
values were estimated thanks to the following equation39, 
which establishes a relationship between the reflectance 
and the square of the thickness, for a thin, single-layered 
interfacial film:  

 
where I0 and IR are the incident and the reflected intensity, 
n1, n2 the refractive indices of the film (1) and the subphase 
(2), λ the wavelength of the incident light and d the 
thickness of the film. Parameters used where λ = 532 nm, 
n2 = 1.333 and n1 = 1.47. The n1 value is chosen as the 

refractive index of biological materials is known to be 
comprised between 1.43 and 1.4739, and the protein-lipid 
monolayer assembly is considered to be continuous. As a 
consequence, the n1 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 those found 
in literature40. The average thicknesses corresponding to 
the dots reflectance are comprised between 8 and 20 nm in 
the presence of γ-gliadins and about 6 nm in the presence 
of ω-gliadins. Considering the DMPC monolayer 
thickness, the γ-gliadin aggregates thickness grows 
approximately from 6 to 18 nm with the addition of 
proteins, whereas the ω-gliadin aggregates thickness is 
constant and approximately equals to 4 nm. With low 
quantities of γ- and ω-gliadins injected, the aggregates 
thicknesses suggest gliadin monolayers adsorbed under the 
DMPC monolayer.  

 
 

Figure 7. (a) Evolution of the local reflectance of 
aggregates (luminous dots) versus gliadin quantity 

injected. Filled dots: γ-gliadin, unfilled dots: ω-gliadin. (b) 
Brewster Angle Microscopy model of reflectance versus 
thickness (incidence wavelengh λ = 532 nm, incidence 

angle θ = 53.17°, film refractive index n=1.47). 
 

(6) 



With high quantities of γ-gliadins injected, but not ω-
gliadins, the calculated thickness suggests a multilayer 
structure of the protein aggregates. Brewster Angle 
microscopic observations of systems made with DMPG 
monolayers were also carried out. Observations were 
qualitatively the same as those performed using DMPC 
monolayers. It was also observed the formation of flat, 
circular, micrometric gliadin aggregates under the lipidic 
monolayer, whose reflectivity depended on the quantity of 
protein injected in the γ-gliadin case only. 

 

 
 

Figure 8. PM-IRRAS spectra: (a) DMPC monolayer at 40 
mN/m (b) γ-gliadins (40µg) injected under a 35 mN/m 

DMPC monolayer (spectrum divided by that of the DMPC 
monolayer) (c) γ-gliadins alone injected at the air-water 

interface. 
 

PM-IRRAS spectra. The γ-gliadin – DMPC monolayer 
system was studied by PM-IRRAS. The protein signal was 
very difficult to obtain, probably due to the low thickness 
of the aggregates and their low surface representativeness. 
Figure 8 displays PMIRRAS spectra of the pure DMPC 
monolayer (a), the ratio between the spectrum obtained 
after the injection of 40µl of γ-gliadins under a 35 mN/m 
DMPC monolayer and the DMPC spectrum (b) , and the 
spectrum of γ-gliadins alone at the air-water interface (c). 
The DMPC spectrum displays characteristic bands at 1729, 
1468, 1230 cm-1 (fig. 8a). These bands are assigned, 
respectively, to the stretching of the C=O ester bonds, the 
CH2 bending mode, and the antisymmetric P=O stretching 
vibration41. The γ-gliadin under the DMPC monolayer 
spectrum (fig. 8b) displays a band at 1665 cm-1 ascribed to 
the amide I band of the protein, and no band attributed to 
the DMPC monolayer. The presence of the amide band 
proves that proteins are not far from the air-liquid 
interface, whereas the absence of DMPC bands indicates 

that the DMPC signal is unmodified by protein adsorption 
and suggests thus a weak interaction between lipids and 
proteins. The maximum intensity of the amide I band 
appears at 1665 cm-1, indicating a secondary structure rich 
in β-turns and/or small α-helices. This band appears 
similar to the band obtained for γ-gliadins alone injected at 
the air-water interface at 6300 Å²/molecule (Fig. 8b) (this 
molecular area roughly corresponds to a γ-gliadins 
injection of 2µg in the trough used for experiments made 
with a lipid monolayer). In both cases, the amide II band is 
absent. This absence can be assigned to a specific 
orientation of secondary structures. Our previous PM-
IRRAS spectrum analysis of the γ-gliadins at the air-water 
interface indicates that secondary structures are flat 
oriented relative to the interface16. Considering the 
similarity of γ-gliadins amide bands at both air-water and 
DMPC-water interfaces, it can be concluded that γ-gliadins 
adsorbed under a DMPC monolayer is structured in β-turns 
and small α-helices, flat oriented relative to the 
phospholipidic monolayer plane. 
 

Discussion 
 
The 3D approach developed in this study shows that γ-
gliadins can be partially inserted within a non-ionic 
lyotropic lamellar phase in a large range of dilutions. 
Whereas the bilayer thickness is constant and equal to 2.9 
nm, the most confined system displays a water layer 
thickness of 1.8 nm. These dimensions, smaller than the 
dimensions of gliadin estimated in different solvants42, 
suggests that gliadins inserted inside the lamellar phase 
adopt a thinner, and consequently more anisotropic 
conformation than in solution. Such an elongated 
conformation would be consistent with the thickness of γ-
gliadin monolayers adsorbed at the air-water interface 
measured at low compression levels16. However, the 
dynamical study using FRAP measurements of the 
gliadins-lyotropic lamellar phase system also suggests 
additional hypotheses, stipulating that gliadin do not freely 
diffuse in the aqueous layer: 

(1) γ-gliadins form large objects, soluble into water, 
which are geometrically confined between 
bilayers in the whole range of dw studied, 

(2) γ-gliadins are embedded into bilayers, 
(3) γ-gliadins are close to the polar head-water 

interface interacting with the bilayers from their 
water side.   

The size of γ-gliadins in our system is unknown but it is 
important to note that gliadins can adopt very different 
conformations and sizes according to the nature of the 
solvent and the ionic strength42. In a good solvent, like 
70% (v/v) aqueous ethanol, SAXS measurements43 showed 
that the dimensions of γ-gliadins were d 
(diameter)=3,35nm and L(length)=12,5nm assuming a rod 
model. γ-gliadins can also display smaller dimensions, for 
example, in an acetic acid-10mM NaCl solvent, the 
hydrodynamic radius can be estimated to 3 nm42. 



Hypothesis (1) can be examined considering either gliadin 
aggregates or unfolded gliadin monomers. Taking into 
account the dimensions measured in a good solvent, 
dynamic data of gliadins in the lamellar phase can be 
interpreted as the result of the confined diffusion of 
anisotropic objects26, which would be sterically prohibited 
from having their long axis parallel to the staking axis of 
the lamellar phase. Within the framework of hypothesis 
(1), however, the diffusion of confined objects is estimated 
to be similar to that of the same objects embedded into 
membranes, and current models44,45,46 indicate that, for a 
given membrane system, a larger object always displays  a 
lower diffusion coefficient than a smaller object. As a 
consequence, with hypothesis (1), and similarly with 
hypothesis (2), the protein diffusion coefficient is predicted 
to be smaller than for lipids embedded inside bilayers. 
Despite the high error bar of measurements, the reverse 
tendency is unambiguously observed experimentally in 
Fig. 4. As a further argument against hypothesis 2, 
transmembrane domains are not predicted in γ-gliadin 
sequence by the method of Zao and London 47. That is why 
the hypothesis of monomeric protein close to the polar 
heads – water interface, interacting with the bilayers can be 
privileged. This interaction would induce the elongated 
conformation previously suggested. 
In a second time, the gliadin-membrane interaction study 
was completed by the 2D approach using DMPC and 
DMPG phospholipids. Results indicate an insertion of 
gliadins for monolayer pressures below 20mN/m and an 
adsorption of gliadins under the monolayer for pressures 
above. Different authors, on different systems and with 
different experimental methods, determined bilayer-
monolayer equivalence pressures in the range of 25-
35mN/m48,49,50,51. This suggests that the equivalent pressure 
of bilayers in the lamellar phase is higher than 20mN/m 
and confirm that gliadins are in interaction with 
membranes, without being embedded inside them. BAM 
observations indicate that both γ and ω-gliadins locally 
adsorb under lipid monolayers to form small domains with 
a limited lateral expansion. This behavior suggests a 
nucleation-growth mechanism for the formation of gliadins 
aggregates under the membrane. The limited lateral growth 
can be attributed to an important line tension between the 
adsorbed gliadins aggregates and the subphase molecules 
in interaction with polar heads of phospholipids. The 
thickness of these domains was estimated by reflectivity 
measurements and indicated different behaviors according 
to the gliadin type. Initially, γ- and ω-gliadins adsorb as 
monolayers under the lipidic monolayer. With increasing 
gliadin quantity injected into the subphase, the γ-gliadins 
aggregate thickness grows whereas ω-gliadins aggregate 
thickness remains constant. Considering that γ-gliadins 
display an amphiphilic structure made of a hydrophobic, 
non-repetitive domain, and a more hydrophilic, repetitive 
domain, and that ω-gliadins are essentially composed of a 
repetitive domain, a model is proposed to explain our 
experimental observations (Scheme 1). The interaction 
between protein and membrane, observed using both γ- 

and ω-gliadins, could be ascribed to an interaction between 
polar heads of phospholipids and the repetitive domain of 
gliadins. This hypothesis would be in agreement with 
biological studies showing that the repetitive domain of 
gliadins is crucial for protein bodies formation in wheat 52, 

53. The exact nature of the interaction between lipids and 
gliadins could not be solved in our study. However, the 
low net charge of gliadins at the pH conditions of our 
experiments (γ-gliadin: +2, γ-gliadin’s repetitive domain: 
+5, ω-gliadin: -2), and the similar observations obtained 
using both zwiterrionic and negatively charged monolayers 
exclude a predominance of electrostatic interactions. In 
addition, PMIRRAS measurements suggest weak gliadin-
membrane interactions. Fernandez et al54 showed that the 
extent of protein deposition on the lipid bilayer is strongly 
correlated with the average extent of underwrapping of 
backbone hydrogen bonds in the native structure of a 
protein. According to authors55, 56, intramolecular hydrogen 
bonds that are not properly desolvated by surrounding 
hydrophobic groups are available to benefit from further 
protection by another body, like lipid bilayers, since an 
exogenous removal of surrounding water enhances their 
electrostatic stability. The extent of unprotected 
intramolecular hydrogen bonds is not known for gliadins, 
as these proteins were never crystallized. However, this 
content can be expected important as the primary structure 
of gliadin repetitive domains contains many glutamines, 
which are susceptible to form hydrogen bonds (47% and 
43%, for γ- and ω-gliadins respectively), and few 
hydrophobic residues to protect intramolecular hydrogen 
bonds (16% and 18% for γ- and ω-gliadins respectively). 
Moreover, the secondary structure of wheat storage 
proteins repetitive domains is known to be very instable57 
and extended due to prolines and glutamines residues58. 
The proposed repetitive domain – membrane interaction 
could thus be explained by the protection of hydrogen 
bonds. Finally, the thickness growth, observed only with γ-
gliadins, could be ascribed to the non-repetitive domain. A 
multilayer structure, characterized by a stacking of 
repetitive and non repetitive domains, is thus proposed. In 
this multilayer structure model, hydrophobic interactions 
are considered to be predominant in the interaction 
between non-repetitive domains, whereas the interaction 
between repetitive domains should be explained by the 
under-wrapped hydrogen bond model, previously 
described for the protein membrane interaction.  
The different abilities of γ- and ω-gliadins to accumulate 
via an interface were previously observed at the air-water 
interface where gliadins form homogeneous monolayers16. 
Under lateral compression, γ-gliadins monolayer forms 
thicker film whereas ω-gliadins monolayer collapses. The 
accumulation mechanism, at the air-water interface under 
compression could also be due to the amphiphilic character 
of γ-gliadins. The interaction of gliadin with membranes 
was previously suggested by suction experiments on giant 
phospholipidic vesicles in presence of gliadins15. Authors 
interpreted the modification of mechanical properties of 
vesicles as an insertion of gliadins inside the bilayer. 



However our results clearly indicate that γ− and 
ω−gliadins do not penetrate into membranes with pressure 
higher than the critical pressure of 20 mN/m. An insertion 
of gliadins in vesicle membranes can be considered only if 
local low pressures (<20mN/m) are induced by the suction 
action. Moreover, the modification of mechanical 
properties observed by the authors does not seem 
contradictory with the hypothesis of an adsorption of 
protein on the bilayer.  
 

 
Scheme 1. Model of gliadins self-assembly via a lipidic 

membrane interface. (a) In the case of γ-gliadins, where the 
molecule is represented with the hydrophobic globular 
domain in yellow, and the more hydrophilic extended 

domain in red, the formation of a multilayer structure of γ-
gliadins under the lipidic membrane would occur through 

mainly hydrophobic interactions. (b) In the case of ω-
gliadins, where the molecule is represented in red due to its 
unique low hydrophobic extented domain, the formation of 
a ω-gliadin multilayer under the lipidic membrane would 
be inhibited due to the absence of hydrophobic domains 

within the sequence. 
 
In summary, in this study the gliadin-membrane interaction 
was highlighted with two contrasting model membranes 
and the formation of local aggregates under the membrane 
was demonstrated. We propose that such processes happen 
in the biological context of the ER during the accumulation 
of prolamins in developing wheat grains. The gliadin–
membrane interaction would be mediated by the repetitive 

domain of gliadins, and could act as a anchor for gliadins 
on the ER membrane and as a nucleus point for the growth 
of prolamin assemblies leading the protein bodies 
formation. The amphiphilic character of γ-gliadins would 
be at the origin of the accumulation process in the ER of 
endosperm cells. 
 

Conclusions 
 
The demonstration of γ- and ω-gliadins-membrane 
interaction, using a combined 3D approach using lamellar 
phases and a 2D approach using Langmuir phospholipid 
films, could explain the initiation of prolamins assembly 
within the endoplasmic reticulum of wheat endosperm 
cells. Moreover, the aggregate thickness growth observed 
in our prolamins-membrane model systems could represent 
a mechanism of the accumulation process occurring in the 
biological context. A model of accumulation process based 
on the amphiphilic nature of γ-gliadins is proposed. Further 
studies will be needed to confirm this hypothetical model 
of prolamins accumulation from a membrane, and in 
particular by better characterizing gliadin aggregates using 
techniques which provide local informations such as AFM 
and microspectroscopies.  
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