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Structure and Orientation Changesof w and pGliadinsat the Air-Water Interface: A
PM-IRRAS Spectroscopy and Brewster Angle Microscopy Study

Amélie Bané, Bernard DesbatDenis Renart] Yves PopinealiCécile Mangavé] and Laurence Navailles*

TCentre de Recherche Paul Pascal, UPR 8641-CNR®uawlbert Schweitzer, F-33600 Pessac,
fLaboratoire de Chimie et Biologie des Membranedatoobjets, UMR 5248-CNRS, UniversBerdeaux 1, ENITAB, 2 rue
Robert Escarpit, F-33607 Pessac,
8UR1268 Biopolymeéres Interactions Assemblages, INR#.300 Nantes.

Microscopic and molecular structuresafand j~gliadin monolayers at the aivater interface were studied under
compression by three complementary techniques: esgjpn isotherms, polarization modulation infrareftection
absorption spectroscopy (PMRRAS), and Brewster angle microscopy (BAM). Fagthimolecular areas, gliadin films are
homogeneous, and a flat orientation of secondangtstres relative to the interface is observed hWitreasing
compression, the nature and orientation of secgrstauictures changed to minimize the interfaciabaim heygliadin film
is the most stable at the -auater interface; its interfacial volume is constaith increasing compression, contraryco
gliadin films whose molecules are forced out ofititerface.)/gliadin stability at a high level of compressiannterpreted
by a stacking model.

Introduction
Wheat storage proteins (WSP), constituting glute, very
important for various technological applicationaging from
baking performanceto the elaboration of biomaterialand
the development of new drug delivery systéms
Naturally, these proteins serve as an amino acigicsofor
germination. In developing grains, these proteires lacated
in the endosperm cells, transiently stored as jrdiedied.
These bodies are micrometer-sized organelles engefgim
endoplasmic reticulum membranes and may contairtoup
80% protein. The mechanisms leading to the formatiothe
protein bodies and the organization of storageemetinside
the organelles are not well understood t3desnereas they
are key parameters of wheat grain quality.
Most WSPs are classified as prolamins becauseeif iigh
proportions of proline and glutamine. Despite thhigh
proportion of polar glutamine residues, prolamins poorly
soluble in water. However, they can be solubiliredvater
alcohol mixtures or in low pH solutions. WSPs digplery
extensive polymorphism, but repeated amino acidieseces
are present in all of them. Prolamins are subdiVioko two
groups on the basis of their ability to form polyfoesystems
by means of intermolecular disulfide bonds betwpestein

more polar thart, B, and ygliading. Note that all gliadins
contain very few ionic amino acids.

Albeit gluten proteins were studied for a long tjmtae
secondary and tertiary structures of these ceraat groteins
are not well defined. They have not yet been chyztd for
X-ray diffraction analysis, and their NMR structure
determinations present numerous problems becauskeeof
high molecular weight, their extensive repeats, #ralarge
number of prolines in their primary structiirélumerous
spectroscopic studies have provided informationceaming
the secondary structure of whole gl or of some
specific constituentd™’ but always in the bulk and mainly in
non-physiological solvents. In all of these studidbe
secondary structures of gliadins were found to leeyv
sensitive to environmental conditions such as stjve
hydration, and temperature.

The self-assembly of proteins occurs in a large bemof
cellular mechanisms and processing conditionseelas food
and non-food products. Interfacial properties of RV&re
essential to understand their biological self-asdgras well
as the baking performance of gluten and wheat fioughs'®
Prolamins are synthesized, folded, and further medated in
the aqueous environment of the endoplasmic reticldtithe

subunit§. Gliadins are monomeric proteins, whereas glutenins endosperm cells where membrane surfaces are highly

are polymeric ones. Gliadins account for about lwdlifthe
gluten proteins and are subdivided into four typesording
to their electrophoretic mobility in acigolyacrylamide gel
electrophoresis, commonly denoted as £, ), and w

gliadins.a, B, and p.gliadins have similar primary structures.

They are composed of a short N-terminal domairepetitive
domain that contains repeated motifs rich in pmlin
glutamine, and phenylalanine, and a non-repetitieenain
that includes all intramolecular disulfide bondsheTnon-
repetitive domain is more hydrophobic than the tiipe one,
suggesting an amphiphilic feature of these gliadingliadins
principally consist of proline and glutamine residuand are

made up almost entirely of repeated sequences utitho

cysteines to form disulfide bondsw-gliadins are globally

developed. In the wheat dough, prolamins are prailyi
located in the bulk of the gluten network but absiothe
interface of the air bubbles incorporated by mixemd the
carbon dioxide bubbles generated by yeast fermentafhey
are thus susceptible to participate to the statitim of the
alveolar structure of baked produéts

Several studies have been performed at thevaier®*°and
air-solid interface$?® The ability of gliadins to significantly
reduce the surface tension of thewaater interface has been
reported:’ but to our knowledge, their structure at these
interfaces has never been studied.

The physicochemical mechanisms involved in the &iiom
of the protein bodies in wheat endosperm cells reve yet
understood. For this purpose, we used a 2D approach
investigate the self-assembly of prolamins at fatars in an



aqueous environment. As recently stated in the aafse
amyloid-like peptides, the 2D approach is a relévaathod
for studying the aggregation of proteins and pestid
speeding up their aggregatidhrhis approach also permits us
to mimic the aggregation process that occurs ino vin
aqueous solutions. Compression of the monolayer
employed to bring the molecules into close contad,
required for the self-assembly processes, andttbetgre of
the proteins can be characterized at different estag
Monolayer compression in the 2D experimental apghdhus
represents an elegant way to mimic macromolecutawaing
occurring in different cell compartments.

In the present work, Langmuir isotherms coupledhwit
Brewster angle microscopy (BAM) and polarization
modulation infrared reflection absorption (ARRAS) were
collected to investigate in sity¢ and w-gliadin microscopic
and molecular structures. In this stugsgliadin serves as a
model of cysteine-rich monomeric prolamins, amdliadin
serves as a model of cysteine-poor, fully repetifivolamins.
The latter may also help us to understand the itanion of
the repetitive sequence okgliadin to the self-assembly
mechanism.

Table 1. Main Characteristics of the y- and o-Gliadins

MM (Da) from
mass spectrometry

35185

AA composition
(residues/molecule™ ¢

Gln: 111

Pro: 54

Phe: 13

Lys: 2

Cys: 8

(4 disulfide bridges)

Gin: 164

Pro: 106

Phe: 28

Lys: 2

Cys: 0

&Muller, S.; Wieser, H.; Popineau, ¥. Cereal Sci1998, 27, 23

25.° Popineau, Y.; Pineau, B. Cereal Sci1985, 3, 363378.¢
Popineau, Y.; Le Guerroue” J. L.; Pineaul.&bensm. Wiss.

UniV. Technol 1986 19, 266271.

y-gliadin (308 residues/molecule)

42 734
w-glhiadin
(366 residues/molecule)

Experimental Section
Materials. )~ and w-gliadins were purified from Hardi wheat
cultivar on the preparative scale. First, totaladins were
extracted from defatted gluten by ethanol/water3@0 Total
gliadins recovered at this stage contaird@, ), and w
gliadins and small amounts of glutenins. Different
chromatographic steps were then performed to olbbesny-
gliadins and “slow’awgliadin subfractions. (See the details of
the purification procedure in Supporting Informatip
Purified “slow” @ and yse-gliadins were characterized by acid
and SDS-PAGE, reversed-phase HPLC (RP-HPLC), arsd ma
spectrometry. Each purified gliadin exhibited oolye band
in electrophoresis and a single peak in RP-HPLCh wit
expected migration and retention times (data notvsf). The
molar masses measured were 35 185 and 42 734 fpma¢-
gliadins and “slow” wdgliadins, respectively. The main
characteristics of both prolamins are presentékhlvle 1.
In the present papeys-gliadins and “slow”wgliadins will
be denotegrgliadins andw-gliadins, respectively.
Surface Pressure-Area Isotherms. A Langmuir trough
(Nima Technology, Coventry) equipped with a molbiterier

was used to prepare protein films. It was filledthwia
subphase consisting of a pH 7.2 50 mM phosphatéebuf
previously filtered through a glass microfibre dilt (GF/F,
Whatman). The water used was purified from a Mjli-
system (Millipore, Molsheim, France) with a nominal

isresistivity of 18.2 M2 cm. Freeze-dried proteins were

dissolved in a 52:48 (v/v) water/ethanol mixture at
concentration o€ ) 1 mg/mL and filtered through a 0.4fn
porosity filter (Millipore). The protein solutiongrere then
spread at the aiwvater interface using a Hamilton
microsyringe according to the Langmuir method. Aféan
equilibrium time of about 10 min, the protein filmgere
compressed at a speed of 10%enin, which correspond to 83
A? (moleculemin) for ygliadin and 504/(moleculemin) for
wgliadin. The surface pressurg)(was monitored by a
Wilhelmy surface balance using a filter paper plate
(Whatman).
Brewster Angle Microscopy. The surfaces of the films were
observed during compression using the BAM2 plusaBter
angle microscope (NFT, Goéttingen, Germany) equippid
a frequency doubled Nd:YAG laser with a wavelengjttb32
nm and a charge-coupled device camera with & 10
magnification lens. The exposure time (ET), depegdin the
image luminosity, was adjusted from 20 to 0.5 msavoid
saturation of the camera. The spatial lateral wggwi of the
Brewster angle microscope wag®), and the image size was
400X 650 um?. The BAM images were coded in grey levels.
To determine the thickness of the layer at theaserf the
calibration procedure of the BAM software was uged
determine the linear function between the reflextaand the
grey level. This function was established by corgoar
between the experimental curve of the grey level Asction
of the angle of incidence and the Fresnel curvevicof the
reflectance as a function of the angle of incidgnicat can be
fited by a parabola around the Brewster angle mmimn.
From the reflectance value, the BAM thickness model
allowed us to estimate the thickness of the layéheasurface
with our knowledge of the experimental Brewster larand
the optical index of the film. This model is based the
proportionality relation between the reflectancd #re square
of the interfacial film thickness when the optigadex of the
film is assumed to be constdftThe approximate equatioh
for a thin, single-layered film is
r.‘2
L (-1 ey

R=12=(79) L
l, A

with 15 andli being the incident and the reflected intensities,
n; andn, being the refractive indices of the film (1) art
subphase (2)) being the wavelength of the incident light, and
d being the thickness of the film.

In this study, to obtain an approximation of thetpin film
thickness, the optical index of the gliadin filmasvassumed
to be constant and equal to 1.47. This value wasated for
gliadin agueous solutions that contain about 858tems>®

FTIR Spectroscopy. Absorbance spectra of solid gliadins in
the bulk were obtained on a Nicolet Magma 550 spewtter
equipped with an MCT detector cooled at 77 K and
germanium ATR crystal.



PM-IRRAS spectra were recorded on a Nicolet 870 Fourie
transform infrared (FTIR) spectrometer by the cditidn of
600 scans at a resolution of 8 tnThe details of the optical
setup, the experimental procedure, and the tworadan
processing of the detected intensity have beenadyre
described? PM-IRRAS is a technique sensitive to the
orientation of the transition moment at the watefexce and
hence the molecular groups themselves. In shatstiface
selection rule indicates positive bands for traosimoments
lying in the surface plane whereas negative bands a
attributed to transition moments perpendicularhi® surface.
For an intermediate orientation of the transitioipote
moment, the two contributions are competing, ané th
absorption band vanishes when the transition dipmenent
is tilted 39 from the surface normal of the water subphase.
The PMIRRAS device allows us to obtain the differential
reflectivity spectrum
AR/R=[(Rp-Rs)/(Rp+Rs)]] (2)
with R, being the p-polarized reflectancB, being the s-
polarized reflectance, aid being the Bessel function.
To remove the contribution of the subphase abswrpénd
the dependence on the Bessel function, the filnctspeare
divided by that of the subphase. The water vapatritiution
to the film spectra is removed by subtraction of thater
vapor spectrum. The intensity of the absorbancedbas
proportional to the surface concentratioN/A) and the
orientation of the transition momeiier).

®)

To obtain spectra independent of the surface cdratemn
due to area reduction, spectra are multiplied key sbrface
area available for the film.

Simulation of PM-IRRAS Spectra. Simulated spectra have
been obtained using a general software programajes@ for
modeling the reflectivity of absorbing layered syss° and
extended to anisotropic systems following the matmiethod
of Berremart* The optical constants of water used for the
simulations were obtained from Bertie and Faand those of
the secondary structure, from Buffeteau et®aimulation
PM-IRRAS spectra of gliadins at the aiater interface was
calculated by the combination of calculated seconda
structure spectra of the-helix, fsheet,Fturn, and random

10 N/A * f( o)

coil. The original#turn and random coil spectra are presented

in Figure la. Thea-helix and Bsheet have different PM
IRRAS spectrd according to their specific orientations
relative to the interface. In the case ofocahelix, presented in
Cornut et al®® the amide | signal is dominated by the
transition moment oriented parallel to the chaiis®dx(A2)
absorbing at 1655 ch A strong positive amide | band and a
weak positive amide Il band, when the helix axisparallel

to the interface, 4= 90°) were noticed, and a negative amide
| band with a strong positive amide Il band appéavben the
helix axis was perpendicular to the interfaée=(0°). fSheet
structures present two amide | transition momethis:amide

of &-sheet structures in relation to the interfaced®scribed
by two angles:g, the angle between the main peptide chain
direction and the interface plane, afd the angle between
the hydrogen bond direction and the interface plareee
extreme orientations of th®sheet can be distinguished:

(1) flat on the interface plan&g€ 0°, ¥= 0°), leading to a
weak positive amide band (1685 cif) and a strong positive
amide | band (1625 chy;

(2) perpendicular to the interface with peptideichgarallel

to the interface = 0°, ¥/= 90°), leading to a positive amide
I’ band and a strong negative amide | band;

(3) perpendicular to the interface with peptide icha
perpendicular to the interfac&€ 90°, ¥= 0°), leading to a
negative amide' Iband and a strong positive amide | band.
Spectra of some principal orientations @&heet structures
are illustrated in Figure 14.

Results and Discussion

Compression I sotherms, Brewster Microscopy
Observations, and Film Thicknesses. Under the conditions
used, - and w-gliadins instantaneously adsorb at the air
water interface aftespreading. These homogeneous, stable
films are depicted in Figurga,b and have uniform thickness
without detectable defects #te resolution of the Brewster
angle microscopeDuring compression, the protein films
remain optically uniformand appear brighter and brighter.
These changes in reflectancan be attributed to the optical
index but mainly to film thicknesshanges. The film mobility
indicates gel-like films, with thenobility being reduced with
increasing compression. At a hilglvel of compression, linear
stripes can be observed in Brewstergle microscopy as
illustrated in Figure 2c,d. The stripes apé micrometric
width, and their thicknesses have nanometsications. They
may be attributed to the buckling of thmonolayer’>®
Considering a constant optical index of 1.47 fer ithterfacial
gliadins films, film thickness evolutions versus lewular
areaswere plotted in Figure 3. For both gliadins, thien
thicknessestoughly determined by our method, evolve from
1.5 to 9 nm. This thicknesses range is consistent with
monolayer films giventhe molecular sizes of gliadif¥.
Thickness values are approximations; however, it ba
observed that the thickness evolution can be destiy the
following equation

d=CA (4)
whered is the film thicknessAis the molecular are& is
aconstant, anllis the exponent of the power law. On one
hand, jgliadin thickness evolution is well fitted witheth
exponenb = -1, meaning that the interfacial volume can be
considered to be constant during compression (€igaj.
From this result, it can be concluded that thereisiydration
change in the interfacial layer and no loss ofgirat in the
subphase during compression, considering a constant
refractive index. The measured molecular volunebisut
60nnt/molecule;this value is low compared to the value
previously obtained bymall-angle X-ray scatterifijon )

I at 1685 crit oriented along the peptide chain and the amide gliadin in the bulk solubilizeéh a good solvent 200

| at 1625 crif, corresponding to interchain hydrogen bonds,
oriented perpendicular to the former. In the bulites the
relative intensity ratio i$, /15 ~10. The different orientations

nm’/molecule).
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Figure 1. (a) Calculated PMRRAS spectra of isotropif-turns and random coils. Calculated PRRAS spectra off-sheets with
different orientations relative to the interfade). (< @<90°, = 0°; (c) 8= 0°, 0° < <90°; (d) O <F<90°, 0° <y <90°.

This difference can battributed to various conformations
adopted byygliadin underifferent solvent conditions. It has
previously been observed thaigliadin was more extended in
good solventé? Moreover, theygliadin volume measured at
the airwater interface is consistewith the volume calculated
for folded soluble proteins with theame range of molecular
weight*

However, the experimental data fapgliadin thickness
evolution can be well fitted with exponeht= -0.6 (Figure
3.b). This exponent value means that the interfafiian
volume evolves with the area as follows:

Vv=d.A= C. A* (5)

Therefore, the film volume decreases as the aresedses
assuming a constant film refractive index. Thisletion can

be attributed to a loss @b-gliadins into the subphase or to a

densification of the interfacial layer. The comies
isotherms ofy and wgliadins at the aiwater interface are
also presented in Figure 3. They exhibit slope gkanthat
define three regimes fop-gliadin and two regimes fow
gliadin. At high molecular areas, the slopes araky¢hen in
the second regime, the slopes increase when regluhim
molecular area. This behaviour looks like the 2Daggh
transition of simple molecules, from an expandgditl phase
to a condensed liquid phase. In the third steghefjigliadin
isotherm, the slope of the interfacial pressurevger than in
the second step. According to thickness measuremém
hypothesis of stacking ofgliadin structures should be
retained and not result in a lossyajliadin into the subphase.
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Figure 2. Brewster angle microscopy images of gliadins at the
air-water interface. (ajrgliadins, = 6 mN/m, ET= 1/50 s, GL=
100; (b)wgliadins,= 6.7 mN/m, ET= 1/50 s, GL= 106; (c) )

gliadins, ™= 29 mN/m, ET= 1/1000 s, GL= 120; (d)w
gliadinsy== 15 mN/m, EE1/2000 s,GL=130.1¢, interfacial
pressure; GL, gray level; ET, exposure time).

In addition, preliminary experiments (data not shywin
which the interfacial pressure was measured asetifun of
the quantity of proteins injected into the subphaséicated
that the interfacial pressure stabilizeste21 mN/m for )
gliadins andr=10 mN/m for cgliadins. These pressures are
obtained at the beginning of the last steps ofcthrapression
isotherms, suggesting that the last steps are hiest@his
instability is confirmed in these compression rangg the
decrease in interfacial pressure when barrier mewtnis
stopped. Moreover, during experiments this insitgbivas
correlated with the apparition of the linear stspén
microscopy as observed in Figure 2c,d.

Structures of Solid Gliadins by FTIR (ATR). Gliadin
infrared spectra have been presented many timeften
exclusively in the amide | and amide Il regidf¥’ Figure 4
displays solidy~ and w-gliadin infrared spectra in the 1300
1800 cni range, where amide bands at 1550 and 1658 cm
and an intense band at 1450 tare reported. Some authors
assigned the band at 1450 tro CH stretching of the
pyroindoline ring; however, considering the highteraof
proline in gliadins, this band could rather be gissd to CN
vibrations in proline residues. Indeed, only a fewthord®***
corrected the attribution of this intense band alsserved in
the polyproline spectra. Moreover, the integratesheof this
peak normalized by the amide | band integrated apgears
proportional to the proline content of each gliadiiaction
(17.5% of proline inygliadin®® and 29% incw-gliadin).*® The
high proline content also explains the variableaaoé the
amide Il band because this residue does not dispagmide

Il mode. As previously observegkgliadin amides bands are

dominated by a-helix bands at 1651 and 1540 &tm
whereaswgliadin amide bands are shifted toward lower
wavelengths byp-structures. A significant contribution at
1651 cm can be observed inw-gliadin spectra. This
contribution was interpreted differently by thetzars.
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Figure 3. Compression isotherms (full line) and interfacibhf
thicknesses versus molecular area: experimentts)(dad
theoretical (dashed line) using eq 4 (see text)x@liadins and
(b) wgliadins.

Pezolet et a? attributed it, classically, ta-helices whereas
other authors refuted this hypothesis becausexiielices
were detected by CD spectrand the very high content of
proline in wgliadins would not favoum—helix structures
formation. Therefore, Wellner et &l attributed this
contribution to the high content of glutamine resd in
w-gliadin. However, thex-helix conformation can be taken
into account because glutamine residues have a good
propensity to form helice§, and it has been suggested that
proline is perhaps better described asfeelix initiator rather
than a helix breakéf. Therefore, smalbi-helices could be
hypothetically formed between proline residues.gealoops
connectingAstructure¥' can also be proposed. This last



hypothesis is reinforced by a molecular dynamiasiyson an

octapeptide repeat of thergliadin repetitive domain that
displays an original interpenetrating folding paite
containingB-sheets and turrs.
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Figure 4. IR absorption spectra of solitgliadin (dashedine)
and pgliadin (full line).

Structures of Gliadins by PM-IRRAS at the Air/Water
Interface. PM-IRRAS spectra of gliadins at the -awater
interface exhibit amides absorption bands, CN vibnaband
of prolines, and few low-intensity bands in the 1AGD0 cm

! region. In this last region, there are two posithands at
1244 (very weak) and 1067 cfand a negative band at 1090
cm* (Figure 5). These bands are attributed to phospwite
from the subphase: 1244 and 1067 cbhands are assigned to
PO, asymmetrical and symmetricalibrations, respectively,
and the 1090 cthband is assigned to the asymmetricatPO
vibration. Because gliadin spectra are dividedhnsé of the
subphase, these bands indicate an increase inQk#P B>
ratio at the interface and thus an acidificationhef interfacial
pH with the addition of gliadins.
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Figure 5. Typical PMIRRAS spectrum of gliadins at the air-
water interface.

Jgliadin structure. Figure 6 presents isotherm curves and
PM-IRRAS spectra of purgsgliadin films at the aiwater
interface obtained along the compression of thm.fResults
were obtained in two different experiments withfeliént
quantities of pcgliadin injected at the aiwvater interface to
covera large range of molecular areas. In the first erpant,

in the high-molecular-area regime (spectra 1 and 2 inrigu
6), theamide | band is split into two main bands, oneG&3L
cm' attributed to a-helices and another at 1669 tm
attributed toB-turns. Contributions at 1685 and 1619 tdue
to antiparallelp-sheets and at 1635 ¢ndue to paralle|3
sheet structures aaso observed. The high proportion Bf
turns can be attributed a low folded state of the proteih.
With increasing compressiorfspectra 24), the a-helix
contribution at 1653 cthbecomeamore importantygliadin
molecules that initially have lovstructure at the aiwvater
interface may be refolded undeompression. This behavior
was previously observed with othproteins at the aiwater
interface® The second and third stepithe isotherm (spectra
4-9) were acquired in a secoegperiment in which the initial
quantity of gliadins injected ahe airwater interface was
more important. The last spectra tfe first experiment
(spectrum 3) and the first spectra of $econd experiment
(spectrum 4) are reasonably correlated, d&ditequency shift
of the a-helix contribution is observed (froh653 to 1658
cm?). According to Nevskaya and ChirgadZ¢he frequency
of a-helices steadily rises when the numberaaiino acid
residues involved im-helical structures decreaseshelices
should thus be longer at the end of the first regihanat the
beginning of the second one. This behavior canxpéamed
by the fact that in the first experiment gliadingnc
progressivelyfold along compression whereas in the second
experiment proteinfoldingmaybe hindered by the high
concentration directly injectedt the interface. During the
second and the third steps of tligotherm, no major
modifications ofjcgliadin spectra at thimterface are noticed.
However, a progressive shift of the amidmaximum (from
1658 to 1655 ci) with compression can bebserved and
attributed to lowa-helix lengthening. Moreoverbetween
2500 and 1500 #molecule (spectra-8), the appearanand
the increase in the bands at 1645 and 1628 assigned to
random coils andBsheets, respectively, are alsmticed.
Parallel#sheet formation must be the resulir@ermolecular
interactions whereas helix lengthening is attridute )
gliadin structuring in response to the lack of spat the
interface. It was previously obsentédhat functionalgluten
proteins in the doughy state contain more intrad an
intermolecularfsheets and fewe$-turns anda-helices than
in an acetic acid solution where gliadin are partialijolded.
At the lower molecular areas, between 1500 and
400A%/molecule, the compression isotherm is modifiedhsy
stop of the mobile barrier. During spectra acqiasittime,
there is a decrease in interfacial pressure that lmeadue to
the film relaxation. In the last step of the isothgspectra 7
9), secondary structures remain unchanged. Besithes,
normalized CN vibration bands have nearly consiaeas.
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This means that the interfacial gliadin concentrati
normalized by the molecular area, is constanthasatea of
the CN vibration band should be proportional to gtiadin
concentration at the interface, contrary to amideds that
can be modified by specific orientations of secopda
structures. It confirms thatgliadins are fully maintained at
the interface, even at very high compression levels
Decompression was carried out in the second expatim
Hysteresis can be observed on the pressure isqttaeuit
can be attributed to the slow relaxation of theerifscial
film. Spectrum 10 shows that after decompressioa th
interfacial film does not recover its initial sttuce. The
amide | band is characterized by important contiims at
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Mormalized absorbance (a..)
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Figure 7. PM-IRRAS spectra otugliadins at the aiwvater
interface. (a) Compression isotherms at thenaiter interface
(performed in three different experiments) and liaaéion of
PMIRRAS acquisitions. (b) PNRRAS spectra pooled according
to the isotherm regimes.

1400

1665, 1650, and 1625 cmattributed toturns, longa-
helices, andB-sheets, respectively. There is a very low
contribution of random coils (1640 &h Only secondary
structures stabilized by hydrogen bonds are maiathafter
decompression. In addition, information concernitig
orientation of secondary structures can be obtaisaty the
amide l/amide Il band intensity ratida(la;). The PM
IRRAS spectra of)gliadins in the high-molecular-area
regime (spectra 1 and 2) display a low-intensityideml|
band whereas amide | is intense. This uncommomasitie
ratio cannot be explained by thgturns contribution
because these small secondary structures canngivelgs
orientate relative to the interface.
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This ratio must be essentially due to tindnelix orientation.
Taking into account the PMRRAS spectra simulations of
helices®® the very low intensity of the amide Il band indies:

the flat orientation of thei-helix in relation to the interface.

In very high molecular areas, structures are ttatsdn the
interface. In the first regime of the isotherm, thmide

Ilamide 1l ratio decreases from 7 to 4.7. This lesan be
attributed to the weak reorientation @fhelices, from 90 to
75° in relation to the normal of the interface. Finally the

second and the third regimes, no orientation change be
deduced.

w-gliadin Structure Figure 7 presents the RMRAS spectra
of pure wdgliadin films at the aiwater interface along
compression. This plot is the result of three défe

experiments represented by the different grey el the

pressure isotherms (Figure 7a). For low moleculegas

(spectra 1 and 2), amide bands are noisy and desiuby a
negative band between 1550 and 1650 clnis attributed to
the very low protein concentration and the perttionaof the
interfacial water by the hydrated proteins, combiméth an
optical effec®°**Briefly, the optical effect is credited to the
water absorption band, centred at approximately0164",
corresponding to the position where theHRIRAS spectrum
abruptly changes, showing a positive band immelgiate
followed by a negative band. This behaviour is doean
abrupt variation in the refractive index of the agqus
subphase in this range of frequencies. The amilgnial on
spectra 2 and 3 has contributions around 1665 &a6 &m'
that can be assigned fturns in water® The contribution at
1630 cni' is attributed toBsheets. The increase in the
contribution at 1652 cth represented on spectra 4, can be
attributed to glutamine andi-helices or large loops, as
discussed before.
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The evolution ofewgliadin spectra along compression (spectra
1-4) demonstrates thatgliadins contain more long structures
at the end of the first domain, eith@sheets and-helices, or
large loops made gf-sheets. During the first domain of the
isotherm,awgliadins, like )/gliadins, are initially low folded at
the airwater interface (numeroy3turns) and then fold with
compression. In the second step of the isotherec(sp 57),
amide | peak is more and more dominated by cortidbs at
low frequencies (1620630 cm' region), assigned tg3
sheets. With a small molecular area available gmetshould

be forced to interact mutually throughsheet interactions.
Concurrently, amide bands and CN vibrational band
intensities significantly decrease. This resultfoars that
gliadin molecules are forced out of the monolayas,
previously deduced from the film thickness evolatialong
compression. Decompression was carried out for thfirel
experiment, and a zero surface pressure was obtaine

meaning thatwgliadin molecules have been lost in the
subphase. The PNMRRAS spectrum acquired after
decompression and 1 h of equilibration time (spmotr8)
shows a protein signal. Even if it is noisy, theidenl band
shape is very different from the spectrum acquibedore
compressioncwGliadin does not recover its initial structure,
with the amide | signal being dominated by antiperg3
sheets (1620 ci) and parallef3-sheets (1636 cil) (spectrum
8). Less important contributions of helices (1658'yand
turns (1667 ci) are also observed. The majoritya@fgliadin
organized structures are maintained after decorsiresas
with jgliadins.

Simulation of PMRRAS Spectra. To confirm the
interpretation of PMRRASTresults, spectra were fitted with a
combination of a-helix, Fsheet, fturn, and random coil
calculated spectra. These simulations were perfdrnoeagive
some trends of the general behaviour of secondeugtsres



along compression. Simulations gkgliadin PMIRRAS
spectra obtained at 6000, 2300, and 600A2/molefiulhe
experimental spectra reasonably well (Figure 8)weleer, a
discrepancy between simulated and experimentaltrspés
noticed between the simulated and the experimemtédie ||
bands in Figure 8a, which corresponds to tagliadin
monolayer at 6000 Zmolecule. Experimentally, this band

intermolecular Ssheets, which would enable us to bring
molecules into close contact for assembly. Uporthérr
compression, a model gkgliadin stacking in the direction
perpendicular to the interface is proposed. Thaulteis in
agreement with the polymer scaling concept analysise on
gliadin isotherms by Hargreaves efaHowever, wgliadins
are less stable at the -aater interface. Upon compression,

may be hidden by the negative band of the perturbedsecondary structures rotate to minimize the intéafaarea,

interfacial water that is relatively important aw protein
surface concentration. On the basis of the sinanatiit can
be postulated that at high molecular area modtexdithelices
and S3-sheets ofsgliadin are oriented flat on the water surface
(Figure 8a). Upon further compression, the simdlapectra
suggest that mog#turns are transformed into random coils
and a-helices, with the helices having rotated to anleamyg
75° relative to the normal of the interface (Figure .88}
lower molecular area (Figure 8c), the simulatec ddiow us

to speculate that the proportion of random coild grsheets
slightly increases at the expense of dhkelices, although the
observed changes are rather small. Simulations shggest
weak orientation changes athelices in the first domain of
compression and small changes in the proportionthef
different secondary structure components in bottst fi
domains. Generally, there is a decrease in the leagth of
the amide | contributions from 1670 to 1625 ‘gnwhich
suggests an increase fhAsheets at the expense giturns.
Simulated wqgliadin spectra fit the experimental data
reasonably well. On the basis of these simulatidnsan be
postulated that at high molecular areggliadin secondary
structure is dominated by-turns anda-helices with flat
orientation relative to the interface (Figure 98Sheets are
well fitted with an orientation ofd = 45°, ¢ = 0°that
corresponds to the hydrogen bond direction paratiethe
interface and the main peptide chain directionragd at an
angle of@ = 45° relative to the interface. Upon compression,
the simulated spectra suggest that the content ash e
secondary structure does not evolve but the otientaf
sheets changes (Figure 9b). The orientattbr 90°, ¢ =

0° means vertical orientation of the main peptide rhai
direction. At very low molecular area, the specPRIIRRAS
spectra ofawgliadin is well fitted with a combination gf
turns andfSsheets perpendicular to the interface with the
hydrogen bond direction parallel to the interfaacehelices
oriented at an angle & = 60° relative to the normal of the
interface, and random coils (Figure 9c). Therefore,
simulations suggest that during the first regimer¢his a
rotation of Bstructures, which leads to a more compact
arrangement, and during the second regime thexrestianding
up of helices and a decrease in their content éoptiofit of
random coils.

Conclusions
y and wdgliadins form homogeneous monolayers at the
airwater interface. At high molecular areas, thesgeins are
low folded and secondary structures are orientedrélative
to the interfacial plane. In the first steps of goassion, thes
gliadins film stability seems to be maintained byadl
changes in secondary structures and orientatioms Sfurn
content decreases at the expenseg¥sheets, leading to the
hypothesis that the compression induces the foomagf

and thenw-gliadin molecules are forced out of the monolayer.
Contrary tojgliadins, awgliadins are not able to accumulate
at the airwater interface. These different behaviours can be
explained by the different polarities of both amimgid
chains. According to the primary structure jefliadins, the
C-terminal, nonrepetitive domain would be respolesibr the
high surface activity of these proteins, whereasdtgliadin
behavior seems to indicate that the repetitive dorhas the
ability to organize itself by the rotation of sedany
structures. These interfacial properties under cesgion
may thus be relevant for a biological purpose sashthe
natural accumulation of these proteins in proteodiés.
Future work will be devoted to the study of thefiadins at
the watermembrane (made with lipids) interface to closely
mimic the biological context of the accumulation these
proteins.
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