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Abstract

We have compared the behavior-of ovotransferrin at the air-solution interface in the presence
of a monovalent ion (acetate), or a divalent ion (citrate), the latter being known to induce
conformational changes of this protein upon interaction with its iron-binding sites. We have
characterised the adsorption layer at the air-water interface in terms of homogeneity, surface
concentration excess.and rheological properties at pH 4.0. Besides we have investigated the bulk
conformation in _the presence of the two anions. In the presence of citrate only, interfacial layers
display well-defined domains of higher overall surface concentration suggesting multilayers
adsorption. Citrate also induces higher helical content and stabilises the protein against thermal
denaturation. Hence we propose that these changes are involved in the propensity of ovotransferrin

to self-assemble at the air-water interface resulting in thick and heterogeneous interfacial layer.
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Ovotransferrin; multilayers



1. Introduction

Ovotransferrin, also called conalbumin, is a member of the family of iron-bindings proteins. It
constitutes about 13 % of egg albumen proteins [1] and is a member of the transferrins, soluble
glycoproteins implicated in the regulation and transport of iron in vertebrates [2]. It is a protein of
known sequence and three dimensional structure [3, 4] whose isoelectric point (pl) is equal to 6.5.
Ovotransferrin is a glycoprotein with 686 amino acid residues and a molecular weight of
77700 kDa. It is organized in two lobes of similar conformation (lobe N and lobe C) linked together
with a short connecting peptide. Each lobe is made of two domains containing a single high-affinity
iron-binding site in the inter-domain cleft, enabling ovotransferrin to exhibit antimicrobial activity

through iron deprivation [5,6].

Even if several studies on ovotransferrin as iron-loading and iron-release mechanisms have
been devoted, little is known about functional properties of this protein. Yet, egg albumen proteins,
are widely used in food industry as foaming agents because of their excellent interfacial properties
[7-10]. Consequently, there has been much interest in understanding the relationships between
protein structure and interfacial properties [11-15]. In particular, two globular proteins off egg-
white, ovalbumin and lysozyme, have been extensively studied at the air—water interface. A large
set of data are available about essentially macroscopic aspects of its interfacial behavior like
tensioactivity, adsorption kinetics, interfacial shear and dilatational rheology [16-32]. It is not the
case of ovotransferrin which is the second most abundant protein in hen egg albumen: as far as we
know, no research work has been devoted to its adsorption kinetics at the air-water interface and to

the influence of bulk protein concentration on the kinetics.

In a previous work [33], we have investigated the adsorption behavior of apo-ovotransferrin
and its interfacial properties at its iso-electric pH (pH 6.5) and in conditions of negative net charge
(pH/8.0),/in a four-decade concentration range. We have reported that no significant difference was
observed between pH 6.5 and 8.0 as regards the final value of surface concentration and surface
pressure. However at low concentration, a weak barrier to adsorption is evidenced at pH 6.5.
Moreover at a pH where the protein net charge is negative (pH 8.0), the behavior of ovotransferrin
at the air—water interface is more influenced by charge effects rather than bulk concentration effects.
At this pH, the interface exhibits a low shear viscoelastic constant and a spectral signature not usual

for globular proteins.

From these results, directions of further experiments have been proposed to obtain

information about the adsorption of ovotransferrin at the air-water interface in conditions of positive
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net charge (pH 4.0). In the present work, we describe the effect of two different buffers (same pH
and ionic strength) on its adsorption. Several techniques were used to characterize in situ the time
evolution of the physical properties and structure of the interfacial films. Ellipsometry and surface
pressure measurements allowed us to estimate the amount of protein at the interface and to
determine lateral interactions, respectively. On the other hand, surface rheology was used to detect
the development of a rigid network at the interface while circular dichroism has allowed study of

the conformation change of ovotransferrin in two acid buffers.

2. Experimental
2.1. Materials

Iron-free ovotransferrin was isolated from hen egg albumen by a two-step chromatographic
procedure by using an anion exchanger as already described [34]. Briefly, batches of egg albumen
were first diluted with 2 volumes of 20 mM Tris-HCL and the mixture was adjusted to pH 6.0 with
1 M HCI. The precipitated material was discarded by centrifugation and the Tris-egg albumen
mixture was adjusted to pH 8.2 with 5 M NaOH, then centrifuged in order to remove insoluble
material. Egg-white proteins were separated on a Q-Sepharose Fast Flow anion exchanger
(Pharmacia Biotech AB, Saclay, France) column connected to a BiopilotTM system (Pharmacia
Biotech AB) equipped with 280 nm UV and conductivity detectors. Bound material was recovered
by using an isocratic elution program with a 67 mM sodium phosphate buffer containing 0.5 M
NaCl. In a second step, ovotransferrin was further purified by a conventional preparative column
chromatography where the bound material was eluted by a linear gradient of NaCl concentrations
from O to 0.1 M in120 min. Ovotransferrin fractions were desalted by diafiltration with deionised

water and lyophilized.

The effect of two buffers on ovotransferrin was studied at the concentration of 100 pg.mL™
at pH 4.0 at the same ionic strength (/=27 mM): 20.8 mM sodium citrate and 182 mM sodium

acetate.

2.2. Ellipsometry, Brewster angle microscopy and surface pressure measurements

The ellipsometric measurements were carried out with a house-made null-ellipsometer
operated with He-Ne laser (A=632.8 nm, Melles Griot) polarised with a Glan-Thompson polariser

[35]. The ellipsometric angles A, precision of 0.5 °, and surface pressure II, precision of
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0.5 mN.m™', were recorded simultaneously. The surface pressure was measured using a Wilhelmy
plate. The volume of the Teflons sample trough was 8 mL. The protein was diluted in the buffer and
poured into the trough directly after preparation. All the experiments were performed at least thrice
at room temperature in the range 19-21 °C. The volume of liquid in the sample trough was adjusted
to the initial volume by injecting buffer in the subphase with the help of a peristaltic pump which
allows following adsorption kinetics over long periods (40 hours) getting rid of the phenomenon of
evaporation. In the conditions of Fig. 1 (low bulk protein concentration, early adsorption stages),
the surface concentration, I', of adsorbed protein was estimated using the measured. ellipsometric
angle, A. Figure SI 1 shows that in a small range of A values, corresponding to the early stages of
adsorption at low bulk concentrations, for thicknesses consistent with what has been described for
monolayers of other globular proteins [32], the surface concentration T' can be linearly
approximated from the ellipsometric angle A (I' ~ 0.2 x A). We used this linear estimation for the
data of Figure 1. However this estimation cannot be used outside of this low range or when the
interfacial layer thickness cannot be assumed to be comparable to the thickness of a globular protein
monolayer. Except for the data of Figure 1, which needed to be compared with data from literature,

we chose to use raw A values to compare semi-quantitatively the different adsorption kinetics.

A Brewster angle microscope (BAM) was mounted allowing the visualisation of the surface
during the adsorption of the protein [36]. On the same device as for ellipsometry and surface
pressure measurements (i.e. on the same air-solution interface) but orthogonally to the ellipsometric
optical plane, a CCD camera collected the specular reflection of a p-polarized He-Ne laser on the
air-solution interface. The incidence of the laser was set to the Brewster angle for the air-water
interface, i.e. the incidence for which, according to the Fresnel equations, the p polarization

(parallel to the incidence plane) is perfectly transmitted through the interface, with no reflection:
OBrewster = arctan(Nyater / Nair) (D)

with Nyaer @and ny;; the refraction indices of water and air, respectively Opewsier approx. 53.11 °).
Thus, on' pure water, there is no reflected light, and the overall light intensity monitored by the
camera is minimal. In the presence of an adsorbed interfacial ovotransferrin layer, the grey-level
pattern of the BAM image reflected changes in the interfacial refractive index, i.e. in-plane

heterogeneity in the protein adsorbed amount.



2.3. Shear viscoelastic constant measurements

The rheometer used [37-39] is based on the action of a very light float applying a rotational
strain to the surface through a magnetic couple (with a pair of Helmoltz coils and a small magnet
pin deposited in the float). Practically, at the center of a 48 mm diameter Teflon® trough, a 10 mm
diameter Teflon®-coated aluminium disc floats at the air-water interface, surrounded by the surface
whose rigidity was measured. The sub-phase was 5 mm deep. The float carries a small magnet and
was kept centered in the trough by a permanent field of 2.10” T, parallel to the Earth’s field, created
by a small solenoid located just above the float. Sensitive angular detection of the float rotation was
achieved using a mirror fixed on the magnet that reflects a laser beam onto a differential
photodiode. A sinusoidal torque excitation was applied to the float in the 0.01-100 Hz frequency
range, by an oscillating field perpendicular to that of the solenoid. The latter field acts as a restoring
torque equivalent to a surface having a 0.16 mN.m' rigidity. On pure sub-phase, this device

behaves like a simple harmonic oscillator. Amplitude and phase of the angular response 0 were

measured, and considered to reflect directly the rotational strain of the surface.

For the experimental procedure, the amplitude and phase of the mechanical response of the
pure sub-phase was first analysed in the frequency range 0.01-100 Hz to assess that no rigidity was
detected and to obtain the eigenpulsation of the system in the absence of visco-elastic interface.
This measurement takes approximately one hour. Then, the protein solution was directly poured in
the through and after 20 h of adsorption the complex rotational amplitude was measured as a
function of the excitation frequency. A driven, damped harmonic oscillator model was adjusted to

the movement of the float and the complex rotational amplitude of the float then is:
90 = ((,002(10) / ((,002 -2+ iY 0)) (2)

where oy is the excitation angle imposed by the magnetic field, ® is the pulsation, y the damping
coefficient, and ¢ is the eigenpulsation of the system. The complex rotational amplitude is

measured as a function of the excitation frequency, and the real and imaginary parts of the model



are both fitted to the data, using the eigenpulsation as a fitting parameter. If the fit is good, it can be
asserted that the layer behaves as a visco-elastic layer. In the opposite case, when the visco-elastic
model does not fit satisfactorily the data, we can just assert that more complex rheological effects
are implied (fractures, creep...). All the experiments were performed at room temperature in the

range 19-21 °C.

2.4. Circular dichroism

Circular dichroism (CD) spectra were recorded at 25 °C on a Jasco 810 (Jasco, Bouguenais,
France) spectropolarimeter equipped with a thermostatted cell holder.-Three spectra recorded at
50 nm.min"" were averaged for each sample. Quartz cells with 2 mm light path length were used for
measurements. Protein concentrations were 0.77 g.l'1 for ovotransferrin to obtain absorbance at
280 nm, between 0.8 and 1.0. Far-UV CD-spectra_ were recorded from 180 to 250 nm with a
0.02 cm light path. Near-UV CD-spectra were recorded from 250 to 330 nm with a 1 cm light path.

CD-spectra were expressed in terms of molar ellipticity.
(0,1 = (3300:* AA,;) / (C*d) 3)

where [0,], is the molar ellipticity at wavelength k, expressed in deg.cm?.dmol”, AA, is the
difference of absorbance of right- and left-circular polarized light of equal intensity and of the same

wavelength A, C is the‘mean residue concentration when the far-UV CD-spectrum was reported and

the protein molarity in the near UV region, and d (cm) is the light path.

Ovotransferrin charge was calculated with the BioPerl toolkit using the Emboss set of

residue pK [42,43].

2.5. Thermal analysis

Differential Scanning Calorimetry (DSC) was used to assess the changes in proteins
conformation induced by thermal denaturation [40]. DSC was performed using a Q1000 differential
scanning calorimeter (TA Instruments, Paris, France). A volume of 90 uL. of protein solution was
poured in hermetic stainless steel pans, and water was used as the reference. The heat-up ramp is

from 4 to 120 °C at a heating rate of 2 °C.min"'. The ovotransferrin peak denaturation temperature,



determined using TA data analysis software, is taken as characteristic value of the denaturation

degree, and the overall enthalpy of denaturation is calculated from 50 to 90 °C.

3. Results

3.1. In the first steps of adsorption citrate favors interfacial self-assembly

We have compared the very first steps of adsorption by plotting the surface pressure versus
surface concentration at the lowest concentration for which the surface pressure is different from
zero, i.e 1 pg.mL-1 in citrate and 3 ug.mL-1 in acetate (Fig. 1). The acquisition frequency of our
null-ellipsometry setup is limited to 5-6 measurements per minute. Therefore, the respective
adsorption kinetics were adjusted, via the respective concentrations, to observe both surface

pressure and surface concentration in the time window where they start to increase.

In the case of diffusion-driven adsorption, Ward and Tordai have shown that the surface

concentration varies as the square root of the time t (Eq. 4) [43]:
['(t) = 2¢o(Dt/n) 4)

where D is the diffusion coefficient, from the bulk to the interface. Therefore, the initial part of the
I' versus t"* plot at low concentrations should be linear and the diffusion coefficient can be
extracted experimentally.However, when an energy barrier is present, the measured diffusion
coefficient extracted from the linear regime is an apparent one [28]. Nevertheless, this parameter
allows a comparison between proteins and is usually found in the 10" m?.s™ range for small objects
in solution. This linear regime was actually observed for ovotransferrin at pH 4.0 in citrate at
1 pgmL' and fin acetate at 3 pg.mL' (Fig. SI 2), and the D values were 6.59 x 10" and

9.47x 10" m%s™, respectively.



Surface pressure (mN.m'1)

Gamma (mg.m'z)

Fig. 1. Surface pressure (II) versus surface coneentration (I') for the lowest subphase
concentrations for which the surface pressure is initiated: 1 ug.mL" for ovotrasnferrin in citrate
(open squares) and 3 pg.mL’ in acetate’ (filled circles). The insert in the BAM pictures

(430%540 pm?) shows the images of the surface for a pressure equal to 0 mN.m™' and 4 mN.m™’

Fig. 1 shows for ovotransferrin in the presence of citrate an initial decrease in surface pressure
prior the expected final increase, while no decrease is observed for ovotransferrin in acetate. This

point will be detailed further in the discussion section.

The plot of surface pressure versus surface concentration for low subphase concentration
allows to extract two parameters relevant for the description of the very first steps of adsorption.
First; the minimum surface concentration, 'y, necessary to initiate surface pressure is related to the
extent of cohesive interactions between the adsorbed molecules [44]. Values of I'y in citrate and in
acetate are similar (0.92 and 0.78 mg.m™ respectively) which is consistent with values of several
proteins lie between 0.1 and 1.2 mg.m™ [44]. It is the case for ovotransferrin at pH 6.5 and at pH 8.0
(0.77 and 0.45 mg.m™ respectively) [33].

The second parameter extracted from Fig. 1 is 6, the instantaneous surface pressure increase
as a result of adsorption of 1 mg of protein per m? This parameter has a value of around
13.0 mN.m.mg"" for ovotransferinn at pH 4.0 in the two buffers, that is consistent with those of

literature for bovine B-casein and caprine o -casein (9.0 and 12.0 mN.m.mg", respectively) [45].
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This 6 value is twice as ovotransferrin at pH 8.0 and 6.5, indicating that at pH 4.0, indicating that
the magnitude of interactions in the interfacial film is rather strong in the first steps of adsorption

[44].

The adsorption kinetics were also followed by Brewster angle microscopy to observe the
formation of the film at the air-water interface. BAM images were performed at different stages of
adsorption and especially when the surface pressure is equal to 0 and 4.0 mN.m™" as shown.inserts
in Figure 1. The image resolution is of the order of microns. On the adsorption of ovotransferrin at
3pug.mL™’ in acetate, no domain is observed which indicates a very homogeneous film at the
micrometer scale. In contrast, the films formed for ovotransferrin at 1 ug.mL™" in citrate show a
strong heterogeneity with domains observed from the first moments of the adsorption. We can see a
coexistence of heterogeneous liquid condensed (circular domains) and homogeneous liquid

expanded domains (dark image).

3.2. Interfacial heterogeneity in the presence of citrate

Adsorption kinetics were also monitored by ellipsometry for 40 h for a bulk concentration
of 100 u g.mL'1 at pH 4.0 in citrate and acetate. Fig. 2 shows plots of the ellipsometric angle A as a

function of the adsorption time for these two buffers.

At pH4.0 in acetate, kinetics of adsorption for a bulk ovotransferrin concentration of
100 ug.mL™" are typical for globular proteins and comparable with those obtained with ovalbumin
[22] and ovotransferrin [33]. A final plateau value close to 12° is rapidly reached during the
adsorption kinetics ~which is consistent with the formation of a saturated monolayer

[22,26,31,41,42].

At pH 4.0 in citrate, there is a large variability in the data set. Fig. 2 shows a shaded area
corresponding to the variability of 11 kinetics obtained for ovotransferrin in this buffer. Values of
the angle A, which reflects the surface concentration excess, vary from one to three after 40 h (from
17 to 52 °). Two of the eleven kinetics are similar to those obtained with acetate reminiscent
monolayers while the nine others have very high values of delta. In that case, the fact that the A
value of ovotransferrin is much higher than the expected A value for a monolayer of a protein
suggests that multilayers are formed at the air—water interface. Moreover, in many cases, the
ellipsometric angle, did not reach stabilized values and kept on increasing for hours. Our

interpretation will be detailed in the discussion section.
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Fig. 2. Adsorption kinetics followed by ellipsometry measurements during 40 hours for a bulk
concentration of 100 pg.mL'1 at pH 4.0 in citrate (open squares) and acetate (filled circles). The

shaded area corresponds to the variability of 11 kinetics obtained for the ovotransferrin in citrate.

Adsorption kinetics have also been studied with surface pressure measurements. Fig. 3
shows the surface pressure versus time at pH 4.0 with the two buffers for a bulk concentration of
ovotransferrin of 100 pg.mL'l. In these two buffers, surface pressure showed a saturating profile,
typical for surface-active globular proteins with plateau values in the 20-22 mN.m™" range (Fig. 3).
For comparison, values obtained for ovotransferrin at pH 6.5 and 8.0 at this concentration are close
to 18 mN.m' [33]. However, if the final value is the same, kinetics of surface pressure are different
on shorter time. Inset in Fig. 3 shows adsorption during 2 hours in citrate and acetate. The pressure
values are higher in the early moments of kinetics in the case of ovotransferrin at pH 4.0 in citrate
indicating that the ovotransferrin layer is organized more quickly to the air-water interface in this

buffer.
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Fig. 3. Surface pressure versus adsorption time (40 hours) for a bulk concentration of 100 ug.mL"
at pH 4.0 in citrate (open squares) and acetate (filled circles). Inset shows adsorption during 2 hours

in citrate (open squares) and acetate (filled circles)

3.3. In the presence of citrate the interfacial layer is not viscoelastic

In parallel to the ellipsometry measurements, we have carried out rheology measurements
with a set-up dedicated to the study of viscoelastic interfacial layers. The mechanical response of
the layer has been measured as a function of the excitation frequency after 20 h of adsorption. This
time was chosen to take into account the time scale of protein rearrangements in the interfacial
layer. A fit of the data (real and imaginary parts of the rotational amplitude of the float) using an
viscoelastic model (Fig. 4a,b, solid line) has allowed to determine whether the films behave like a
viscoelastic film or if more complex rheological effects are involved. An increase in the shear
viscoelastic constant is reflected by a shift of the curves towards high frequencies. Typical

behaviors for ovotransferrin at 100 pg.mL™" in citrate and acetate are shown in Fig. 4a,b.

These surface rheology measurements show that at a bulk concentration of ovotransferrin at
100 ug.mL" in acetate (Fig.4b), a viscoelastic model fits adequately the rheological response of

ovotransferrin films, which is consistent with a viscoelastic interfacial layer. On the contrary to
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ovotransferrin at 100 ug.mL" in citrate (Fig.4a) for which the viscoelastic model does not fit the

mechanical response.
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Fig. 4. Amplitude of the rotational motion of the float as a function of excitation pulsation,
measured 20 h after the beginning of the adsorption of ovotransferrin at a bulk concentration of

100 p g.mL'1 in citrate (a) and acetate (b)

3.4. Citrate slightly increases helical content and affects the tertiary structure

We have also studied circular dichroism spectroscopy of ovotransferrin in two acid buffers.
Far-UV CD spectra enabled us to evaluate the protein secondary structure (Fig.5a) and any change
in the environment of aromatic residues and disulfide bonds results in a modification of the near-
UV CD spectra (Fig.5b).

Far-UV 'is used to study the change of secondary structure of secondary structure of

ovotransferrin by monitoring the peaks of the corresponding 0-helix and B-sheet. It is known that,

when a protein essentially existed in the d-helical conformation, two negatives bands at ~ 209 nm
and ~ 222 nm, and a positive band at ~ 190 nm are observed [46,47,48]. On the other hand, for the
existence of a P-sheet, a positive and negative band appeared at 190 and 215 nm, respectively
[49,50].

The CD-spectrum of ovotransferrin in citrate has broad negative ellipticity at 209 and
223 nm (to a lesser extent) together with two positive maximum (very noisy spectra) at ~ 193 and ~
199 nm. These results suggest that the structure of ovotransferrin in this buffer is predominately o-

helical. On the other hand, our CD data show, at pH 4.0 in acetate, a decreasing in negative
ellipticity with three small peaks around 201, 212 and 217 nm and a positive maximum at ~
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193 nm. This decrease in intensity of the bands around 209 and 222 nm suggests a lower proportion
of a-helices in this case. Consequently, the protein secondary structure of ovotransferrin in the two
buffers is not exactly the same.

CD spectra in near UV region were used to examine the potential effect of two different
buffers on tertiary structure of ovotransferrin. The near UV spectra of ovotransferrin in citrate and
in acetate reveal three negative ellipticity peaks at around 277, 285 and 296 nm and single shoulder
at 291 nm. These results are in agreement with those obtained in the literature to the native state of
ovotransferrin [7,51]. As can be observed, the peaks at 277, 285 and 291 nm tend to diminish. The
structural changes observed at 277, 285 and 291 nm could be attributed to aromatic amino acid Phe,
Tyr and Trp environment [51]. Consequently, the decrease in the peak intensityin acetate reflects

subtle changes in the tertiary structure affecting the environment of aromatic amino acid.
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Fig. 5. Far- (a) and near- (b) UV CD-spectra of ovotransferrin in citrate (open squares) and in

acetate (filled circles) at pH 4.0

3.5. Citrate stabilizes ovotransferrin against thermal denaturation

Differential Scanning Calorimetry (DSC) was used to assess the changes in proteins
conformation induced by thermal denaturation. The lower scan in Fig.6 was obtained on
ovotransferrin in citrate and shown a single peak centered near 81.3 °C. Ovotransferrin in acetate is

also detailed in the upper trace in Fig.6 where a single peak centered near 77.4 °C is seen.
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Therefore in solution, we can conclude that ovotransferrin is stabilized in the presence of

citrate (highest denaturation temperature observed).

Heat flow

60 65 70 75 80 85 90 a5 100
Temperature (°C)

Fig. 6. DSC scans on ovotransferrin in citrate (lower trace) and in acetate (upper trace) at pH 4.0.

For clarity, DSC traces in this figure have been arbitrarily shifted on the ordinate scale

4. Discussion

The present study was undertaken to characterize the properties of the interfacial film formed
by adsorption of ovotransferrin in two different acid buffers (same pH and ionic strength).
Complementary techniques have been coupled such as null ellipsometry, which probes up to a
thickness of about 100 nm, surface tension which is sensitive to the very first layer, shear
viscoelastic constant which reflects the macroscopic mechanical properties of the interfacial film, as

thermal and structural analyses to acquire conformational information.

At low initial concentration, ovotransferrin adsorption, as measured by ellipsometry, is
diffusion-driven. Below the critical surface concentration I'y, where no measurable surface pressure
is detected, the average distance between molecules might be too high to allow interactions.
Regardless of the buffer used, values of I'y are close to 0.8-0.9 mg.m™. These results suggest that

ovotransferrin needs as much matter at the interface in citrate or in acetate to initiate lateral
interactions. We also observed the same trend for the values of O, the instantaneous surface
pressure increase upon adsorption of 1 mg of protein per m?2. However, we can observe that in the

presence of citrate, a weak barrier to adsorption is revealed by the first decrease of the surface
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pressure before the usual increase of the surface pressure with the surface concentration. This
phenomenon, known as the “image charge effect” has been mentioned by others [29,42,52-56]. This
barrier effect was already observed for ovotransferrin at pH 6.5 but non-existent at pH 8.0 [33].
Sengupta et al. [29] showed that generally, negatively charge proteins exhibit an attraction toward
the air-water interface contrarily for positively charged proteins which face up to an energy barrier
for their adsorption. This seems to be the case for ovotransferrin in citrate at pH 4.0 where the
global net electric charge is equal to +55. However it is quite surprising not to have the same
behavior for ovotransferrin in acetate as its net charge is the same. This difference was also noticed
thanks to Brewster angle microscopy. The interfacial films in citrate show a strong heterogeneity
with circular domains of heterogeneous liquid condensed revealing an increased assembly capacity
from the first moments of the adsorption contrary to the ovotransferrin-behavior in acetate. These
observations seem to suggest a potential impact of ions on ovotransferrin which will be discussed in

detail later.

At 100 pg.mL-1, the ellipsometric angle A as a function of the adsorption time also shows
some differences between the two buffers. In acetate; the value of protein surface concentration is
about 2.5 mg.m” which is close to the expected value at saturation for apo-ovotransferrin
considering its molecular dimensions (10 x 6 x 5 nm3) [57]. In citrate, there is a large variability in
the data set with values of A from 17 to 52 ° which are much higher than the expected value for this
protein. This variability could be interpreted as an experimental lack of reproducibility. However,
we exclude this hypothesis, for this behavior was only observed in the presence of citrate, while
reproducible kinetics were systematically obtained in the presence of acetate, as for other proteins
[16,17]. We think that this variability of the kinetics in the presence of citrate reflects in-plane
heterogeneity of the interface, as suggested by the domain formation shown by BAM images in the
early stages of adsorption. Thus, when the interfacial layer shows local variations of the adsorbed
protein amount,. the tiny laser footprint (at most a few square millimeters) isolates a very local A
value which cannot be considered as a representative average of the whole interface. The kinetics
with the highest A values, which are the most frequent ones, were most probably obtained when the
laser illuminated "dense", multilayer domains. On the other hand, kinetics with the smallest A

values were obtained when the laser illuminated the monolayer background.

In the present work, a difference has also been observed with kinetics of surface pressure on
shorter time. Indeed, in citrate the ovotransferrin layer is organized more quickly to the air-water
interface in this buffer. If the pressure values are higher in the early moments of kinetics in the case
of citrate, it is not the case for final values (around 21 mN.m™) typical for globular proteins

[31,33,58-62]. This result suggests that the in-plane organization of ovotransferrin is identical
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regardless of the type of buffer, while proteins in the sub-subphase seem to assemble differently

with increased capacity of assembly in the presence of citrate.

Several studies have shown the interest of the combined use of ellipsometry, surface pressure
and shear viscoelastic constant measurements [16,37,39,60,63]. In the present case, our findings
suggest that the ovotransferrin film in acetate exhibits a high viscoelasticity which is not the case
for the ovotransferrin film in citrate. This not purely viscoelastic behavior has already been
observed in previous work for lysozyme, another major protein of egg albumen, which forms
multilayers under specific conditions [16]. The rheological surface properties are considered to
depend on rearrangements of protein structure within the film [64]. In our experimental conditions,
at pH 4.0, citrate owns between one or two negative charges (pKal = 3.13, pKa2 = 4.76, pKa3 =
6.40) and acetate between zero and one negative charge (pKa = 4.76). A possible hypothesis would
be that the citrate creates electrostatic bridges between the molecules of ovotransferrin to allow an
attractive assembly process. This is in agreement with the statement of Graham and Phillips [65]
that in addition to the contribution of intermolecular associations, the intramolecular cohesion, i.e.
the residual native structure of adsorbed globular proteins plays a significant role in the rheological

properties of interfacial films.

In order to study secondary and tertiary structure of ovotransferrin in these two acid buffers,
experiments of far-UV CD and. near-UV CD were performed. Our results suggest that
ovotransferrin conformation in the interfacial film is not exactly the same in the two buffers. Indeed

the CD-spectrum of ovotransferrin in citrate suggests that the structure of ovotransferrin in this

buffer is predominately 0-helical, whereas in acetate, the CD-spectrum suggests a lower proportion

of a-helices. In its native form, apo-ovotransferrin owns a secondary structure with 25 % helices
and 11 % b-sheets (PDB ID laiv) [66]. In the case of citrate, our data (far- and near-UV CD) are
consistent with those obtained for the native form, especially studied by Lechevalier et al. [7,8] and
Rabbani et al. [51], this is quite surprising in an acid pH. This trend is confirmed by DSC
measurements where ovotransferrin is stabilized in the presence of citrate (highest denaturation
temperature observed). In acetate, our results can be compared with those obtained by Rabbani et al.
[51] in the same experimental conditions. These authors showed ovotransferrin existed exclusively
as a pre-molten globule state at pH 4.0 in sodium acetate. In fact under acidic conditions, ionisable
side chains of the protein get protonated which facilitates the formation of a pre-molten globule or
molten globule state, caused by a resultant charge-charge repulsion which consequently leads to

protein unfolding and formation of acid-denatured state [67,68].
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The transferrins, which include ovotransferrin, are a class of iron-binding proteins that require
the presence of carbonate, a synergistic anion. Other anions, particularly small carboxylic acids can
also function as synergistic anions in the absence of carbonate [69,70]. Several studies on
ovotransferrin as iron-loading and iron-release mechanisms have been devoted. Recently, a review
written by Harris [71] detailed the binding of anions to the apoprotein as well as the formation and
structure of Fe-anion-transferrin ternary complexes. Other inorganic anions are able to bind to apo-
ovotransferrin including sulfate and phosphate [72-75] and to modify the temperature Ty, causing
aggregation of ovotrasnferrin. This is also the case for citrate which could raise temperature Ty, of
ovotransferrin about 5-7 °C at neutral pH [76]. At pH 4.0 in citrate value of Ty, is close to T, in the
diferric form (82 °C at pH 7.5) [77]. When ovotransferrin binds iron thanks to_its active sites, it
gives rise to a conformational change and increases resistance heating [77,78]. The same tendency
has been observed with addition of aluminium at neutral pH [79]. In this work, even if the presence
of citrate increases Ty, it seems not to change secondary or tertiary structure. Oe et al. [74]
observed that the anion-binding (especially citrate) markedly protected the N-terminal half
molecule from trypsin digestion and disulfide reduction by DTT, and yet no difference in CD
spectra was seen between in the presence and absence of an anion. Therefore, despite moderate
conformational changes between ovotransferrin in citrate and in acetate, different interfacial
behaviors are observed, particularly with fluctuating adsorption in citrate with multilayers. It is
interesting to note the only difference between the two buffers (same pH and ionic strength) lies in
the nature of ions. According to Harris et al. [80], a dinegative charge appears to be the most
important criterion for anion binding which is not the case of acetate. Therefore besides the
hypothesis of electrostatic bridging mentioned above, the hypothesis of conformational impact of

citrate binding must also be kept in mind.

5. Conclusion

Identification of the key physicochemical parameters of proteins that determine their
interfacial properties is still incomplete and represents a real stake challenge, especially for food
proteins. In a former study [81] we showed that very small structural changes are sufficient to affect
strongly the air-water interfacial behavior of globular protein: a physical treatment such as dry
heating of lysozyme dramatically increases its propensity to self-assemble. In the present work, we
show that citrate ions induce moderate conformational changes of apo-ovotransferrin. Hence we
propose that these changes are involved in the propensity of ovotransferrin to self-assemble at the

air-water interface resulting in thick and heterogeneous interfacial layer. In contrast, in the presence
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of acetate, apo-ovotransferrin adsorbs at the air-water interface, producing a single molecule layer

with mechanical properties similar to those of other globular protein systems.
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Figure captions

Fig. 1. Surface pressure (II) versus surface concentration (I') for the lowest subphase
concentrations for which the surface pressure is initiated: 1 pg.mL" for ovotrasnferrin in citrate
(open squares) and 3 pg.mL'1 in acetate (filled circles). The insert in the BAM pictures (430*540

um?) shows the images of the surface for a pressure equal to 0 mN.m™' and 4 mN.m"'

Fig. 2. Adsorption kinetics followed by ellipsometry measurements during 40 hours for a bulk
concentration of 100 pg.mL™" at pH 4.0 in citrate (open squares) and acetate (filled circles). The

shaded area corresponds to the variability of 11 kinetics obtained for the ovotransferrin in citrate.

Fig. 3. Surface pressure versus adsorption time (40 hours)-for a bulk concentration of 100 ug.mL™"
at pH 4.0 in citrate (open squares) and acetate (filled circles). Inset shows adsorption during 2 hours

in citrate (open squares) and acetate (filled circles)

Fig. 4. Amplitude of the rotational motion of the float as a function of excitation pulsation,
measured 20 h after the beginning of the adsorption of ovotransferrin at a bulk concentration of 100

u g.mL'l in citrate (a) and acetate (b)

Fig. 5. Far- (a) and near- (b) UV CD-spectra of ovotransferrin in citrate (open squares) and in

acetate (filled circles) at pH 4.0

Fig. 6. DSC scans on ovotransferrin in citrate (lower trace) and in acetate (upper trace) at pH 4.0.

For clarity, DSC traces in this figure have been arbitrarily shifted on the ordinate scale
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Graphical abstract

Interfacial measurements of ovotransferrin in citrate and acetate buffer: surface pressure versus

surface concentration and BAM images of the surface.

in at pH 4.0

I (mg.m™)
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Research highlights

» In the first steps of adsorption citrate favors interfacial self-assembly.
P Interfacial heterogeneity in the presence of citrate.

» In the presence of citrate the interfacial layer is not viscoelastic.
P Citrate slightly increases helical content and affects the tertiary structure.
P Citrate stabilizes ovotransferrin against thermal denaturation.
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