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Abstract The molecular properties of egg white oval-
bumin adsorbed at the air/water interface were studied
using infrared reflection absorption spectroscopy
(IRRAS) and time-resolved fluorescence anisotropy
(TRFA) techniques. Ovalbumin adsorbed at the air/
water interface adopts a characteristic partially
unfolded conformation in which the content of the
f-sheet is 10% lower compared to that of the protein in
bulk solution. Adsorption to the interface leads to
considerable changes in the rotational dynamics of
ovalbumin. The results indicate that the end-over-end
mobility of the ellipsoidal protein becomes substan-
tially restricted. This is likely to reflect a preferential
orientation of the protein at the interface. Continuous
compression of surface layers of ovalbumin causes local
aggregation of the protein, resulting in protein—network
formation at the interface. The altered protein—protein
interactions contribute to the strong increase in surface
pressure observed.
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Introduction

One of the main issues in interface science is to unravel
the key mechanisms defining the formation and stability
of colloidal systems by the adsorption of surface-active
components. In-depth knowledge on the molecular
properties of components, like proteins, at air/water or
oil/water interfaces is essential in order to elucidate the
mechanisms behind the formation and stability of foams
and emulsions, and to understand the protein specificity
in these mechanisms. It has been reported that proteins
spontaneously adsorb from an aqueous solution to the
air/water interface, probably due to energetically
favorable dehydration of hydrophobic regions of the
protein surface. It is generally believed that, upon
adsorption, globular proteins unfold and form an
interfacial surface layer exhibiting viscoelastic properties
(Graham and Philips 1979, 1980; Pezennec et al. 2000).
To study the molecular characteristics of proteins
adsorbed at the interfaces, various techniques have been
used during the last decade, including ellipsometry,
neutron and X-ray reflectivity, circular dichroism, fluo-
rescence microscopy, atomic force and near-field optical
microscopies (Dickinson et al. 1993; Kopelman and Tan
1993; Atkinson et al. 1995; Gunning et al. 1996; Visser
1997; Elwing 1998; Harzallah et al. 1998; de Jongh and
Meinders 2002). In a few studies, Blodgett films were
used to study the conformation and aggregation state of
proteins at interfaces (e.g. Wustneck et al. 1996; Blaudez
et al. 1999; Pezennec et al. 2000), but on-line measure-
ments have not been published thus far.

It has been recently demonstrated (Meinders et al.
2000, 2001; Meinders and de Jongh 2002) that infrared
reflection absorption spectroscopy (IRRAS) can provide
detailed information on the molecular properties of
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proteins adsorbed at the air/water interface, such as the
concentration of the protein at and near the interface,
the thickness of the surface layer and the protein sec-
ondary structure in this layer. This technique has an
estimated penetration depth of 400-500 nm and allows
the analysis of relatively thick surface layers. Time-re-
solved fluorescence anisotropy (TRFA) measurements
allow the monitoring of the internal and overall rota-
tional dynamics of proteins and yields information on
the protein spatial structure, like domain structure or
protein aggregation state. While TRFA is widely used to
study protein structure in solution (Szabo 1984; Brand
et al. 1985; Vos et al. 1987; Digris et al. 1999; Lakowicz
1999; Kudryashova et al. 2001, 2002), this paper is the
first report on the application of fluorescence in external
reflection mode to study the properties of proteins ad-
sorbed at the air/water interface.

In this work we focus attention on the structural
properties of egg white ovalbumin, a protein often ap-
plied in food colloidal systems. Both the conformational
and dynamic properties of this protein adsorbed to air/
water interfaces are studied using two spectroscopic
methods (IRRAS and TRFA) in combination with
Langmuir balance measurements. We demonstrate that
the combination of both approaches provides new in-
sights into protein structural changes upon adsorption
at the air/water interface and under conditions of sur-
face layer compression at a protein molecular level in
relation to surface rheological data. Such insights might
contribute to the understanding of the protein specificity
observed in foam formation and stabilization.

Materials and methods

Ovalbumin purification

Ovalbumin was purified from fresh hen eggs using the following
semi-large-scale procedure. The egg white and yolk from nine eggs
were separated by hand. To the egg white fraction, which had a
volume of 300 mL, 600 mL of a 50 mM Tris-HCI buffer (pH 7.5)
containing 5 mM f-mercaptoethanol was added. This solution was
stirred for 24 h at 4 °C. Subsequently, the solution was centrifuged
for 30 min at 14,000 rpm and 4 °C. The pellet was discarded, while
1800 mL of 50 mM Tris-HCI (pH 7.5) was added to the superna-
tant. After a period of 30 min gentle stirring, the solution was
filtered over a paper filter and subsequently 500 g of DEAE
Sephadex CI-6B (Pharmacia) was added, followed by overnight
incubation at 4 °C under gentle stirring. Next, the solution was
filtered over a glass filter (G2) followed by extensive washing with
10 L demineralized water and, subsequently, 5L 0.1 M NaCl.
Next, the protein was eluted stepwise with respectively 1 L of 0.1,
0.15, 0.2, 0.25 and 0.35 M NaCl. The 0.15, 0.2 and 0.25 M NaCl
fractions were pooled and concentrated using a Diaflow Ultrafil-
tration Device with a 10 kDa molecular weight cut-off membrane.
The concentrated solution was dialyzed extensively against
demineralized water and freeze-dried. The freeze-dried ovalbumin
(yield 8 g) was stored at —20 °C.

SDS-PAGE was performed on homogeneous 15% slabgels
using a Mini-PROTEAN II Electrophoresis system (BioRad).
Samples were dissolved in sample buffer containing 62.5 mM Tris-
HCI (pH 6.8), 1.25% SDS, 5% glycerol, 0.00125% bromophenol
blue and 1.25% p-mercaptoethanol and heated for 10 min at
100 °C prior to analysis. The slabgels were fixed and stained in

0.1% Coomassie Brilliant Blue R-250 in 40% methanol/10% acetic
acid solution and de-stained in 30% methanol/10% acetic acid
solution. The protein had a purity higher than 98%, based on
densitometric analysis of the gel.

Langmuir trough experiments

An automated computer-interfaced Teflon Langmuir trough
(NIMA 601M, UK) was used, with two compartments for the
sample and reference solutions, respectively. The sample com-
partment was equipped with two moving barriers. The dimensions
of the Langmuir trough were 10x26 cm (390 mL) for the sample
compartment and 5x26 cm (195 mL) for the reference compart-
ment. A pressure sensor (Langmuir balance) connected to a paper
Wilhelmy plate measured the surface pressure. Prior to a mea-
surement, the balance was calibrated using standard weights. The
surface tension (g() of the buffer solution in the reference com-
partment was 72.2 mN/m.

Typically, 390 mL of a protein solution ranging from 0.1 to
50 mg/mL in 10 mM phosphate buffer (pH 7.0; using Millipore
water) was transferred to the sample compartment. After cleaning
the surface using a sucking device with a micro-tip, the surface
pressure (n=o0-ay) of the protein solution was followed as a
function of time. The pressure-area (n—A4) isotherms were recorded
at a barrier speed of 3—6 cm/min, depending on the maximal area
used, to obtain compression rates of about 20% of the initial area
per minute (in our studies the maximal area is 230 cm?). Simulta-
neously, IRRAS or TRFA measurements were performed. All
experiments were carried out at 22+0.5 °C.

IRRAS measurements
Spectra acquisition

IRRAS spectra were acquired using an Equinox 50 FTIR spec-
trometer attached to an external reflection module (Bruker XA-
500) and equipped with a liquid nitrogen cooled MCT detector.
The spectrometer was placed on an optical bench table to minimize
and dampen external vibrations. The incident and refracting angle
of the infrared beam was 30° in all experiments described here. The
FTIR spectrometer was purged with a constant flow of dry air. For
the recording of attenuated total reflection (ATR) spectra a BioRad
FTS 6000 spectrometer was used equipped with an MCT detector
using a germanium crystal (45°, trapezoid, six internal total
reflections). The experimental equipment and measurement proce-
dure have been described in detail elsewhere (Meinders et al. 2000,
2001). Fourier transform infrared (FTIR) spectra (ATR and
IRRAS) were acquired from 1000 to 4000 cm™' with 2 cm™
spectral resolution. For each spectrum, 100 scans were accumulated
at 20 kHz scanning speed and averaged. Reference spectra of
protein-free samples were recorded under identical conditions.
External reflection absorption spectra of the protein are presented
as —log(Rprot/Rour), Where Rpo is the reflection spectrum of the
protein solution and Ry, is the reflection spectrum of the buffer
solution. The resultant spectra were smoothed with a nine-point
Savitsky-Golay smooth function to approximately 8 cm™".

Spectral simulation

To extract the information on the molecular properties of the
protein at the interface from IRRAS spectra, the experimental
spectra were simulated using absorption spectra as input. The
spectral simulation was carried out using recently developed soft-
ware described by Meinders et al. (2001) and based on the optical
theory widely used for the analysis of the data in ellipsometry,
X-ray and neutron reflectometry to determine layer thickness,
density profiles and optical parameters (Yamamoto and Ishida
1994). The details of the theory and application of the procedure



for simulation of IRRAS spectra are described elsewhere (Meinders
et al. 2000, 2001).

In short, the spectral simulation method is based on the strat-
ified layer model, considering a system consisting of a several
homogeneous layers (N) with a particular thickness (d) over the
solution. The optical properties of each layer are described by the
complex refractive index (7). For layer j this is defined as n; =
n; +1ik; and is a function of the wavelength (v). The real part n; is
the refractlve index. The imaginary part k; is the extinction coeffi-
cient that is related to the absorption coeﬁic1ent o by a=4nk/A,
with A being the wavelength of the light. It is the absorption
coefficient that is measured in ATR experiments. The ATR spec-
trum of a protein is used to represent the imaginary part of the
complex refractive index (the extinction coeflicient k; of the pro-
tem) The real part of the refractive index can be Cdlculdted from
the imaginary part using the Kramers—Kronig relation:

00)+;/ ‘;kfvv)z 4 M

where n(e) is the baseline refractive index. Using the Kramers—
Kronig transformation, the complex refractive index of the protein
solution can be related to the reflection spectrum, R(v). This
analysis is widely used and has been published elsewhere (Bardwell
and Dignam 1985), while here we only show the relevant equations:
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where ¢ is the phase shift.
7 = VRel? (3)

where 7 is the complex reflection coefficient and R is the reflectivity.
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where 79 and 7; are the refracting indices of the incidence and
reflecting medium, respectively, while 6y and 6; are the angles of
incidence and refraction, respectively (given for optical configura-
tion with only one reflecting surface and for s-polarization). In our
case the incidence medium is air, giving 7 =no = 1 and 6y = 6,
becomes real.

Based on this theory, the simulation IRRAS spectra can be
composed using absorption spectra (ATR-FTIR) as input. The fit
parameters are the proportionality constant relating the protein
ATR/absorption spectrum and the protein extinction coefficient,
the number of layers NV, the concentration of the protein c; for each
layer, and thickness d; of the layers above the substrate (1 < j<N).
In our case the system can be satisfactory described by air, a top
surface layer and a sub-phase. The introduction of additional layers
did not provide a better description of the IRRAS spectra, while
using a system consisting of only a single layer was not sufficient to
describe the spectra adequately. Hence, spectral simulation in our
case yields the top layer thickness (d), surface (or interface) and
sub-phase protein concentrations (respectively ¢; and c¢,). The
uncertainty in the fitting parameters is generally in the order of
10-30%, depending on the bulk concentration (for higher con-
centrations a broader concentration range describes the IRRAS
spectra equally well).

The secondary structure of the protein in the surface layer was
analyzed using spectral simulation by adjusting the ATR spectrum,
with reference spectra representing the secondary structure con-
tributions (for example —10% f-strand and +10% random coil).
The new composed absorption spectrum was then used as input
spectrum in the analysis. The details of the application of the
simulation procedure have been described before (Meinders et al.
2000, 2001). In a similar way, the degree of aggregation of the
protein adsorbed at the interface was estimated, taking into
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account the anti-parallel f-sheet structure as an additional com-
ponent of the secondary structure of the protein. It has been shown
(Dong et al. 2000) that aggregation of ovalbumin is accompanied
with the formation of anti-parallel f-sheets, which is characterized
by the peak wavelengths in the amide I region (1624 and
1693 cm™ ) well distinct from the parallel f-structures (1638 and
1686 cm™"). The formation of the anti-parallel -structure was used
as a criterion for evaluation of the degree of aggregation of oval-
bumin at the interface.

TRFA measurements

TRFA measurements were carried out using mode-locked contin-
uous wave lasers for excitation and time-correlated single photon
counting as the detection technique. The measurements in cuvettes
were carried out as described before (Kudryashova et al. 2001). The
frequency of excitation pulses was 951.2 kHz; the excitation
wavelength was 300 nm. For fluorescence and anisotropy lifetime
measurements of the protein adsorbed at the air/water interface (in
the Langmuir trough), the setup was slightly adapted (see Fig. 1).
The polarization direction of the excitation beam was changed to
the horizontal, parallel to the plane of the interface; the beam was
grazing the interface at 80° with respect to the normal. The
detection direction was vertical. A set of two identical lenses was
used to collect the fluorescence of the boundary layer and then
focus that fluorescence at the input slit of a double monochromator
(CVI, Albuquerque, NM, USA, model CM 112, with the gratings
in a subtractive dispersion configuration). Between these lenses a
computer-controlled sheet-type polarizer was placed to select the
parallel and perpendicularly polarized components of fluorescence.
The light output of the monochromator was focused on the cath-
ode of a Hamamatsu model R3809U-50 photomultiplier and the
rest of the detection chain was similar to that described by Kudr-
yashova et al. (2001). For deconvolution purposes in the case of
measurements at the Langmuir-trough surface layer, the scattered
excitation light at the surface layer was used. The temperature of all
experiments was 22 +0.5 °C.

A
micrachannel plate
photomultiplier
vertical
A direction
subtractive dispersion
double monochromator

lens

computer controlled
sheet type polarizer

picosecond
horizontally polarized

lens

beam excitation be
plock e\ 10
~— o
———}__ air-water
- interface
|
trough | water

Fig. 1 Schematic view of TRFA setup in reflection mode combined
with a Langmuir trough to measure the dynamic fluorescence
properties of proteins at the air/water interface. The surface
pressure was measured on-line using a Wilhelmy balance
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Data analysis was performed using a home-built computer
program (Digris et al. 1999; Novikov et al. 1999). For the experi-
ments in cuvettes, the analysis of the data was carried out as
described before (Kudryashova et al. 2001). For the experiments in
the Langmuir trough, a 2D-anisotropy model was used for the
anisotropy decay analysis. Since in a 2D system the anisotropy and
degree of polarization are equal (Morrison and Weber 1987), the
anisotropy decay is described as:

_ () =gl (1)
I”(l‘) + gIL(t)

where I and I, are the polarized emission intensities parallel and
perpendicular to the polarized excitation direction; g is the factor
accounting for the sensitivity of the detection system for the per-
pendicular component with respect to the parallel one. The g-factor
has been determined in a tail-matching procedure of the parallel
and perpendicularly polarized fluorescence decays of a small, fast
rotating dye molecule (para-terphenyl) in cyclohexane. Data anal-
ysis in discrete exponential terms was performed using the TRFA
Data Processing Package of the Scientific Software Technologies
Center (Belarusian State University, Belarus). First the fluorescence
lifetime profile consisting of a sum of discrete exponentials with
lifetime 7, and amplitude o; can be retrieved from the total fluo-
rescence according to the relation:

r() (5)

N
1) = 1) (1) + g+ 1o(t) = E(t) x > o™/ ()
i=1

where E(f) is the instrumental response function and N is the
number of fluorescent components.

In global analysis of the fluorescence anisotropy, the time-
dependent fluorescence anisotropy r(z) is calculated from the par-
allel 7,(t) and perpendicular 7, (f) components through the relations
(Lakowicz 1999):

N M
]H(t) = 1/3 ZC{,‘CH/T’ (1 + ngUje_'/‘/’»'> and [L(t)
i=1 J=1

N M
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in which we assume that all fluorescence lifetimes equally contrib-
ute to the anisotropy. N and M are the number of fluorescent and
anisotropy components, respectively. The time dependence of the
anisotropy [r(7)] (after d-pulse excitation) can be described by a sum
of discrete exponentials with rotational correlation time ¢; and
initial anisotropy ro;:

(1) =3 roe /% (8)
j=1

The analysis of the data was performed in an iterative fashion
until the chi-square was minimized and the weighted residuals be-
tween experimental and fitted data and the autocorrelation func-
tion between the residuals were randomly distributed around zero.
The error of the fitting parameters was determined at the 67%
confidence level.

Results
FTIR-ATR spectroscopy

Figure 2A shows the ATR absorption spectrum of an
ovalbumin film spread from a protein solution (pH 7.0)
on a germanium reflection element and subsequently
dried to the air. The protein amide A bands can be

observed around 30003300 cm™" and the amide I and II
bands are present between 1600-1700 and 1500-
1600 cm™!, respectively (see lower graph for enlarge-
ment). The band shape of the amide I is known to be
sensitive to the protein secondary structure content, and
the wavelengths corresponding to the maximal intensity
of the individual secondary structure contributions in
ovalbumin are indicated in the figure as well (insert).
Self-deconvolution of the amide I region to estimate the
secondary structure content of ovalbumin was per-
formed using GRAMS/IR software (Buck Scientific)
using peak assignments as described elsewhere
(Goormaghtigh et al. 1994; Dong et al. 2000). According
to such analysis, ovalbumin contains about 47% of
p-strands and 35% of o-helix, which is in close agree-
ment with literature data (Stein et al. 1991). Comparison
of the amide I band shape of this ATR spectrum with
that of a highly concentrated aqueous solution on top of
the ATR crystal (results not shown) demonstrated that
drying of the protein film for the ATR measurement had
no significant effect on the secondary structure content
of the protein. Since the ATR spectrum of the protein
film is essentially ““free” of water contributions, this
spectrum is used as the input spectrum in the spectral
simulation of IRRAS spectra of ovalbumin as described
below.

Infrared reflection absorption spectroscopy

The IRRAS spectrum of ovalbumin at a bulk concen-
tration of 10 mg/mL is shown in Fig. 2B, with the
enlargement of the amide I and II regions in the lower
panel. In contrast to the ATR spectrum, the protein
bands in the IRRAS spectrum are pointed downwards.
Around 3500 cm™', a water contribution can be identi-
fied with an opposite sign compared to the protein
bands. This is due to the fact that the spectrum of the
protein sample is measured relative to that of the pro-
tein-free sample and the opposite signs illustrate the
depletion of water from the interface by the volume
occupied by protein. The water intensity around
3500 cm ™! implies that also in the amide I region a water
contribution must be apparent, explaining why the
amide I and II bands show a comparable intensity, in
contrast to, for example, the ATR spectrum (Fig. 2A).
IRRAS spectra measured for various bulk concentra-
tions of ovalbumin are shown in Fig. 3. These spectra
were measured after an incubation time of 60 min,
corresponding to the conditions of quasi-equilibrium
where the surface pressure did not change in time (not
shown). It can be observed that both the intensity of the
amide I and II protein bands and the water intensity
increased with increasing bulk protein concentration.
Besides, while at low protein concentration the amide I
and amide II bands appear more like “‘absorption”
bands, at high protein concentration a positive deriva-
tive-like band shape around 1700 cm™! and a negative
derivative-like band at 3700 cm™" are observed. These



Fig. 2 A FTIR-ATR spectrum
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Table 1 The simulation parameters obtained from global analysis
of IRRAS spectra for different protein bulk concentrations of
ovalbumin: protein concentration in the surface layer (Cy), protein
5 50 mg/ml  concentration in the sub-phase (C,), surface layer thickness (d)
14
3 0.1 mg/mL 10 mg/mL 50 mg/mL
(=)
o
' Vv~ 10mg/ml  C; (mg/ml) 17 111 236
C, (mg/ml) ~0.1 16 86
0.1 mg/ml d (nm) 350 90 85
4100 3600 3100 2600 2100 1600 1100

Wavenumber (cm™)

Fig. 3 IRRAS spectra of ovalbumin measured for bulk protein
concentrations of 0.1, 10 and 50 mg/mL after adsorption during
60 min. The thin lines represent the simulated spectra as described
in the text. The spectra are displaced vertically for clarity reasons

latter features are characteristic for reflection spectra
and their intensities correlate to the difference in the
protein concentration between the surface layer and the
sub-phase (Meinders et al. 2001). For a correct evalua-
tion of the absolute intensity of the protein features and
the band shape of the amide I region of the IRRAS
spectra, spectral simulation is required of both the water
and protein contributions.

The IRRAS spectral simulation is based on a strati-
fied layer model, considering a system consisting of top
surface layer in contact with air, and a sub-phase. A
detailed description of the simulation method has been
published elsewhere (Meinders et al. 2001). Introduction
of additional layers in the model did not provide a sig-
nificantly better description of the IRRAS spectra and
are therefore omitted. The simulated IRRAS spectra for
different ovalbumin bulk concentrations are also shown
in Fig. 3 (thin lines) and the corresponding parameters

are presented in Table 1. Adsorption of ovalbumin at
the air/water interface leads to the formation of a pro-
tein-rich surface layer (80-400 nm, depending on the
bulk protein concentration and the incubation time; the
latter dependence is not shown here) and a sub-phase in
which the protein concentration is equal or slightly
higher than the original bulk concentration. This latter
could be a reflection of an actual concentration gradient
of the surface layer, rather than the discrete stratified
layers used to describe the system in the spectral simu-
lation. With increasing bulk concentration the surface
layer concentration increases, while the ratio of the
protein concentration in the surface layer and sub-phase
decreases.

In Fig. 4 the amide I regions of the experimental and
simulated IRRAS spectra are shown in more detail for
different bulk protein concentrations. It can be observed
that for bulk protein concentrations of 0.1 and 10 mg/
mL the simulated IRRAS spectra (Fig. 4A and B, curves
“Sim”’) using the native ovalbumin structure as input
(ATR spectrum) are characterized by a larger intensity
around 1635 cm™! with a shoulder around 1655 cm™',
which is opposite to what is observed in the experimental
spectrum (curves “Exp”’). Correction of the input
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Fig. 4 Evaluation of the secondary structure in ovalbumin
adsorbed at the air/water interface by band shape analysis of the
amide I region of IRRAS spectra recorded after 60 min for 0.1, 10
and 50 mg/mL bulk concentrations. Curves “Exp” correspond to
experimental IRRAS spectra; curves “Sim” correspond to simu-
lated IRRAS spectra without conformation changes; curves
“Sim—-10% fs” corresponds to simulated IRRAS spectra in which
10% of the fS-sheets is transformed into random coil

spectrum by subtracting a theoretical 10% parallel p-
strand contribution and adding a theoretical 10% ran-
dom coil contribution, and wusing this adapted
“absorption” spectrum as input for the IRRAS spectral
simulation (see Meinders et al. 2001), gives the curves at
the bottom of Fig. 4. These latter simulations describe
clearly the experimental spectrum much better in the
amide I region for these systems. A 5% or 15% sec-
ondary structure correction provides significantly worse
comparisons with the experimental spectra (not shown).
From this we conclude that, for bulk concentrations
ranging from 0.1 to 10 mg/mL, ovalbumin adsorbed at
the interface undergoes a small but significant confor-
mational change at a secondary folding level. Only at
high protein bulk concentration (50 mg/mL; Fig. 4C)
are no indications found that ovalbumin loses the native
conformation at the interface, since the simulated IR-
RAS spectrum without any conformational change ta-
ken into account corresponds closer to the experimental
IRRAS spectrum than the simulated spectrum including
a decrease in ff-sheet content.

Time-resolved fluorescence anisotropy

To obtain more insight into the dynamic protein char-
acteristics at the air/water interface, the rotational
dynamics were studied using TRFA. Analysis of fluo-
rescence anisotropy decay provides information on
internal and overall rotational mobility of the protein:
the relatively fast rotation of protein segments, the
slower rotation of the whole protein molecule or the very
slow rotation of protein complexes (Brand et al. 1985;
Lakowicz 1999; Kudryashova et al. 2001). The molecu-
lar volume of each rotational fragment can be estimated
using the Stokes—FEinstein relation. Examples of experi-
mental and fitted total fluorescence and fluorescence
anisotropy decays are shown in Fig. 5 for ovalbumin in
bulk solution (A) and adsorbed at the air/water interface
(B). Table 2 summarizes the parameters (fluorescence
lifetimes and rotational correlation times) obtained from

T
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Sim /\/ Sim
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— 0,
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1570 1690 1650 1610 1570
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Fig. 5 Total fluorescence and fluorescence anisotropy decays for
ovalbumin in the bulk solution (A); for ovalbumin adsorbed at the
air/water interface in non-compressed film (B); and under com
pression of the film from 230 to 155 cm? (C). Bulk protein
concentration is 0.1 mg/mL. In all panels the fitted and experi-
mental curves (total fluorescence left, anisotropy right) are shown

Table 2 Estimated fluorescence and anisotropy decay parameters:
fluorescence lifetimes (t;) and their relative contributions (o),
rotational correlation times (¢;) and their relative contributions (f5;)
of ovalbumin in the bulk, when adsorbed to an air/water interface
in equilibrium or upon compression of the surface layer by
reducing the available area by a factor 1.5. The excitation wave-
length is 300 nm and the emission wavelength is 343 nm

B ¢i(ns) oy T (ns) oy T2(ns) o3 73 (ns)
Bulk 0.30 24+1 0.7 0.3 0.15 25 01 72
Interface at  0.35 18+£2 045035 04 2.0 0.15 69
equilibrium
Interface upon 0.30 8.5+2.5 0.6 0.4 025 20 01 70
compression

global analysis of the total fluorescence and fluorescence
anisotropy decay. It was found that adsorption at the
air/water interface hardly affected the fluorescence life-
times of the protein, while the rotational correlation
time is changed significantly (Table 2). This implies



significant changes in the rotational dynamics of oval-
bumin upon adsorption. In bulk solution, ovalbumin
rotates as a compact monomer. Its rotational correlation
time (24 ns) is in good agreement with that expected for
a protein with a molecular weight of 43 kDa, like
ovalbumin. Interestingly, the protein adsorbed at the
interface shows an approximate 1.5 times shorter rota-
tional correlation time (~18 ns) compared to that of the
protein in bulk solution. This rotational correlation time
of ovalbumin adsorbed at the interface remained un-
changed during at least the first 2 h of equilibration
(results not shown).

Surface layer compression

The combination of IRRAS and TRFA was also applied
to study the structure and rotational dynamics of oval-
bumin upon continuous compression of a surface layer
formed after 1 h of equilibration. The pressure—area
isotherm obtained by compression of the available area
is presented in Fig. 6. It can be observed that initial
compression of the surface layer from 220 to about
150 cm? results in a steady increase of the surface pres-
sure. When the available area is further reduced, the
surface pressure increases sharply. Further compression
to and below 100 cm” causes the surface layer to col-
lapse, as illustrated by the leveling-off of the surface
pressure.

Analysis of IRRAS spectra recorded at various stages
during the compression shows that upon compression of
the surface layer from a surface area of 230 to 170 cm?
the surface concentration as well as the layer thickness is
not changed (Fig. 7A). Upon further compression the
protein surface concentration starts to increase, while
the layer thickness decreases. Band shape analysis of the
amide I in the IRRAS spectra shows that no further
unfolding of the protein is observed upon compression
(with respect to the characteristic partially unfolded

16 ns

m (MN/m)

T 10
220 190 150 120 90

Surface area (cmz)

Fig. 6 Pressure—area isotherm obtained by the compression of the
film after adsorption during 60 min of ovalbumin from a bulk
concentration of 0.1 mg/mL. The rotational correlation times (¢,
ns) of ovalbumin determined by TRFA as a function of the protein
molecular area changing upon the film compression are indicated
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Fig. 7 A Protein concentration in the surface layer (squares) and
surface layer thickness (circles) evaluated from IRRAS as a function
of the surface area upon compression of the film. B Evaluation of
secondary structure and degree of aggregation from the amide I
region of IRRAS spectra of ovalbumin at the air/water interface
after compression of the film area from 230 to 155 cm?. Curve “exp”
corresponds to experimental IRRAS spectrum; curve ‘‘sim”
corresponds to simulated IRRAS spectra without conformational
changes; curve “‘sim—12%parf+25%antiparfS”” corresponds to
simulated IRRAS spectra in which the conformational changes
are taken into account. Ovalbumin bulk concentration is 0.1
mg/mL

conformation of adsorbed ovalbumin): the content of
the parallel f-sheets in ovalbumin is practically the same
(the difference between a conversion of 10% or 12% is
not regarded significant) (Fig. 7B). In the experimental
spectrum of the compressed surface layer (curve “Exp”),
however, a distinct shoulder at 1624 cm™!, not present in
the ““‘normal” simulated spectra, can be observed. Such a
feature is characteristic for the presence of anti-parallel
p-sheet formation and its appearance in IR spectra
suggests extensive protein aggregation (Dong et al.
2000).

In the ATR spectrum of ovalbumin subjected to heat
treatment (1 mg/mL, 15 min at 90 °C at pH 7.0),
shown by gel electrophoretic analysis to be effective in
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converting all the protein present to an aggregated form
(not shown), this anti-parallel f-sheet contribution is
also clearly apparent (not shown). Band shape analysis,
performed as described above, demonstrated that this
fully aggregated material contains about 30% anti-par-
allel f-sheet. The degree of aggregation of ovalbumin at
the interface can then be defined as the ratio between the
anti-parallel f-sheet contribution estimated from anal-
ysis of the amide I region of the IRRAS spectra relative
to this 30% present in the aggregated material subjected
to heat treatment. The anti-parallel f-sheet percentage
was obtained from IRRAS spectra by spectral simula-
tion, where additionally a contribution of anti-parallel
f-sheets to the secondary structure of the protein was
taken into account as described in the Materials and
methods section. Figure 8 shows the change in the de-
gree of aggregation of ovalbumin upon compression of
the film. The degree of aggregation rises from 0 to 85%
upon a 1.5-fold reduction of the available surface area.
Unfortunately, in the current set-up it was not possible
to compress the film to an area less than 150 cm?, since
the available surface area becomes too small to allow a
proper recording of an IRRAS spectrum together with
an on-line registration of the surface pressure.

TRFA experiments show that the rotational
dynamics of ovalbumin changed strongly upon com-
pression of the film. The values are indicated in Fig. 6
at various stages during the compression. An example
of the total fluorescence and fluorescence anisotropy
decays of ovalbumin obtained upon compression of the
surface layer to an area of 155 cm? is shown in Fig. 5C.
It can be observed that compression of the surface
layer by reducing the available area from 230 to
150 cm? results in a shorter rotational correlation time
compared to the non-compressed film (Table 2, Fig. 6).
Upon further compression, these values increase again.
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Fig. 8 Correlation between the degree of aggregation of ovalbumin
at the air/water interface as deduced from IRRAS spectra,
determined by the fraction of anti-parallel f-sheet (sharp intensity
at 1624 cm™" in IRRAS spectra) relative to that present in thermo-
aggregated ovalbumin (squares) and the surface pressure as
determined simultaneously using a Wilhelmy balance (dashed line).
The ovalbumin bulk concentration is 0.1 mg/mL

Discussion

In this work we aimed to study the molecular properties
of ovalbumin at the air/water interface both under
equilibrium conditions and upon surface compression
using a combination of external reflection infrared and
fluorescence techniques. Combining these experiments
with on-line detection of the surface pressure provides
relations between molecular and rheological properties
of the system.

Surface layers in equilibrium

IRRAS measurements have been performed on surface
layers after 1 h of equilibration. It was shown that
ovalbumin adsorbed at the interface adopts a charac-
teristic partially unfolded conformation in which the
f-sheet content is reduced by 10% compared to the
native protein in the bulk solution (Fig. 4). This partially
unfolded conformation is unchanged over adsorption
from a wide range of bulk concentrations (from 0.1 to
10 mg/mL). The conformation is adopted instantly
(during 1-2 min) and no differences are detected in time
for several hours (time dependence not shown in this
work; unpublished results). At high bulk protein con-
centration (exceeding 10 mg/mL), ovalbumin retains its
native structure at the interface. Similar behavior
(retaining the secondary structure upon adsorption from
higher bulk concentration) was observed previously
with IRRAS for other proteins, like fS-lactoglobulin
(Meinders et al. 2001). This result has been explained by
the fact that at high protein bulk concentration the
degree of the surface coverage is already relatively high at
the initial stage of the adsorption process. As a result, the
adsorbing protein molecules are prevented from
unfolding by the (already) apparent surface pressure of
the molecules at the interface, leaving no opportunity for
protein unfolding at interfaces, as has been discussed in
the literature (Graham and Phillips 1979; Fainerman and
Miller 1998). For example, lysozyme retains its catalytic
activity (i.e. the enzyme native structure) adsorbed at
surface pressures only higher than 8§ mN/m (Graham and
Phillips 1979; Fainerman and Miller 1998). Hence, the
equilibrium surface protein concentration is not a nom-
inator in the degree of unfolding at interfaces, but the
initial concentration together with the kinetics of
adsorption, as has been suggested previously (Pezennec
et al. 2000).

Under equilibrium conditions, IRRAS data did not
provide any indication for protein aggregation in the
surface layer, based on the absence of anti-parallel
p-structures in the protein (Fig. 4). Moreover, adsorp-
tion of pre-aggregated thermo-treated ovalbumin re-
sulted in a partial deaggregation of the protein with
kinetics on the hour timescale (E.V. Kudryashova,
unpublished results), suggesting that the interface-
adopted conformation is indeed a characteristic one.



Adsorption at the interface not only leads to partial
unfolding but also to changes in protein mobility. The
TRFA experiments show that ovalbumin rotates faster
at the interface compared to the bulk solution (Table 2).
Such behavior could be explained by a preferred
molecular orientation at the interface. Ovalbumin has an
ellipsoidal shape with an axial ratio of 1.3. The restric-
tion in the ovalbumin mobility in ‘“end-over-end”
direction (i.e. about the short axis of the ellipsoid) could
lead to a substantially shorter rotational correlation
time. Such anisotropic motion of molecules with a non-
spherical shape has been reported previously for a
number of molecular systems (Harvey and Cheung 1977;
Szabo 1984; Brand et al. 1985).

Compression of surface layers

To study the relationship between surface rheological
properties and the protein structure, TRFA and
IRRAS measurements were performed on-line upon
compression of a protein surface layer that had been
pre-equilibrated for 1 h. The pressure—area isotherm
(Fig. 6) obtained is characterized by three stages: (1)
initial compression coincides with a steady increase of
the surface pressure; (2) a second stage after a ~1.5-fold
compression of the area where the surface pressure in-
creases more sharply; up to (3) a point where collapse of
the surface layer occurs. What are the changes in the
molecular properties of the protein related to this sur-
face pressure profile? Generally, compression of surface
layers leads to a decrease in the molecular area available
for a protein at the interface. This may induce the pro-
tein to (1) unfold, to (2) desorb from the interface or to
(3) aggregate (Graham and Phillips 1979; Eastoe and
Dalton 2000).

It was shown from IRRAS data that, during the first
stage of compression (from 230 to 170 cm?), no signifi-
cant further unfolding of the protein is observed with
respect to the characteristic partially unfolded confor-
mation of adsorbed ovalbumin in equilibrium (Fig. 7B).
Changes in tertiary structure, however, cannot be ex-
cluded by the current technique. The surface protein
concentration as well as the layer thickness change only
slightly (Fig. 7A), and the “‘surface load” (i.e. layer
thickness multiplied by surface concentration) remains
constant. This implies that the protein has to desorb
gradually from the interface into the bulk solution under
the applied stress. During this stage of compression it
was shown by IRRAS that the protein at the interface
tends to aggregate (Fig. 8). The rotational correlation
times are shown using TRFA measurements to become
smaller (from 18 to ~8 ns). This corresponds, in our
opinion, to the relatively fast rotation of protein seg-
ments, rather than the rotational motion of the whole
molecule at the interface. The formation of protein
aggregates, practically immobilized at the nanosecond
time scale, but where segments still possess motional
freedom, would explain such findings. Comparable
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observations were made before for other proteins upon
aggregation (Broos et al. 1995). The value of the rota-
tional correlation time correlates with the degree of
aggregation (estimated from IRRAS) and surface pres-
sure in the initial stage of compression (Fig. 8), implying
the relationship between these parameters. Altogether,
the results suggest that compression-induced protein
aggregation appears to be directly related to the surface
pressure increase by means of altered protein—protein
interactions.

While, in the initial stage of compression, material can
still desorb from the surface, further reduction of the
available area causes the partly aggregated proteins to
establish enhanced interactions, prohibiting desorption.
Also in this stage the “‘surface load” as defined above
remains unchanged, since the increase in surface
concentration is compensated by the decrease in layer
thickness. The higher surface concentration, however, is a
clearindicator for a more compact packing of the proteins
at the interface, resulting in a still increasing anti-parallel
p-sheet formation and increasing rotational correlation
times. This, in turn, results in a sharp increase in the
surface pressure and further collapse of the film (Fig. 6).

Conclusions

Detailed information on the molecular properties of the
protein ovalbumin at the air/water interface was ob-
tained in this work using a combination of external
reflection IRRAS and TRFA methods, together with an
on-line surface pressure measurement using a Langmuir
balance. The TRFA method appears to be a promising
technique to study the rotational dynamics of proteins at
the air/water interface. It has also been found that
ovalbumin adsorbed at the air/water interface adopts a
characteristic partially unfolded conformation, yielding
a 10% reduction of the f-sheet content. Despite the
locally high protein concentration in the surface layer,
the protein appears not to aggregate in equilibrium. The
rotational dynamics of ovalbumin changed significantly
at the interface. In contrast to the bulk solution, oval-
bumin shows a more anisotropic motion, where the
protein appears to have a restricted motion in end-over-
end direction, which indicates a preferential orientation
of the protein at the interface. Compression of surface
layers of ovalbumin introduces aggregation of the pro-
teins and the formation of a 2D network in the surface
layer. The enhanced protein—protein interactions
(resulting in anti-parallel S-sheet formation) correlates
strongly with the increase in surface pressure upon
compression, while the surface load (mg protein/m?)
remains unchanged.

Thus, using a combination of two diverse advanced
spectroscopic tools, molecular insight has been gained
for proteins at the air/water interface under dynamic
conditions. These results might help us to understand
why foaming properties are protein specific. By studying
a series of intrinsically modified proteins with altered
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molecular functionality and by testing their behavior in
equilibrium systems and monitoring their response to
externally applied stress, we hope in the near future to
contribute in clarifying the mechanism of foam forma-
tion and stabilization of relevance, for example, to the
food industry.
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