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HIGHLIGHTS GRAPHICAL ABSTRACT

e Pea albumins contain various isoforms
of PA1 and PA2;

o PA1 and PA2 SAXS data can be modeled e e
at high-resolution models based on "x‘\?xi_ fé &
AlphaFold predictions; ‘

e PA1l is present as a monomer, PA2 is
predominantly a dimer at pH 7;

e Pea albumins heat-induced aggregation
can be modeled as a combination of PA1
and PA2;

e Foaming properties of pea albumins can
be attributed predominantly to PA2.
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ARTICLE INFO ABSTRACT

Keywords: Hypothesis: The structure and functionality of pea albumin can be described in detail as a combination of its main
Pea albumins fractions, PA1 and PA2.

PA1

Experimental: PA1 and PA2 were purified from a Pea Albumin extract (PA) using size exclusion chromatography,

ls)izzon dary structure and characterized by two-dimensional gel electrophoresis. Their secondary structure was analyzed using Fourier-
SAXS Transform Infrared Spectroscopy (FTIR). The structures before and after heat treatment (90 °C, 1 & 5 min) were
Interfacial properties investigated by Small-Angle X-ray Scattering (SAXS). SAXS intensities were evaluated using high-resolution
Foaming models obtained as predictions from the AlphaFold Protein Structure Database. Interfacial and foaming prop-
Heat-induced aggregates erties were also evaluated.

Findings: Both PA1 and PA2 contained various isoforms, and PA2 displayed a high p-sheet/a-helix ratio. In so-
lution, SAXS intensities of PA1 could be predicted by its native structure, and after heating PA1 showed limited
aggregation. PA2 could be presented as a dimer, which unfolded and formed large aggregates during heating.
The high-resolution models could also explain well the SAXS signal of the unfractionated PA, combining PA1 and
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PA2. After heating, PA2 dominated the properties of the PA mixtures. PA2 predominantly contributed to the
interfacial and foaming properties of PA, in spite of both PA1 and PA2 showing adsorption at the air/water
interface. Indeed, PA1 in isolation could not form a stable foam.

Perspective: SAXS data analyzed with high-resolution structure models allowed for an in depth understanding of
the structural changes of PA1 and PA2, and provided a mechanistic understanding of the relationships between
structure, composition, and technological functionality of the albumin fractions from pea.

1. Introduction

In recent years, the dietary shift from animal- to plant-based protein
sources for food has gained significant attention due to growing con-
cerns over sustainability, environmental impact, and the need for
diversified food resources. Thus, exploring alternative protein sources is
of great importance, leading to an increased need to understand how the
proteins can be used as ingredients in foods. Among the legume proteins,
pea proteins have emerged as a promising candidate. Albumins, ac-
counting for 8-20 % of the total protein from pea [1], are water/acid-
soluble proteins commonly recovered as a side stream during acid pre-
cipitation of their counterparts, globulins [2]. Recently, it has been
suggested that plant-derived albumins may show better technological
functionality than the globulins, due to their solubility in a wide range of
pH and their emulsifying and foaming properties [3-8]. However, most
of the studies have so far been limited to the entire albumin extract,
posing challenges in deriving a mechanistic understanding of the
structure—function relationships of the protein present in the mix.

Pea albumins comprise two main protein fractions, PA1 and PA2.
These proteins account for 50 % and 16 % of the seed’s total sulfur-
containing amino acids, respectively [9]. The amino acid sequence of
these two fractions have been determined earlier in [10] and [11], with
their high-resolution structure predictions published in the AlphaFold
Protein Structure Database under entries P62927 and P08688, respec-
tively [12]. The pre-proprotein of PA1 molecule contains 130 amino
acids, while the PA2 molecule is composed of 230 amino acids, con-
taining four imperfect repeat sequences, each approximately 57 amino
acids in length. PA1 constitutes approximately 7 % of the total pea seed
protein, and after cleaving off the signal peptide, its structure is
composed of two subunits when endo-proteolytically cleaved, resulting
in a PAla (molecular weight, MW 6 kDa, residues 70-122) and PAlb
(MW 4 kDa, residues 28-62) fraction. In contrast to many other plant
albumins, PA1 subunits are not connected by an interchain disulfide
bond [13]. Its structure is defined by a triple-stranded antiparallel
pB-sheet with a long flexible loop [14]. PA2 is larger than PA1, it has a
MW of 26 kDa. PA2 plays a crucial role in enhancing the nutritional
value of pea seeds [11], and it is present in two forms PA2a and PA2b
[15], non-covalently associated, forming homodimers of 53 and 48 kDa,
respectively [16]. Unlike all the other major pea seed proteins, PA2 is
found in the cytosol instead of within protein bodies [16], lacks glyco-
sylation, is synthesized without a signal sequence, and undergoes min-
imal post-translational processing [11].

To fully exploit the potential of PA as an ingredient, it is essential to
gain a fundamental understanding of the physicochemical properties of
these proteins, to investigate the distinct structure, characteristics, and
technological functionalities of the purified PA1 and PA2 fractions from
whole pea albumin isolates. Only by carrying out a more in-depth study,
will it be possible to uncover their full potential and leverage them in
food and colloidal applications.

In this study, the soluble Pea Albumin Fraction (PA) was studied and
compared to the two components, PA1 and PA2, purified using size
exclusion chromatography. The structure was evaluated using FTIR and
Small-Angle X-ray Scattering (SAXS). Heating stability was evaluated by
analyzing the protein solutions before and after heating (90 °C for 1 and
5 min). The interfacial and foaming properties were also investigated.
This research brings valuable insights into the mechanisms underpin-
ning structure-function relationships of these proteins, in particular

their heating and foaming properties, and will aid in their optimal
application as functional ingredients in food products.

2. Material and methods
2.1. Materials

Pea protein concentrate (0.55 kg protein/kg solids), a product of
milling and air classification, was kindly provided by Vestkorn A/S
(Holstebro, Denmark). The concentrate also contained lipids and car-
bohydrates as well.

All the other chemicals, e.g., hydrochloric acid, sodium hydroxide,
monosodium phosphate, disodium phosphate, sodium chloride, and
sodium azide, used in this study are analytical grades and obtained from
Merck (Merck Life Science A/S, Sgborg, Denmark).

2.2. Sample preparation

A whole albumin isolate (PA) was separated from the other pea
proteins (i.e., globulins) using isoelectric precipitation [17]. In brief,
after centrifugation of the protein extract at pH 4.5, the supernatant was
dialyzed and then freeze-dried into powder, stored at —20 °C until
further use [17]. The protein content was analyzed using Pierce BCA
protein assay kit (Thermo Scientific, Rockford, U.S.A.), converting to
~0.70 kg (£ 0.001) protein per kg of solids in its powder form. The
residual fraction was mostly composed of carbohydrates (~ 0.30 +
0.002 kg/kg) and measured using Phenol-Sulfuric Acid Method [18], as
the ash content measured was only approximately 2 + 1 g/kg.

The two main albumin fractions (PA1 and PA2) were isolated from
the PA extract using preparative size exclusion chromatography. In
brief, PA freeze-dried powder was reconstituted in MiliQ water (30 mg
protein/mL) overnight at 4 °C. Then the PA solution was applied onto a
Sephacryl S-100 column (HiPrep 16/60, Cytiva, United States) at a flow
rate of 0.5 mL/min with peak elution volume of 1 mL. The chromato-
graphic separation was performed using 50 mM sodium phosphate
buffer (38 mM NapHPO4 and 12 mM NaH3PO4), containing 150 mM
NaCl and 0.2 mg/mL sodium azide (pH 7.2). The fractions were then
collected according to their separate peaks in the elution profile moni-
tored by UV absorbance at 280 nm. Then their protein molecular
weights were analyzed by SDS-PAGE using NuPAGE 12 % Bis-Tris gel
(12 well, Invitrogen) with Spectra™ Multicolor Broad Range Protein
Ladder (5 pL) as reference. The gel was stained with Coomassie Brilliant
blue staining and imaged on a Gel Doc™ EZ System using Image Lab™
software (BIO-RAD laboratories, USA). Finally, the fractions of PA1 and
PA2 were desalted using 3 kDa pre-hydrated dialysis tubes, and freeze-
dried into powder, stored at —20 °C until further use.

2.3. Two-dimensional (2D) gel electrophoresis

The purified protein fractions were analyzed by 2D gel electropho-
resis under reducing conditions for their isoform analysis. In brief, the
samples were first diluted in lysis buffer (7 M urea, 2 M thiourea, 1 %
DTE (dithioerythritol), 40 mM Tris-Base, pH 7.5) of 200 uL, incubated
for 1 h under shaking. Then the protein solution was focused onto 11 cm
immobilized pH gradient (IPG) strips (pH 4-7) (BIO-RAD) using active
rehydration (500 V, 12 h at 22 °C) in a PROTEAN IEF (isoelectric
focusing) Cell (BIO-RAD). The strips were focused at 250 V for 15 min to
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8000 V in 2.5 h and maintained until 35,000 V was reached. The
gradient gels (BIO-RAD) of 4 — 15 % were then used to perform the
electrophoresis according to [19], and Coomassie brilliant blue was used
for the staining step.

2.4. Fourier-transform infrared spectroscopy (FTIR)

FTIR analysis was performed using a Perkin Elmer Spectrum 3 Mid-
IR Spectrometer equipped with a macro-attenuated total reflection
Fourier transform infrared (ATR-FT-IR) unit. The ATR element
comprised a thallium bromoiodide (KRS-5)-based diamond with a one-
bounce configuration. Before each measurement, background spectra
were collected using a clean ATR crystal exposed to air to minimize any
environmental contributions in the acquired spectra. Spectra were
collected in the mid-infrared region (4000 — 400 crn'l) at a spectral
resolution of 4 cm™. To enhance the signal-to-noise ratio, each mea-
surement comprised 30 co-added scans.

As the presence of water significantly impacts the FTIR signal [20],
samples were carefully prepared. The freeze-dried samples, PA, PA1,
and PA2 were rehydrated to a final concentration of 2 mg/mL in D0 to
restore their hydrated conformation, allowing the protein molecules to
regain their native conformation. After rehydration and prior to data
collection, 2 pL of the protein solution was deposited onto the ATR
crystal, forming a thin, hydrated film of the sample through partial
solvent evaporation [21,22]. No external pressure was applied between
the sample and the ATR crystal during measurements, as film formation
resulted in perfect contact between the crystal and the protein film.

Before spectral analysis, automatic ATR correction and COy/H20
subtraction were performed. As FTIR analysis focused on the interpre-
tation of the amide I region (1700 —1600 cm'l), this area was isolated
from the rest of the spectrum. A linear baseline correction between the
two baseline points was applied, followed by smoothing using a
Savitzky-Golay filter with a 5-point window and 1st-order polynomial
fitting, and normalization of the amide I band.

A manual supervised analysis of the secondary structure elements of
the proteins was conducted by deconvoluting the amide I band into
individual subcomponent peaks representing different protein second-
ary structures. This analysis was performed by applying Gaussian curve
fitting to the "pea lectin I band using Quasar [23,24] and Fityk software
[25]. The positions of subcomponent peak centers were determined
based on literature values: aromatic rings (1600 — 1615 cm'l), B-sheets
(1620 - 1640 cm™ and 1665 — 1680 cm™), random coils (~1630 — 1645
cm‘l), o-helices (~1648 — 1660 cm'l), turns and bends (~1670 — 1680
crn'l), and non-attributed peaks (~1690 1700 cm'l) [26,27]. Following
deconvolution, the percentage of each secondary structure element was
calculated by dividing the area of each peak by the total area of the
peaks. Manual analysis was preferred for peak deconvolution, to avoid
potential errors occurring when applying automated deconvolution al-
gorithms. A protein’s secondary structure elements significantly influ-
ence their flexibility, resistance to temperature treatment, as well as
their interfacial and functional properties, with o-helix and f-sheet
content playing a critical role in protein emulsifying and foaming
behavior [28].

2.5. Small-angle X-ray scattering (SAXS)

The unfractionated mix PA, as well as the single PA1 and PA2 frac-
tions were measured at a constant protein concentration (10 mg/mL) in
MiliQ water using SAXS. Samples were measured before and after
heating at pH 7. The experiments were conducted using laboratory
equipment (Nano-inXider, Xenocs SAS, Grenoble, France), equipped
with a CuK, source with a 1.54 A wavelength and a resulting q range of
0.01 to 0.37 AL,

Borosilicate capillary tubes were used, and samples were degassed
for 5 min in a desiccator at room temperature before SAXS measure-
ments. Each sample was then measured at a total acquisition time of 60
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min at room temperature. Milli-Q water was used as the background.
Data reduction and background subtraction was performed using the
XSACT software. The data are presented as intensities I(q) as a function
of g, the modulus of the scattering vector.

The radius of gyration (Rg) at high g range was determined by both a
Guinier fit and Indirect Fourier Transformation (IFT), which are model
independent. The SAXS data in this study show a clear Guinier region or
’shoulder’ at intermediate g, thus this method is justified for the cases.
The Guinier fit estimated Ry from the slope fitting I(q) = I(0)e 9°Rs*/3
when the SAXS scattering data are linear in the Gunier plot of In(I(q)) vs
2. IFT provides the pair distance distribution function p(r) and also Rg.

The SAXS data was analyzed using high-resolution structures based
on the AlphaFold predictions P62927 and P08688, respectively [12].
Calculations of theoretical SAXS curves of the proteins originated from
the high-resolution structural data using the method described in detail
elsewhere [29,30]. Some of the data sets showed a power law scattering
at low g due to the presence of large aggregates; in this case, a power-law
structure factor was included: S(q) = 1 + a/qb where a and b are fit
parameters and the factor is included to obtain better stability of the fits.
For the PA2 data, a cluster structure factor was included since the SAXS
data show signs of some unspecific aggregation [30]. In case both
structure factors were required, the combined structure factor was taken
as the product of the two. In the implementation, the decoupling
approximation was used as described in [30]. In addition to PA1 and
PA2 proteins in isolation, the unfractionated PA samples were also
analyzed, and could be reproduced by a linear combination of the
scattering from PA1 and PA2 and a power-law scattering. Note that the
dimer PA2 model of SAXS data was determined using rigid-body
refinement with random searches employing connectivity and
excluded volume restraints and imposing C2 (P2) symmetry [30]. Also,
the unfolded structure of PA2 at high temperature was obtained by rigid-
body refinement dividing the predicted structure into smaller bodies.

2.6. Interfacial properties

The Interfacial adsorption behaviors and dilatational rheology of
samples at the air-water interfaces were measured using a pendant drop
tensiometer (Surface Analyzer LSA100, LAUDA Scientific GmbH, Ger-
many). A drop (25 mm?) of protein solution at 0.1 % (w/w) was firstly
generated in the air at the tip of a needle, and then followed by moni-
toring of the real-time interfacial tension for approximately 3 h. During
this measurement, the drop was protected in a sealed cuvette which
could also prevent evaporation. The Young-Laplace equation was used
to estimate interfacial tension by fitting the drop contour for pendant
drop analysis. Subsequently, the same drop was performed sinusoidal
oscillatory deformations using amplitude sweeps starting from 3 % to
30 % at a fixed frequency of 0.02 Hz. Each amplitude was run for five
cycles. The amplitude sweeps results were then fitted the surface dila-
tational elastic modulus (Ed’) as a function of frequency (w, Hz). These
experiments were performed at least in triplicate at room temperature of
22 °C (£1°C).

2.7. Foam properties

The properties of foams were studied using the FOAMSCAN appa-
ratus (Teclis, Lyon, France) by injecting 60 mL of the foaming solution
into the column. Then, air flowed at 50 mL/min through the porous frit
(16 uym in diameter) under the solution and stopped when the foam
volume reached 250 mL. Afterwards, the foam was monitored under free
drainage conditions for 90 min with the volume of its foam, liquid
drainage and bubbles images recorded. Measurements were done in
triplicates from a fresh foaming solution each time.
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2.8. Statistical analysis

SPSS Statistics 28 (IBM, New York, USA) was used for statistical
analysis. ANOVA (one-way analysis of variance) was carried out
following Tukey’s multiple comparison test based on a statistical sig-
nificance level of P < 0.05.

3. Results and discussion
3.1. Protein purification and polypeptide composition

The elution profile of the PA fraction, as monitored by UV absor-
bance at 280 nm, is displayed in Fig. 1. Three main fractions were
collected and analyzed by SDS-PAGE, to determine their composition.
As marked in Fig. 1, PA2 eluted mainly in the peak around 50 mL, while
PA1 was more widely distributed, in both the peak at 60 mL and eluting
later, between 70 and 80 mL. The PA1 collected for analysis was the
latter. PA1 displayed a band around 10 kDa, while PA2 displayed a sharp
band at 25 kDa, in agreement with previous studies [7,8]. Note that the
10 kDa band for PA1 would suggest binding of more than one protein per
SDS micelle. Due to the lack of purity, the middle peak was not further
analyzed. The AlphaFold [12] structures for PA1 and PA2 are also dis-
played in Fig. 1, and are based on P62927 and P08688, respectively.

The composition of PA and the corresponding PA1 and PA2 isolated
fractions was further characterized by 2D gel electrophoresis. PA
showed three main protein bands (bands 1, 2, and 3), corresponding to
approximately 10, 18, and 25 kDa, respectively. The 2D gel revealed
nine major protein spots (Fig. 2). The PA1 and PA2 fractions clearly
showed the presence of spots 1, 2, and 3 and spots 7, 8, 9 respectively.
PA2 also showed an additional faint spot (spot 5). The presence of
separated spots in PA1 and PA2 fractions clearly indicated the presence
of isomers within them. The results are in contrast to previous findings
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who identified five well-separated spots for PA1 [31,32]. The two spots
in Fig. 2 marked 4 and 5 in PA (~18 kDa), have been previously reported
to match chain A, pea lectin alpha chain [28]. In the case of PA2, the
absence of spots 4 and 6, when compared to PA, suggests their elution in
the middle peak during the size exclusion purification process (Fig. 1).

3.2. Secondary structure of pea albumin fractions

Pea albumins were studied using FTIR to investigate their secondary
structures. Fig. 3 presents the results for the amide I band peak decon-
volution, including the fitted underlying subcomponent peaks and the
resulting convoluted peak obtained by peak reconstruction.

The estimated secondary structure elements for each protein are
described in Table 1. The secondary structure content (PAl and PA2)
determined by FTIR agrees with the predicted protein structure from
AlphaFold, as well as prior literature, describing proteins with very low
helical structure [11,14]. Both PA1 and PA2 contained fB-sheet and o
—helical structural elements. All samples exhibited a low proportion of
a-helix, below 20 % of the total signal. FTIR analysis also revealed sig-
nificant differences in the other major structural features: PA1 presented
the lowest p-sheet content (~15 %) and the highest random coil content
(33 %), while PA2 exhibited the highest f-sheet content (27 %) and the
lowest helical content (9 %). The PA fraction, as expected, composed of
both protein fractions, provided intermediate secondary structure
values.

Previous work has suggested that a higher p-sheet content might
result in low surface activity [8,33]. However, a higher proportion of
random coils may result in a more adaptable protein structure, capable
of undergoing conformational changes. In the context of interfacial
adsorption, i.e. during foam formation, this adaptability may facilitate
the rearrangement of protein molecules at the air-water interface. A
more flexible protein structure can readily adapt to the dynamic
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Fig. 1. Elution profile of pea albumins solution using size exclusion chromatography with Sephacryl S-100 column, with collected peaks identified, together with

their corresponding SDS-PAGE profile. mAU represent milli-absorbance unit.
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Band 3

Band 2
Band 1

Fig. 2. Two-dimensional gel electrophoresis of PA and its fractions (PA1 and PA2), extracted by size exclusion chromatography. Bands were stained using Coomassie
brilliant blue. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Amide I band deconvolution of PA1, PA2 and PA pea albumin fractions from left to right. The Amide I band is shown as a solid blue line, and the fitted peak
after convolution of the deconvoluted peaks is shown as an orange dashed line. Deconvoluted peaks representing each of the secondary structure elements are shown
from left to right: aromatic rings, p-sheets, random coils, a-helixes, p-sheets, turns and bands, non-attributed peaks. Measurements were in triplicate. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1

Secondary structure elements estimates for the three samples (PAl, PA2, and
PA). The table presents the ratio (percentage) of aromatic rings, a-helix, f-sheet,
random coil, turns and bends for each sample, as determined by Amide I anal-
ysis. Measurements were in triplicate.

PA1 PA2 PA
Aromatic Rings 0.7 £ 0.04 1.6 £0.10 1.6 £ 0.10
p-sheets 15.3 + 0.92 27.0 + 1.62 26.1 +1.57
Random Coils 33.1 +£1.99 26.8 +1.61 24.8 +1.49
a-Helixes 16.3 + 0.98 8.7 +£0.52 12.2 £ 0.73
Turns & Bends 34.1 £ 2.05 35.4 +£212 34.7 £ 2.08
Non-attributed peaks 0.6 + 0.04 0.5 + 0.03 0.5 + 0.03

interfacial environment, effectively spreading and forming a cohesive
protein film. Compared to other well-known foaming proteins, such as
ovalbumin [35] and p- lactoglobulin [36], pea albumins show a lower
ratio of p-sheet (15-27 % to 38-50 %) and higher ratio of random coil
contents (25-33 % to 12-20 %). Additionally, the tertiary structure
modification and orientation of the hydrophobic domains are known to
play a key role during protein adsorption at the interface [34]. For
example, previous literature has indicated that PA2 exhibits high
conformational adaptability at oil-water interface, but predominantly
due to the presence of aggregates composed of rigid globular structures
interconnected by intermolecular disulfide bonds [37].

3.3. Structure of pea albumins and their heat-induced changes

PA1, PA2 and PA solutions were subjected to heating at 90 °C for 1
and 5 min. The visual appearance of the samples before and after heating
is presented in Fig. 4. The PA1 solutions remained clear throughout the
heating process. However, both the PA2 and whole albumins PA became
turbid after 1 min of heating. The aggregates formed in the PA2 solution
appeared to remain dispersed in solution after heating; however, in the
case of the whole, unfractionated PA sample, a clear two-phase system
was formed, which could be easily separated by low-speed centrifuga-
tion. These findings were consistent with the presence of extensive
protein aggregation.

To better understand the structural changes at multiple length scales
in the various protein samples, the solutions were subjected to SAXS
analysis. The scattering data and the model curves of the samples are
shown in Fig. 5, together with the determined structures. In the case of
PA1 unheated solutions, the scattering curves were analyzed using the
PA1 structure from AlphaFold (P62927) [12]. For the heat-treated PA1
solutions, both 1 and 5 min, a power-law factor was also introduced to
analyze the upturn observed in the low-q range, signaling the formation
of heat-induced aggregates. This upturn in the scattering signal at low q
vectors (< 0.03 A'l) showed a power-law factor of q'z‘2 and q'3‘1 at 1 and
5 min, respectively (Fig. 5A). Despite the upturn at low g, the local
structure in the high g range (> 0.03 A™") was unchanged, indicating that
the proteins were still folded after heating (Fig. 5A). It is important to
note that these solutions were clear after heating (Fig. 4), hence, these
aggregates, within the current experimental conditions, were soluble. By
analyzing the data, omitting the low-g part with the power-law
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Fig. 4. Visual observations of pea albumin fractions solutions (10 mg/ ml) after heat treatment at 90C for 0, 1, and 5 min.
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Fig. 5. Background-subtracted X-ray scattering intensity as a function of g for 10 mg/mL solutions of pea albumins, PA1, PA2, and the unfractionated PA, before
(filled squares) or after heating at 90 °C for 1 (filled circles) and 5 min (filled triangles). Red lines represent their model fits based on high-resolution models from
AlphaFold structures or PyMol fragmentation. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

scattering for the heat-treated samples with both Guinier and IFT (only
low q before upturn), gave estimates for Rg for PA1 of around 14-17 A,
(Table 2, Fig. 6). The p(r) function is essentially unchanged when
heating the samples with a maximum diameter of 45 A.

For PA2 solutions, the initial, unheated protein SAXS intensities were
fitted using a high-resolution model using the structure predicted from
AlphaFold (P08688) [12]. A dimer assembly was used for the unheated
PA2 solution at pH 7, as established in the literature. The dimer PA2
model of SAXS data was determined using rigid-body refinement
imposing C2 (P2) symmetry [30]. The estimated radius (Rg) when
omitting the lowest g range with the power-law scattering both Guinier

and IFT fits was 22-24 A (Table 2), with p(r) functions with a maximum
diameter of 85-90 A (Fig. 6). After heating for 1 and 5 min, the X-ray
scattering intensity at high g was significantly lower than for the un-
heated samples, indicating a substantial decrease in the population of
the constituting units of PA2, responsible for the form factor at this q
range. To model the SAXS data for the PA2 heated solutions, the initial
PA2 structure derived from AlphaFold was divided using PyMOL [38]
(Molecular Graphics System, Version 1.8.) into 11 bodies consisting of
well-defined structural elements of p-sheets and o-helical structures.
Furthermore, rigid-body optimization was performed as described in
[30], employing random searches with connectivity and excluded
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Table 2
Summary of fitting parameters and models employed to evaluate SAXS scat-

tering profiles for pea albumins solutions (10 mg/mL), namely, PA1, PA2, and
PA before or after heating at 90 °C for 1 and 5 min.
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turbid, as shown in Fig. 4.
Fig. 5 also shows the X-ray scattering intensity for the unfractionated

PA, before and after heating. In this case also, there was a clear struc-
tural feature at high g and an increase in intensity at low q upon heating.
The SAXS data for unheated PA solutions was reproduced by a linear

heating Model employed Rg A R Power
time from A) exponent combination of the high-resolution models corresponding to PA1l and
(min) Guinier  from the PA2 dimer. The ratio between the two proteins (corresponding to
fit [T relative concentration) was ~ 2, a value lower than the ~ 3.1 ratio re-
High-q range Lowg- g range without Low-q ported previously [7]. The Rg values calculated from Guinier plots, as
range Sco::; rr'iljw range well as p(r) functions, were similar to those measured for PA2, with Rg of
PAL O Monomer Power 14 8 14 about 23 A. This suggests that the scattering signal is dominated by PA2,
1 structure law 16 17 2.2 as expected, due to the higher MW of the PA2 dimer compared to the
5 17 17 3.1 PA1 monomer. PA solutions heated for 1 min at 90 °C showed an
PA2 (1) Di‘?eltjsgucmre 25 24 i's obvious upturn at low g, but with the local structure at high q nearly
5 S::ucc’m‘:e 31 unaltered. After 1 min heating, the same model used for the unheated
solution fit the SAXS data, in contrast with what was observed for the
PA 0 Linear 24 23 3.4 PA2 in isolation, which showed extensive unfolding already after 1 min.
1 combination of 24 22 37 This discrepancy would indicate that after 1 min of heating in the
> f}‘f I:Za;d dli):lir 38 unfractionated PA, both the presence of PA1 and other contaminants,
for 0& 1 min, such as soluble polysaccharide, may protect PA2 from unfolding. These
unfolded for 5 results confirm our previous work using size exclusion chromatography
min) coupled with multi-angle laser light scattering (SEC-MALS) [17], which

volume restraints. As in PA2, all the SAXS data displayed an upturn at
low g. Consequently, a power law structure factor was used to analyze
all the samples, revealing the dependencies of ¢ for unheated solu-
tion, and ¢ and ¢3!, for solutions with increasing heating times
(Table 2). This upturn indicated the formation of protein aggregates. For
PA2, these aggregates caused the heated solution to appear visually

suggested the stability of PAl in a PA mixture. The PA solution, after
heating for 5 min showed a significant decrease in X-ray scattering in-
tensity at intermediate to high g, similar to what has been observed for
pure PA2. In this case, it was possible to reproduce the SAXS data using a
linear combination of the scattering for the native PA1 and unfolded
PA2 (Fig. 5, Table 2), suggesting that the residual scattering feature at
high g may be related to PA1. The upturn at low q in the PA samples
showed an increase in exponent with heating time, suggesting the
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Fig. 6. Guinier plots (top) and distance distribution functions p(r) derived from Indirect Fourier Transformation (IFT) (bottom) calculated from the scattering in-
tensities in the g range not disturbed by the power-law scattering at the high q range, for pea albumin solutions (10 mg/ mL), namely PA1, PA2, and PA before (filled

squares) and after heating at 90 °C for 1 min (filled circles), 5 min (filled triangles).
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formation of increasingly compact aggregates. The formation of large
aggregates in PA solutions explained the visual observations (Fig. 4).

3.4. Interfacial properties of pea albumins

To evaluate the relationship between the structural changes and
interfacial properties, the unrefined PA, as well as PA1 and PA2 frac-
tions, were also studied using drop tensiometry. Fig. 7 shows the
decrease in the surface tension values as a function of time for the
proteins before and after heating. The steep decrease in the first few
minutes of analysis demonstrated the protein’s tendency to readily
diffuse and adsorb at the air/water interface. This initial adsorption of
the proteins plays a critical role in determining the rate at which in-
terfaces form in a foam generated by gas sparging. This adsorption rate
of pea albumins has been reported to be similar to other proteins with
well-known foaming properties, such as whey protein isolate or egg
white isolate [3]. After about 10 min, a second, slower decrease in
surface tension was noted, indicating the reorganization of the proteins
at the interface, with a pseudo-equilibrium plateau value of surface
tension at long time scales. The interfacial tension values reached at
pseudo equilibrium were lower for PA than for the purified fractions in
both heated and unheated solutions. It is important to note that due to
the unrefined nature of the albumin fractions, other surface-active
components may have also contributed to lowering the interfacial free
energy. Regardless of the protein, heated samples showed lower values
of interfacial tension compared to their unheated counterparts. This
result is in agreement with previous research on pea albumins, sug-
gesting that the lower interfacial tension relates to increased flexibility
of the heat denatured albumins [39].

After the adsorption experiments, the loaded interfaces were sub-
jected to dilatational experiments (Fig. 8). The various protein fractions
showed dramatically different viscoelastic properties. The loss moduli
(Eq’’) of all samples were in the range of 1-10 mN/m (data not shown),
suggesting that the interfaces were more elastic than viscous in the
applied regime. It was observed that plant albumins exhibited rheo-
logical behavior at the interface similar to that of whey protein isolate-
stabilized films, forming stiff and cohesive layers capable of being
compressed into a denser state [3].

PA1 displayed the highest surface tension and lower elastic modulus
(Eg"). This was probably due to PA1’s small size [17], limiting protein’s
ability to spread at the interface. There were little differences in the
rheological properties between the unheated and the heated PAl, in
agreement with the structural studies (Figs. 4 and 5) showing little
difference after extensive heating. The decreasing surface tension of
heated PA1 solutions with increased heating time may indicate that the
PA1 aggregates improved their adsorption properties, as shown by a
decrease in interfacial tension, while keeping their original structure.
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This resulted in no changes in their dilatational modulus, E;’, across the
entire deformation range.

In the case of PA2, the interfacial tension at pseudo equilibrium was
higher for the native dimer, compared to the unfolded and aggregated
proteins (Fig. 7). Furthermore, Fig. 8 revealed a higher dilatational
modulus (E4’) and more amplitude-dependent for the unheated than
heated PA2. When comparing PA2 with the whole PA solutions at the
air/water interface (Figs. 7 and 8), it was suggested that the PA behavior
was dominated by PA2, as similar viscoelastic properties were noted
between the two preparations. However, the contribution of additional
surface active molecules in PA could not be fully ruled out. The unheated
PA2 solutions showed both higher surface tension and E;’, and an
amplitude-dependent behavior, indicating that these interfacial films
were subject to increasing structural disruption with amplitude. This is
consistent with a recent study reporting that PA2 exhibited high
conformational rearrangement at the oil-water interface [37]. The
stiffness and brittleness of the interface may be due to the presence of
intramolecular disulfide bonds in the PA2 monomers. The lower over-
lapped E4’ for heated PA2 after 1 and 5 min heating indicated that the
structures of the unfolded and more compact PA2 aggregates formed a
less elastic network, but were more resistant to deformation. When
comparing the dilatational modulus of PA to that of PA2 solutions, there
were some differences, which cannot be fully explained due to the
multiple factors that may have affected the interface. The network was
more resilient in PA interfaces compared to PA2. With heating, PA
water/air interfaces showed the stiffest dilatational modulus. It has been
previously proposed that after heating the large colloidal PA aggrega-
tes dominate the oil-water interface [40]; however, multiple factors
could contribute to the viscoelastic changes due to the unrefined nature
of the preparation.

3.5. Foaming properties of pea albumins

The foaming properties of the albumins have also been found to be
similar or better than whey protein and egg white isolate [3]. In this
study, the foaming properties of the albumins and their fractions were
investigated using the gas injection method, and the evolution of foam
volume, liquid drainage, and bubble size variation were monitored. The
results are shown in Fig. 9. Time zero was defined as the starting point of
gas injection. After approximately 4 min, the gas injection was stopped,
when a set foam volume (250 mL) was reached. Both unheated and
heated samples of PA2 and PA reached the limit at almost the same time,
and then they also evolved through a similar free drainage process for
90 min. PA1 solutions did not form foams under the same conditions,
creating bubbles which collapsed immediately.

The foam height of the unheated PA2 was only slightly higher than
that of the heated one, which was opposite to what was observed for the
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Fig. 7. Interfacial tension measured as a function of time for pea albumin solutions (1 mg/mL), namely, PA1, PA2, and PA before (solid line) or after heating at 90 °C

for 1 min (broken line) or 5 min (dotted line). Measurements were in triplicate.
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unfractionated albumin PA. However, the aggregates formed after
heating seem not to affect their foam height in these measurements. As
observed from Fig. 4, the sizes of PA aggregates were clearly larger than
those from PA2. These insoluble aggregates in PA were expected to
either reduce the effective concentration of proteins available for
foaming or physically hinder the adsorption of soluble proteins to the
interface, but they functioned the opposite. The bubbles became larger
over time and changed in shape from spherical (wet foam) to polyhedral

(dry foam). In general, the samples did not show significant differences
in their bubble sizes among the samples with aging time (results not
shown). Furthermore, the effect of heat treatment did not contribute to
significant differences of the foam stability for the pea albumins and
their fraction, and the foam height of PA2 and PA were relatively stable
over the aging time, indicating the albumins are promising as a foaming
agent and PA2 is the dominating protein at the interface. When
comparing these results to the viscoelastic properties measured by drop
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tensiometry (Figs. 7 and 8), it may be suggested that in all cases, PA2
was adsorbing at the interface, and there was sufficient elasticity to form
and maintain the bubble, slowing down the disproportionation, and
higher resistance against coalescence. The PA2 albumin demonstrated
higher foaming and emulsifying properties compared to the other low-
MW hydrophilic and hydrophobic albumin fractions, likely due to the
structure of the polypeptide chains [7].

4. Conclusions

In this work, we investigated with an in-depth structural character-
ization, the contribution of PA1 and PA2 to the structure-function
properties of pea albumins. It was hypothesized that the two proteins
modify their structure once heated and that their contribution in a pea
albumin isolate can be studied using a detailed structural analysis of PA1
and PA2 using SAXS based on high-resolution AlphaFold predictions.
Our findings using FTIR spectroscopy indicated that PA2 fractions
showed high p-sheet/ a-helix structures. From the modelling of the SAXS
curves, PAl remained folded upon heating and displayed limited ag-
gregation. In contrast, PA2 existed as a dimer, and heating caused it to
unfold and form large aggregates, resulting in a turbid solution. The
detailed modeling of X-ray scattering intensities also demonstrated the
different contributions of PA1 and PA2 in the heat-induced aggregation
of the unfractionated PA, suggesting a protective effect of PA1 or other
minor components.

The structural changes described using SAXS were fundamental in
understanding the impact of PA1 and PA2 in the interfacial and foaming
properties of PA. While both PA1 and PA2 seem to adsorb at the inter-
face and form elastic interfaces, PA2 contributes to the foaming prop-
erties of PA. PA2 forms stiffer interfaces resulting in stable foams, in
contrast with PA1, which in isolation, forms bubbles with immediately
collapse. After heating, aggregates are also able to form stable foam.
Compared to the previous studies limited to the entire albumin extract
[3,171], this study bridges the gap of establishing a detailed mechanistic
understanding of the structure—function relationships of the individual
protein components within the pea albumin mixture. These findings
open new avenues to study the structural organization of complex food
protein mixtures by establishing the relationship between the protein
structure, aggregate states, and their interfacial and foaming properties,
and give further insights into the utilization of promising food
ingredients.
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