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Abstract. Thermal aggregation and gelation of oat globulin were studied by FT-NIR Raman spectroscopy. The buffer-soluble
aggregates exhibited a Raman spectrum similar to that of the unheated control, whereas the insoluble aggregates showed in-
tensity increases in the tryptophan, C–H bending and C–H stretching bands, and a decrease in the tyrosine doublet (I850/I830),
suggesting protein denaturation. However, analysis of the amide I region using Raman Spectral Analysis Package (RASP)
program revealed marked decreases inα-helical and increases inβ-sheet structure in both soluble and insoluble aggregates.
Similar conformational changes were also observed in the heat-induced oat globulin gels, and may be attributed to realignment
of molecular segments and formation of intermolecularβ-sheet structures. Thermal gelation under the influence of different
chaotropic salts showed some shifts in band positions and changes in band intensity, following the lyotropic series of anions.
Several protein structure perturbants, including sodium dodecyl sulfate, dithiothreitol, urea and sodium laurate, were found to
affect the Raman spectral characteristics of oat globulin gels. The data suggest that changes in gelling properties of oat globulin
by these chemicals may be related to conformational changes of the protein during gelation.

1. Introduction

Thermal aggregation and gelation are important functional properties of proteins affecting their uses
in food systems [1]. Thermal aggregation (or coagulation) is the random interactions between protein
molecules to form aggregates, while gelation is the formation of three-dimensional networks with some
degree of order [2]. Most plant proteins are not heat-coagulable due to their relatively high heat stability
[3]. Oat globulin, the major protein fraction in oats with quaternary structure similar to soy 11S globulin
(glycinin), is heat-coagulable [4] and can form a self-supporting gel under appropriate conditions [5].

Since thermal aggregation and gelation are important protein properties, the study of conformational
changes in proteins during these processes will provide crucial information for more effective utiliza-
tion of these ingredients in various food systems. Since aggregation and gelation generally occur at
high protein concentrations with the formation of opaque coagulum/gel, the structural changes cannot
be studies by techniques such as NMR or circular dichroism (CD) spectroscopy. Vibrational spectro-
scopic techniques such as Raman and FT-IR have the advantage of being adaptable to a wide range of
samples including liquids, powders, semi-solids and films [6]. However, fluorescence is a major problem
with Raman spectroscopy and has limited its use in plant proteins. A significant advance in solving the
fluorescence problem was the development of Fourier transform (FT) Raman system with the use of a
diode-laser pumped Nd:YAG laser radiation [7,8].
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In a previous study, changes in the oat globulin conformation under the influence of different environ-
mental conditions and heating were studied by FT-Raman spectroscopy [9]. In this investigation, changes
in oat globulin conformation during thermal aggregation and gelation will be monitored by FT-Raman
spectroscopy.

2. Materials and methods

Oat seeds (variety Hinoat) were grown in the Central Experimental Farm, Ottawa, Agriculture and
Agri-Food Canada, and dehulled with a pin-mill. Oat globulin was extracted from defatted oat groats with
1 M NaCl [10], and the protein content, determined by a micro-Kjeldahl method [11] using a nitrogen to
protein conversion factor of 5.80, was 98.9%. The purity of the oat globulin preparation was checked by
SDS-polyacrylamide gel electrophoresis [12] and found to be highly homogeneous. All chemicals used
were of analytical grade.

2.1. Thermal aggregation

To study thermal aggregation, 1% (w/v) oat globulin dispersions were prepared in 0.01 M phosphate
buffer, pH 7.4, containing 1.0 M NaCl, and were heated in stoppered glass tubes at 110◦C in an autoclave
for 30 min [4]. The heat-aggregated protein was separated by centrifugation into buffer-soluble and
insoluble fractions [4]. The two fractions were dialyzed against distilled water and freeze-dried.

2.2. Thermal gelation

To prepare heat-induced gels, oat globulin dispersions (10% w/v) were prepared in 0.2 M NaCl, and
pH was adjusted to 9.5 with 1 M NaOH. Aliquots were heated in sealed test tubes at 100◦C for 20 min
[5]. Previous study [5] showed that oat globulin can only form heat-induced gels at alkaline pH where
protein solubility is higher. Chaotropic salts were added to give a final salt concentration of 1.0 M. Pro-
tein structure perturbants including sodium dodecyl sulfate, dithiothreitol, urea and sodium laurate, were
added as solid to the oat globulin dispersions to give the desirable final concentrations. The selected salt
and perturbant concentrations were based on previous studies [4,5,13,14] which showed that conforma-
tion of oat globulin was markedly affected under these conditions and that thermal gelation behavior was
also altered.

2.3. Raman spectroscopy

Raman spectra were recorded with a Bio-Rad FTS-60 FT-NIR Raman spectrometer equipped with
Nd:YAG laser at 1064 nm (Bio-Rad Lab., Cambridge, MA). Raman spectra were collected at room tem-
perature under the following conditions: laser power, 500 mW; spectral resolution, 4 cm−1; number of
scans, 1000. The spectral data were baseline-corrected and normalized to the intensity of the pheny-
lalanine band at 1004± 1 cm−1. The Raman spectra were plotted as intensity (arbitrary units) against
Raman shift in wavenumber (cm−1). Protein dispersions containing urea were spiked with 0.2 M KNO3

since urea vibrates at the phenylalanine region, and the KNO3 peak (1046± 1 cm−1) was used instead
for normalization.

The secondary structure composition of the samples was estimated using the algorithm of Williams
[15]. This was based on the averaged scans of the raw (not baseline corrected, smoothed or normalized)
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Raman spectra in the amide I region, using the RASP (Raman Spectral Analysis Package) program
(version 2.1) of Przybycien and Bailey [16].

All analyses were performed in duplicates or triplicates, and the results are reported as the average of
these replicates.

3. Results and discussion

Raman spectra of heated oat globulin dispersions or wet pellets were found to be noisy with very poor
signal to noise ratio (see Fig. 3d). The heated protein samples were therefore freeze-dried, and Raman
spectra of solid samples were recorded. Previous study [9] showed that freeze-dried protein samples
exhibited Raman spectra identical to those in dispersions or wet pellets indicating that freeze drying did
not affect the conformation of oat globulin. Freeze-dried oat globulin was therefore used as a control
instead of 10% dispersions in distilled water used previously [9].

3.1. Spectral assignment

Figure 1a shows a typical Raman spectrum of freeze-dried oat globulin. Table 1 shows the tentative
assignment of some major bands based on comparison with Raman spectral data reported by other re-
searchers [17–19]. The locations of the amide I and III peaks and RASP analysis (Table 2) show that
β-types (sheets and turns) and random coils are the major secondary structures in oat globulin. This is in
agreement with CD data which indicate that oat globulin, similar to most plant globulins, has a relatively

Fig. 1. Raman spectra (450–2000 cm−1) of (a) oat globulin powder, (b) freeze-dried buffer-soluble aggregates, and
(c) freeze-dried buffer-insoluble aggregates.
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Table 1

Tentative assignment of some bands in the Raman spectrum of oat globulin (in 0.01 M phosphate buffer, pH 7.4)

Wave-number, cm−1 Assignment Structural information
760 tryptophan sharp intense line for buried structure
830,850 tyrosine state of phenol–OH (exposed or buried, H donor or receptor)
>1275 amide III′ α-helix
1235± 5 amide III′ antiparallelβ-sheet
1245± 4 amide III′ disordered structure
1250 C–H stretching microenvironment, polarity
1255± 5 amide I′ α-helix
1270± 3 amide I′ antiparallelβ-sheet
1265± 3 amide I′ disordered structure
2800–3000 C–H stretching microenvironment, polarity

Table 2

Secondary structure composition of oat globulin gel, soluble aggregates and insoluble aggregates1

Sample α-helix (%) β-sheet (%) Random coil/β-turn (%)
Control (no pH adjustment, unheated) 24 16 60
Control (pH 9.5, unheated) 18 29 53
Gel (pH 9.5, heated) 14 58 28
Soluble aggregates 14 62 24
Insoluble aggregates 17 61 22
1Determined by Raman spectral analysis of the amide I region. Averages of duplicate determinations.

small quantity ofα-helical structure but a large amount ofβ-type and random coil structures [20]. The
small intensity of the transitions near 500 cm−1 makes it difficult to analyze the disulfide peaks. This is
attributed to the relatively low disulfide and sulfhydryl contents in oat globulin, similar to that of other
legume globulins [21–23].

3.2. Raman spectra of heat-induced aggregates

The Raman spectra of heat-induced buffer-soluble and insoluble aggregates were shown in Fig. 1b and
1c, respectively. The results show that heat aggregation did not lead to marked shifts in the positions
of the major Raman bands. However, changes in the normalized intensity of several Raman bands were
observed in the buffer-insoluble aggregates (Fig. 2). There were marked increases in the tryptophan,
amide I and III, and the CH bending and stretching bands, and a slight decrease in the intensity ratio of
the doublet tyrosine band at 850 cm−1 and 830 cm−1, I850/I830. However, Raman spectral analysis of
the amide I region shows that both soluble and insoluble aggregates have much lowerα-helix and higher
β-sheet contents than the unheated control (Table 2).

Exposure of buried tryptophan residues in proteins has been observed by the decrease in peak inten-
sity around 760 cm−1 [24]. An increase in tryptophan peak intensity suggests burying of the residues in
the aggregated protein. The intensity ratio of theI850/I830 band can be used to monitor the microenvi-
ronment of the tyrosine side chain [17]. A decrease in the tyrosine doublet band intensity suggests an
increased “buriedness” or participation of the tyrosine phenolic groups as hydrogen bond donors [25].
The increases in intensity in the amide I, amide III and C–H stretching and bending transitions in the
insoluble aggregates indicate protein denaturation [9].
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Fig. 2. Normalized intensity of several regions in the Raman spectrum of oat globulin powder (unheated control), buffer-soluble
aggregates and buffer-insoluble aggregates. Error bars represent standard deviations of the means.

The data suggest that the soluble aggregates contained relatively native protein while protein in the
insoluble aggregate fraction was extensively denatured. Differential scanning calorimetric (DSC) study
[14] and FT-IR spectroscopy [26] also showed a redistribution of native and denatured protein in the
soluble and insoluble oat globulin aggregates, respectively.

3.3. Thermal gelation

At pH 9.5 (Fig. 3b), oat globulin showed a Raman spectrum different from that at neutral pH (Fig. 3a),
with significant shift in some bands, particularly the amide III and the C–H bending transitions. Shift
in Raman bands at both alkaline and acidic pHs was also observed in our previous study [9] and was
attributed to partial protein denaturation. Heat-induced oat globulin gel samples (Fig. 3c and 3d) did not
show further shift in Raman bands. The wet gel sample (Fig. 3d) showed a noisy pattern but the spectrum
is almost identical to that of the freeze-dried sample (Fig. 3c). Figure 4 shows the effect of gelation on
the normalized intensity of several Raman bands. When compared to the unheated control (at pH 7.4),
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Fig. 3. Raman spectra of (a) oat globulin powder (no pH adjustment), (b) freeze-dried oat globulin dispersion (10%) with pH
adjusted to 9.5, (c) freeze-dried oat globulin gel (prepared by heating 10% oat globulin dispersion, pH 9.5, at 100◦C for 20 min),
and (d) wet packed oat globulin gel.

there were slight decreases in the tryptophan, tyrosine doublet, amide I and C–H bending transitions,
and an increase in C–H stretching band. However, these changes were likely attributed to a change in pH
since the unheated control (at pH 9.5) showed peak intensities (data not shown) similar to that of the gel
sample. Raman spectral analysis of the amide I region shows that increase in pH led to a decrease inα-
helical and increase inβ-sheet structures, suggesting protein unfolding (Table 2). Gel samples exhibited
further decrease inα-helix and a marked increase inβ-sheet content.

Decreases in the intensity of the aromatic amino acid residue transitions were also observed in heat-
induced whey protein gels [27] and were attributed to exposure of these residues which may play a
role in hydrophobic interactions. Changes in intensity of the amide and C–H bands suggest changes
in protein conformation [9]. The results show that heat-induced gelation led to further changes in the
secondary structure of oat globulin. The data are consistent with our previous DSC study which show
that when oat globulin dispersions were heated under conditions that induce gelation, there was a slight
decrease in denaturation enthalpy, indicating further protein unfolding in addition to that caused by pH
adjustment, but the heat-induced gel sample still exhibited native structure as shown by an enthalpy value
more than half of the unheated control [5]. It has been suggested that thermal gelation of protein involves
conformational rearrangement and realignment of molecular segments, including perhaps the formation
of intermolecularβ-sheet structures [28]. The marked increases inβ-sheet contents in both the thermal
aggregates and gels (Table 2) may be attributed to these molecular changes.

The effects of a number of chemical reagents known to cause changes in the conformation of oat glob-
ulin and influence its gelation properties on Raman characteristics were studied. Figures 5 and 6 show
the Raman spectra and normalized intensity of selected Raman bands, respectively, of oat globulin gels
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Fig. 4. Normalized intensity of several regions in the Raman spectrum of oat globulin powder (unheated control, pH unadjusted)
and freeze-dried oat globulin gel. Error bars represent standard deviations of the means.

formed in the presence of several chaotropic salts. Slight shifts in the amide I and amide III transitions
to higher wavenumbers were observed when the anion was changed from chloride (Fig. 5a) to bromide
(Fig. 5b), iodide (Fig. 5c) and thiocyanide (Fig. 5d). Progressive changes in Raman band intensities were
observed (Fig. 6), following the lyotropic anion series [29].

Salts can perturb protein conformation by affecting electrostatic and hydrophobic interactions [30,31].
The level of influence depends on the nature of anions and cations, following the lyotropic series [29].
Anions higher in the series (e.g., I− and SCN−) could weaken intramolecular hydrophobic interactions
and enhance the unfolding tendency of proteins [32]. Previous study [9] also showed similar changes in
Raman characteristics of oat globulin by these salts, indicating progressive protein unfolding. Addition of
these chaotropic salts also led to progressive increases in gel hardness which suggests that more extensive
aggregation and gelation can be promoted by perturbing the conformation of oat globulin [5].

The effect of several protein structure perturbants on the Raman spectral characteristics of oat globulin
gels is shown in Figs 7 and 8. Shifts in both amide I and amide III bands were observed with the addition
of 10 mM sodium dodecyl sulfate (SDS) (Fig. 7b), 10 mM dithiothreitol (DTT) (Fig. 7c), 6 M urea
(Fig. 7d) and 1% fatty acid salt, sodium laurate (Fig. 7e). These perturbants also led to increases in the
intensity of the major Raman transitions (Fig. 8). The results indicate that these chemicals cause marked
changes in the structure and conformation of oat globulin during heat-induced gel formation.
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Fig. 5. Raman spectra (1100–1800 cm−1) of freeze-dried oat globulin gels prepared from 10% dispersions with 1 M salts.
(a) NaCl, (b) NaBr, (c) NaI, and (d) NaSCN.

Fig. 6. Effect of chaotropic salts (1.0 M) on normalized intensity of several regions in the Raman spectrum of freeze-dried oat
globulin gels. Error bars represent standard deviations of the means.
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Fig. 7. Effect of different protein perturbants on the Raman spectrum of freeze-dried oat globulin gel. (a) Control gel (no
additive), (b) 10 mM sodium dodecyl sulfate, (c) 10 mM dithiothreitol, (d) 6 M urea, and (e) 1% sodium laurate.

Fig. 8. Effect of different protein perturbants on the normalized intensity of several regions in Raman spectrum of freeze-dried
oat globulin gel. Perturbants: no additive (control gel), 10 mM sodium dodecyl sulfate (SDS), 10 mM dithiothreitol (DTT), 6 M
urea (urea) and 1% sodium laurate (FA). Error bars represent standard deviations of the means.
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SDS is an anionic detergent which binds to protein by non-covalent forces to increase the net charge
leading to ionic repulsion and protein unfolding [33]. DTT, a reducing agent, can breakup disulfide bonds
and dissociate oligomeric proteins into their subunits. Urea effectively disrupts the hydrogen-bonded
structure of water and facilitates protein unfolding by weakening hydrophobic interactions [34]. Urea
also increases the “permitivity” of water [35] for the apolar residues causing loss of protein structure
and heat stability. Previous Raman study [9] showed that these reagents caused marked changes in oat
globulin conformation. This could be due to perturbation of the tertiary and quaternary structures of the
oligomeric protein by destabilizing some primary (hydrogen bonds, hydrophobic forces) and secondary
(disulfide bonds) chemical forces which are important in the stabilization of oat globulin conformation.
These chemical forces also play an important role in the thermal gelation process, and previous report
[5] shows that SDS, DTT and urea all led to marked decreases in gel hardness. Fatty acid salts such as
sodium laurate have been found to improve gel-forming ability and reduce thermal stability of myosin
[36] and oat globulin [5] due to binding of these amphiphiles to protein, causing repulsion between
protein chains and a more ordered gelation upon heat treatment.

4. Conclusions

The present study shows that heat treatments used to induce aggregation and gelation did not cause
marked changes in the Raman spectral characteristics of oat globulin, probably due to the relatively
high thermal stability of the protein [13]. However, the addition of chemicals known to perturb protein
conformation led to marked changes in Raman characteristics of oat globulin gels. The present data,
together with previous studies, indicate that by modifying the protein conformation, these perturbants
can either enhance or inhibit the thermal gelation of oat globulin. This study also shows that FT-Raman
spectroscopy is an appropriate technique to study aggregation and gelation of plant proteins such as oat
globulin.
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