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Analysis of Raman spectra of oat globulin showed that extreme pH values caused an increase in
the amide and C-H stretching band intensity, indicating changes in the secondary structures of
the protein due to denaturation. Similar changes were observed when oat globulin was treated
with chaotropic salts and several protein perturbants. Sodium dodecyl sulfate, â-mercaptoethanol,
and ethylene glycol also caused a shift in the amide III′ band, suggesting a transition from â-sheet
to a random coil conformation. Heating at temperatures near the denaturation temperature of oat
globulin led to increases in the amide and C-H band intensity, indicating unfolding of the protein.
The data indicate that FT-Raman spectroscopy is suitable for studying the secondary structure of
plant proteins such as oat globulin.
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INTRODUCTION

Oat globulin is an oligomeric protein with a quater-
nary structure very similar to that of soy 11S globulin
(glycinin), a heat-coagulable protein. It is made up of
six pairs of acidic and basic polypeptides, with each
acidic and basic polypeptide linked by disulfide bonds
to form a subunit. The six subunits are linked by
noncovalent forces to form a hexamer (Derbyshire et al.,
1976; Neilsen, 1985; Brinegar and Peterson, 1982).
Despite the similarities in quaternary structure, the
thermal aggregating and gelation properties of oat
globulin were found to be quite different from those of
soy glycinin (Ma and Harwalkar, 1987; Ma et al., 1988),
which may partly be attributed to differences in second-
ary and tertiary structures between the two proteins.
Oat protein products (concentrates and isolates), with
globulin as the predominant protein fraction, have been
shown to possess functional properties comparable to
those of commercial soy protein isolates (Ma, 1982,
1983), the most widely used vegetable protein ingredient
in foods. A detailed understanding of the structure-
function relationship in oat globulin is essential in
predicting and controlling the functional performance
of oat protein in fabricated foods. Studies of protein
conformation under different buffer conditions can
provide valuable information for improving specific
functional performance of protein ingredients, such as
gelation and emulsification. The conformation of oat
globulin has been studied by differential scanning
calorimetry (DSC) (Harwalkar and Ma, 1987) and UV
and fluorescence spectrophotometry (Ma and Har-
walkar, 1988a) under the influence of heating and
different buffer conditions. However, changes in the
secondary structures cannot be assessed by these tech-
niques.

The secondary structures of 21 seed globulins from
monocotyledonous and dicotyledonous plants, including

oat globulin, have been studied by circular dichroism
(CD) spectroscopy (Marcone et al., 1998). Results show
that similar to most plant globulins, oat globulin has a
low R-helix content and a large quantity of â-sheet and
random coil structures. The secondary structures of
these proteins were determined at low concentrations
(∼1.0 mg mL-1) and only at one buffer condition (pH
7.5, ionic strength 0.5). The requirement for clear
samples in CD analysis limits its application to dilute
protein solutions or transparent gels (Matsuura and
Manning, 1994). Interference due to absorbance of
various salts and buffer substances in the far-UV region
(Stanley and Yada, 1992) also limits the use of CD
spectroscopy in studying the effects of environmental
conditions such as chaotropic salts and protein pertur-
bants on protein conformation. The secondary structure
of oat globulin has not been studied by other methods
such as X-ray diffraction, multidimensional NMR, or
vibrational spectroscopy including infrared (IR) and
Raman spectroscopy.

The applicability of Raman spectroscopy to both solid
and liquid samples makes it a useful tool to investigate
in situ protein structural changes during denaturation
and aggregation/gelation (Li-Chan et al., 1994; Li-Chan,
1996a). However, fluorescence continues to be a major
problem in Raman spectroscopic analysis of plant
materials including vegetable proteins when visible
laser excitation is used. This is mainly due to phenolic
compounds coextracted with the plant substances. A
significant advance in solving the fluorescence problem
has been the development of Fourier transform (FT)
Raman spectroscopy (Schrader et al., 1991; Li-Chan et
al., 1994). The use of a diode-laser pumped Nd:YAG
laser radiation at 1064 nm in conjunction with inter-
ferometers and Fourier transform have resulted in
improved suppression of fluorescence, good signal-to-
noise ratios, and marked shortening in data acquisition
time. The advantages of near-infrared (NIR)-FT Raman
spectroscopy over conventional visible laser Raman
spectroscopy have been demonstrated in the study of
soy proteins, including the effects of heating, gelation,
and pressure, and in the study of soy protein-phospho-
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lipid interactions (Li-Chan et al., 1994). NIR-FT Raman
spectroscopy has also been used in the study of poly-
meric biomaterials (Davies et al., 1990), and its potential
in food analysis has been demonstrated (Ozaki et al.,
1992), including quantitative analysis of oils and fats
(Sadeghi-Jorbachi et al., 1991) and the determination
of the level of acetylation in modified starches (Phillips
et al., 1999). However, despite the advantages of the
FT-Raman instrument, there are few reports on its use
in the study of proteins from either animal and plant
sources.

In the present investigation, changes in oat globulin
conformation under the influence of different environ-
mental conditions and heating will be studied by FT-
Raman spectroscopy.

MATERIALS AND METHODS

Oat seeds (variety Hinoat) were grown at the Central
Experimental Farm, Agriculture and Agri-Food Canada, Ot-
tawa, and were dehulled in a pin-mill. Oat globulin was
extracted from defatted oat groats with 1 M NaCl (Ma and
Harwalkar, 1984), and the isolated oat globulin was stored at
-20 °C. The protein content of oat globulin, determined
according to a micro-Kjeldahl method (Concon and Soltess,
1973) using a nitrogen to protein conversion factor of 5.80, was
98.9%, as reported previously (Ma, 1983). The purity of the
oat globulin preparation was checked by SDS-polyacrylamide
gel electrophoresis (Laemmli, 1970) and found to be highly
homogeneous. All chemicals used were of analytical grade.

Raman Spectroscopy. Oat globulin dispersions (10-15%
w/v) were prepared in different solvents. For the control,
protein was dispersed in distilled water and stirred at room
temperature for 30 min. To prepare wet protein pellet, the
protein dispersion was centrifuged in a benchtop microcentri-
fuge at 10000g for 5 min, and the supernatant was discarded.
After either the protein dispersions or the wet pellets had been
packed into glass capillary tubes, both ends of the tubes were
carefully heat-sealed.

Chaotropic salts were added to oat globulin dispersions
(≈10% in distilled water) to give a final salt concentration of
1.0 M. A previous study (Harwalkar and Ma, 1987) showed
that significant unfolding of oat globulin can be observed only
at a higher salt concentration of 1.0 M. Protein perturbants
including sodium dodecyl sulfate, â-mercaptoethanol, urea, and
ethylene glycol were added as solid or liquid to oat globulin
dispersions to give the desirable final concentrations of
reagents and protein (10-15%). The pH of the dispersions was
controlled by the use of 0.01 M phosphate buffer, pH 7.4. The
selected perturbant concentrations were also based on previous
studies (Harwalkar and Ma, 1987; Ma and Harwalkar, 1988a),
which showed that conformation of oat globulin was markedly
affected under these levels of perturbants.

To study the effect of pH on the Raman spectral character-
istics of oat globulin, protein dispersions (≈10% in distilled
water) with desirable pH were prepared by the addition of 0.1
N HCl or 0.1 M NaOH with mixing in a magnetic stirrer
(Harwalkar and Ma, 1987). The protein samples were mixed
for an hour to allow for pH equilibration.

For the heating experiments, oat globulin dispersions (10%
w/v) were prepared in 0.01 M phosphate buffer, pH 7.4. The
protein samples, in stoppered glass tubes, were heated in an
autoclave at 110 °C for the prescribed time periods. Raman
spectra of heated oat globulin dispersions or pellets were found
to be noisy with very poor signal-to-noise ratio. The heated
protein samples were therefore freeze-dried, and Raman
spectra of solid samples were recorded. Preliminary experi-
ments showed that freeze-dried protein samples exhibited
Raman spectra identical to those in dispersions (Figure 1) or
wet pellets (not shown), indicating that freeze-drying did not
affect the conformation of oat globulin.

Raman spectra were collected on a Bio-Rad FTS-60 FT-NIR
Raman spectrometer equipped with an Nd:YAG laser at 1064

nm (Bio-Rad Laboratories, Cambridge, MA). Raman spectra
were recorded at room temperature 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 phenylalanine
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 because urea vibrates at the phenylalanine region,
and the KNO3 peak (1046 ( 1 cm-1) was used instead for
normalization.

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

RESULTS AND DISCUSSION

Spectral Assignment. Parts a and b of Figure 1
show the typical Raman spectrum of 10% oat globulin
dispersion in distilled water and freeze-dried powder,
respectively. The two spectra were almost identical,
except that the freeze-dried sample exhibited a slightly
smoother baseline and a small unidentified peak at
∼3300 cm-1 (Figure 1b). The results suggest that freeze-
drying did not affect the conformation of oat globulin
as determined by Raman spectroscopy. The spectrum
of a wet pellet (not shown) was also identical to those
of the dispersion and dry solid. Table 1 shows the
tentative assignment of some major bands based on
comparison with Raman spectral data reported by
previous workers (Tu, 1986; Li-Chan and Qin, 1998; Li-
Chan et al., 1994; Peticolas, 1995). The locations of the
amide I′ and III′ peaks indicate that â-sheet and random
coils are the major secondary structures in oat globulin.
This is in agreement with circular dichroism (CD) data,

Figure 1. Raman spectra (450-3500 cm-1) of (a) oat globulin
dispersion (≈10%) in distilled water and (b) freeze-dried oat
globulin powder.

Table 1. Tentative Assignment of Some Bands in the
Raman Spectrum of Oat Globulin (in Distilled Water)

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 acceptor)

>1275 amide III′ R-helix
1235 ( 5 amide III′ antiparallel â-sheet
1245 ( 4 amide III′ disordered structure
1450 C-H bending microenvironment, polarity
1655 ( 5 amide I′ R-helix
1670 ( 3 amide I′ antiparallel â-sheet
1665 ( 3 amide I′ disordered structure
2800-3000 C-H stretching microenvironment, polarity
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which indicate that oat globulin and many plant globu-
lins have a relatively small quantity of R-helical struc-
ture but a large amount of â-sheet and random coil
structures (Marcone et al., 1998). The small intensity
of the transitions near 500 cm-1 makes it difficult to
analyze the disulfide peaks. This is due to the relatively
low content of disulfide and sulfhydryl groups in oat
globulin, similar to that of legume globulins (Derbyshire
et al., 1976; Brinegar and Peterson, 1982; Neilsen,
1985).

Effect of pH. Figure 2 shows the Raman spectra of
oat globulin at different pH values. There was a shift
in the amide I′ vibration, which suggests a transition
from a â-sheet structure near neutral pH to a random
coil structure at extremely acidic (pH 3) and alkaline
(pH 9-11) pH values. Extreme pH values also led to
decreases in the tyrosine doublet band intensity, I850/
I830 (Figure 3), and this indicates an increased “buried-
ness” or participation of the tyrosine phenolic groups
as hydrogen bond donors (Li-Chan, 1996a,b). The in-
tensities of the amide I′, amide III′, and C-H stretching
bands were increased by highly acidic (pH 3) and
alkaline (pH 9-11) pH values (Figure 3), and this
indicates protein denaturation. These results are con-
sistent with our previous DSC data (Harwalkar and Ma,
1987) which showed that the denaturation temperature
(Td), an index of thermal stability, and enthalpy, an
index of the amount of ordered structure, were highest
at pH 5-7, the isoelectric pH range for oat globulin (Ma,
1983), suggesting a native conformation. The Td and
enthalpy were markedly decreased at pH values <4.0
and >9.0, indicating reduced heat stability and partial
protein unfolding in oat globulin (Harwalkar and Ma,
1987). Most proteins are stable over a certain pH range,
normally near their isoelectric pH, where repulsive
forces are low and the proteins remain in their native
state. At pH far from the isoelectric point, large net
charges are induced and proteins will be partially
unfolded due to intramolecular side-chain charge repul-

sion leading to rupture of hydrogen bonds and a breakup
of hydrophobic interactions (Morrissey et al., 1987).

Effect of Chaotropic Salts. Figure 4 shows the
Raman spectra of 10% oat globulin dispersions in the
presence of 1 M sodium salts, and the spectra displayed
much more noise than spectra in distilled water (Figure
1). There were shifts in the amide I′ and amide III′
regions (Figure 4) and increases in the intensity of the
amide and C-H bending vibrations (Figure 5). The
progressive shifts and changes in band intensity, indi-
cating progressive protein unfolding, followed the order

Figure 2. Raman spectra of oat globulin dispersions (≈10%)
under different pH conditions: (a) pH 3; (b) pH 5; (c) pH 7; (d)
pH 9; (e) pH 11. Figure 3. Effect of pH on normalized intensity of several

regions in Raman spectrum of oat globulin dispersions (or
pellets). Error bars represent standard deviations of the
means.

Figure 4. Raman spectra of 10% oat globulin dispersions in
1.0 M sodium salts: (a) NaCl; (b) NaBr; (c) NaI; (d) NaSCN.
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SCN- > I- > Br- > Cl- according to the lyotrophic or
chaotropic series of anions (Hatefi and Hanstein, 1969).
Protein conformation can be perturbed by the addition
of salts, which influence the electrostatic interactions
with the charged groups and polar groups and affect
the hydrophobic interactions via a modification of water
structure (von Hippel and Schleich, 1969; Damodaran
and Kinsella, 1982). The degree to which water struc-
ture is affected depends on the nature of anions or
cations, following the lyotropic series (Hatefi and Han-
stein, 1969). Anions (e.g., I- and SCN-) and cations (e.g.,
Li2+ and Ca2+) higher in this series could reduce the
free energy required to transfer the nonpolar groups into
water and could weaken intramolecular hydrophobic
interactions and enhance the unfolding tendency of
proteins (von Hippel and Wong, 1965). Furthermore, Cl-

and Br-, which are lower in the anion series, could
promote salting-out and aggregation due to their higher
molar surface tension and help to stabilize the protein
conformation. I- and SCN-, on the other hand, are
destabilizing agents because of their higher hydration
energy and steric hindrance, which promote unfolding,
dissociation, and salting-in of proteins (Boye et al.,
1997). The Raman data are consistent with a previous
DSC study that showed a progressive decrease in the
enthalpy value of oat globulin when the anion was
changed from chloride to bromide, iodide, and thiocy-
anate, which implies progressive protein denaturation
(Harwalkar and Ma, 1987). The DSC data also showed
that the relative effectiveness of these anions in per-
turbing the heat stability of oat globulin again follows
this lyotropic series.

Effect of Protein Perturbants. The effects of a
number of protein structure perturbants on the Raman
spectral characteristics are shown in Figures 6 and 7.
Sodium dodecyl sulfate (SDS), â-mercaptoethanol (ME),
and ethylene glycol (EG) all caused a marked shift in
the amide III′ band to higher frequency, which indicates
a transition from â-sheet to random coil conformation
(see Table 1). EG (40% v/v) and 6 M urea also led to
shifts in the C-H bending peak (Figure 6). The tyrosine
doublet intensity either increased or decreased depend-

ing on which perturbant was used (Figure 7). This
indicates changes in the tertiary structure (Li-Chan,
1996b). The intensity of the amide I′ and C-H stretch-
ing transitions was increased in the presence of these
perturbants (Figure 7), suggesting protein denaturation.

SDS is an anionic detergent that can bind to protein
by noncovalent forces to increase the net charge and
hence lead to ionic repulsion and unfolding of polypep-
tides (Steinhardt, 1975). ME is a reducing agent and
can break up disulfide bonds to create destabilization
of oligomers such as oat globulin, which contain polypep-
tides linked by disulfide bonds. EG could lower the
dielectric constant of water and weaken the nonpolar
interactions between protein molecules, thereby causing

Figure 5. Effect of chaotropic salts on normalized intensity
of several regions in Raman spectrum of oat globulin disper-
sions (or pellets). Error bars represent standard deviations of
the means. Figure 6. Effect of different protein perturbants on the

Raman spectrum of oat globulin dispersions (≈10-15%): (a)
control (distilled water); (b) 40 mM SDS; (c) 5% ME; (d) 40%
EG; (e) 6 M urea.

Figure 7. Effect of protein perturbants on normalized inten-
sity of several regions in Raman spectrum of oat globulin
dispersions (or pellets). Error bars represent standard devia-
tions of the means.
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destabilization. Urea effectively disrupts the hydrogen-
bonded structure of water and facilitates protein unfold-
ing by weakening hydrophobic interactions (Kinsella,
1982). Urea also increases the “permittivity” of water
(Franks and England, 1975) for the apolar residues,
causing loss of protein structure and heat stability. The
present Raman data showed that these reagents caused
marked changes in the secondary and tertiary struc-
tures of oat globulin. This may be attributed to the
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 that are important in
the stabilization of oat globulin conformation. The
results are consistent with our previous DSC data
(Harwalkar and Ma, 1987) which showed that in the
presence of these perturbants, thermal stability and
enthalpy of oat globulin were decreased, indicating
conformational changes and partial denaturation of the
protein.

Effect of Heating. Figure 8 shows changes in the
Raman band intensity in several spectral regions when
oat globulin was heated at 110 °C for different periods
of time. There was an initial slight decrease of the amide
I′ and amide III′ regions in the first 30 min, followed
by marked increases in peak intensity at 60 min (Figure
8), suggesting some protein unfolding. Similar trends
were observed in the C-H bending and stretching
vibrations (Figure 8), again indicating protein denatur-
ation when oat globulin was heated for extended periods
of time.

The Td of oat globulin was ∼110 °C (Harwalkar and
Ma, 1987), and heating at or near the Td has been shown
to lead to progressive decreases in the enthalpy (Ma and
Harwalkar, 1988b), which indicates that some protein
denaturation takes place. Heating at 110 °C also led to
a progressive red shift in the UV absorption spectra and
a blue shift in the fluorescence emission spectra, which
also suggest that protein unfolding occurs (Ma and

Harwalkar, 1988a). The Raman data are in agreement
with these results, although the DSC and the UV/
fluorescence spectroscopic results showed more rapid
protein unfolding than the present Raman data. This
may be due to the fact that Raman spectroscopy is more
sensitive to secondary structural changes, whereas DSC
and UV/fluorescence spectroscopy are sensitive to changes
in tertiary and quaternary structure. These sensitivities
suggest that during the course of thermal denaturation
of oat globulin, alterations in the tertiary and quater-
nary structure take place before changes in secondary
structure.

Conclusion. The present Raman data show that the
conformation of oat globulin is influenced by pH, chao-
tropic salts, and some protein perturbants and by
heating. The Raman results are consistent with previ-
ous DSC and UV/fluorescence data. This suggests the
involvement of both primary and secondary forces in
stabilizing the protein structure.

The present results indicate that FT-NIR Raman
spectroscopy is an appropriate technique for studying
the secondary and tertiary structure of vegetable pro-
teins such as oat globulin. The minimization of fluores-
cence is essential for plant protein preparations that
may contain phenolic compounds coextracted with the
solvents. However, the FT instrument seems to be less
sensitive than the conventional visible laser Raman
spectroscopy (Dr. E. Li-Chan, personal communication),
and a higher protein concentration is required to obtain
reproducible data.

ACKNOWLEDGMENT

We thank Dr. E. Li-Chan of the University of British
Columbia for helpful discussion.

LITERATURE CITED

Boye, J. I.; Ma, C.-Y.; Harwalkar, V. R. Thermal denaturation
and coagulation of proteins. In Food Proteins and their
Applications; Damodaran, S., Paraf, A., Eds.; Dekker: New
York, 1997; pp 25-56.

Brinegar, A. C.; Peterson, D. M. Separation and characteriza-
tion of oat globulin polypeptides. Arch. Biochem. Biophys.
1982, 219, 71-79.

Concon, J. M.; Soltess, D. Rapid micro-Kjeldahl digestion of
cereal grains and other biological materials. Anal. Biochem.
1973, 53, 35-41.

Damodaran, S.; Kinsella, J. E. Effects of ions on protein
conformation and functionality. In Food Protein Deteriora-
tion, Mechanisms and Functionality; ACS Symposium Series
206; Cherry, J. P., Ed.; American Chemical Society: Wash-
ington, DC, 1982; pp 327-357.

Davies, M. C.; Binns, J. S.; Melia, C. D.; Bourgeois, D. Fourier
transform Raman spectroscopy of polymeric biomaterials
and drug delivery systems. Spectrochim. Acta 1990, 46A,
277-283.

Derbyshire, E.; Wright, D. J.; Boulter, D. Legumin and vicilin,
storage proteins of legume seeds. Phytochemistry 1976, 15,
3-24.

Franks, F.; England, D. The role of solvent interactions in
protein conformation. CRC Crit. Rev. Biochem. 1975, 3 (2),
165-219.

Harwalkar, V. R.; Ma, C.-Y. Study of thermal properties of
oat globulin by differential scanning calorimetry. J. Food
Sci. 1987, 52, 394-398.

Hatefi, Y.; Hanstein, W. G. Solubilization of particulate
proteins and nonelectrolytes by chaotropic agents. Proc.
Natl. Acad. Sci. U.S.A. 1969, 62, 1129-1136.

Figure 8. Effect of heating (at 110 °C) on normalized intensity
of several regions in Raman spectrum of oat globulin (freeze-
dried powder). Error bars represent standard deviations of the
means.

1546 J. Agric. Food Chem., Vol. 48, No. 5, 2000 Ma et al.



Kinsella, J. E. Relationship between structure and functional
properties of food proteins. In Food Proteins; Fox, P. F.,
Cowden, J. J., Eds.; Applied Science Publishers: London,
U.K., 1982; pp 51-103.

Laemmli, U. K. Cleavage of structural proteins during the
assembly of the head of bacteriophage T4. Nature 1970, 227,
680-685.

Li-Chan, E. C. Y. The applications of Raman spectroscopy in
food science. Trends Food Sci. Technol. 1996a, 7, 361-370.

Li-Chan, E. C. Y. Macromolecular interactions of food proteins
studied by Raman spectroscopy: Interactions of â-lactoglo-
bulin, R-lactalbumin, and lysozyme in solution, gels, and
precipitates. In Macromolecular Interactions in Food Tech-
nology; Parris, N., Kato, A., Creamer, L. K., Pearce, J., Eds.;
American Chemical Society: Washington, DC, 1996b; pp
15-36.

Li-Chan, E. C. Y.; Qin, L. The application of Raman spectros-
copy to the structural analysis of food protein networks. In
Paradigm for Successful Utilization of Renewable Resources;
Sessa, D. J., Willett, J. L., Eds.; AOCS Press: Champaign,
IL, 1998; pp 123-139.

Li-Chan, E. C. Y.; Nakai, S.; Hirotsuka, M. Raman spectros-
copy as a probe of protein structure in food systems. In
Protein Structure-Function Relationships in Foods; Yada,
R. Y., Jackson, R. L., Smith, L. L., Eds.; Blackie Academic:
London, U.K., 1994; pp 163-197.

Ma, C.-Y. Chemical characterization and functionality assess-
ment of protein concentrates from oats. Cereal Chem. 1982,
60, 36-42.

Ma, C.-Y. Preparation, composition and functional properties
of oat protein isolates. Can. Inst. Food Sci. Technol. J. 1983,
16, 201-205.

Ma, C.-Y.; Harwalkar, V. R. Chemical characterization and
functionality assessment of oat protein fractions. J. Agric.
Food Chem. 1984, 32, 144-149.

Ma, C.-Y.; Harwalkar, V. R. Thermal coagulation of oat
globulin. Cereal Chem. 1987, 64, 212-218.

Ma, C.-Y.; Harwalkar, V. R. Study of thermal denaturation of
oat globulin by ultraviolet and fluorescence spectrophotom-
etry. J. Agric. Food Chem. 1988a, 36, 155-160.

Ma, C.-Y.; Harwalkar, V. R. Study of thermal denaturation of
oat globulin by differential scanning calorimetry. J. Food
Sci. 1988b, 53, 531-534.

Ma, C.-Y.; Khanzada, G.; Harwalkar, V. R. Thermal gelation
of oat globulin. J. Agric. Food Chem. 1988, 36, 275-280.

Marcone, M. F.; Kakuda, Y.; Yada, R. Y. Salt-soluble seed
globulins of dicotyledonous and monocotyledonous plants II.
Structural characterization. Food Chem. 1998, 63, 265-274.

Matsuura, J. E.; Manning, M. C. Heat-induced gel formation
of â-lactoglobulin: A study of the secondary and tertiary
structure as followed by circular dichroism spectroscopy. J.
Agric. Food Chem. 1994, 42, 1650-1656.

Morrissey, P. A.; Mulvihill, D. M.; O’Neill, E. M. Functional
properties of muscle proteins. In Development in Food
Proteins; Hudson, B. J. F., Ed.; Elsevier Applied Science:
London, U.K., 1987; Vol. 5, pp 195-256.

Neilsen, N. C. The structure and complexity of 11S polypep-
tides in soybeans. J. Am. Oil Chem. Soc. 1985, 62, 1680-
1686.

Ozaki, Y.; Cho, R.; Ikegaya, K.; Muraishi, S.; Kawauchi, K.
Potential of near-infrared Fourier Transform Raman spec-
troscopy in food analysis. Appl. Spectrosc. 1992, 46, 1503-
1507.

Peticolas, W. L. Raman spectroscopy of DNA and proteins.
Methods Enzymol. 1995, 226, 389-416.

Phillips, D. L.; Liu, H. J.; Pan, D. H.; Corke, H. General
application of Raman spectroscopy for the determination of
level of acetylation in modified starches. Cereal Chem. 1999,
76, 439-443.

Sadeghi-Jorbachi, H.; Wilson, R. H.; Belton, P. S.; Edwards-
Webb, J. D.; Cox, D. T. Quantitative analysis of oils and
fats by Fourier Transform Raman spectroscopy. Spectro-
chim. Acta 1991, 47A, 1449-1458.

Schrader, B.; Hoffman, A.; Simon, A.; Sawatzki, J. Can a
Raman renaissance be expected via the near-infrared Fou-
rier transform technique? Vib. Spectrosc. 1991, 1, 239-250.

Stanley, D. W.; Yada, R. Y. Physical consequences of thermal
reactions in food protein systems. In Physical Chemistry of
Food; Schwartzberg, H. G., Hartel, R. W., Eds.; Dekker:
New York, 1992; pp 669-733.

Steinhardt, J. The nature of specific and nonspecific interac-
tions of detergent with protein: complexing and unfolding.
In Protein-Ligand Interactions; Sund, H., Blauer, G., Eds.;
de Gruyter: Berlin, Germany, 1975; pp 412-426.

Tu, A. T. Peptide backbone conformation and microenviron-
ment of protein side-chains. In Spectroscopy of Biological
Systems; Clark, R. J. H., Hester, R. E., Eds.; Wiley: New
York, 1986; pp 47-112.

Von Hippel, P. H.; Schleich, T. The effects of neutral salts on
the structure and conformational stability of macromol-
ecules in solution. In Structure and Stability of Biological
Macromolecules; Timasheff, S. N., Farman, G. D., Eds.;
Dekker: New York, 1969; Vol. 2, pp 417-574.

Von Hippel, P. H.; Wong, K. Y. Neutral salts: The generality
of their effects on the stability of macromolecular conforma-
tions. Science 1964, 145, 577-580.

Received for review November 9, 1999. Revised manuscript
received February 24, 2000. Accepted February 24, 2000. The
work was supported by Hong Kong Research Grant Council
Grant HKU 7223/98M.

JF991222N

Raman Spectroscopy of Oat Globulin J. Agric. Food Chem., Vol. 48, No. 5, 2000 1547


