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Abstract

Proteins extracted from dehulled and defatted flaxseed (NorMan cultivar) were fractionated by anion exchange chromatography

to yield a major fraction with molecular weight of 365,000 Da, as determined by Sephacryl S-300 gel permeation chromatography.

Reducing and non-reducing SDS–PAGE revealed three predominant bands (20, 23 and 31 kDa) and two predominant bands (40

and 48 kDa), respectively, as well as several minor bands. Isoelectric focusing separated three components having isoelectric points

(pI) of 4.7, 5.1, and 5.6, with acidic (pI 4.5, 5.9, 6.1) and basic (pI 9.6) components being observed under reducing and denaturing

conditions. The flaxseed major fraction had high disulfide but low sulfhydryl content, high contents of glutamate (or glutamine) and

aspartate (or asparagine), and lower lysine/arginine ratio than soy or canola globulins. FT-Raman spectroscopy indicated high b-
sheet content and a strong band near 1065 cm�1, which is typical of intermolecular sheet interactions, supporting the oligomeric

nature of the protein.

� 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Flaxseed, also known as linseed, is enjoying an up-

surge in popularity as a result of reports on its benefits

to human health and its potential to reduce the risk of

certain diseases (Oomah & Mazza, 2000). However, the
current market for edible flaxseed, as well as recent re-

search on its role in human health, has focussed on the

whole intact flaxseed and its oil component (Oomah,

2001). The defatted meal, which is the residue after ex-

traction of flaxseed oil, is presently being used as live-

stock feed, and limited attention has been given to the

physicochemical and functional properties of the con-

stituent proteins. This information is essential for in-
creasing the utilization of flaxseed proteins, which have

the potential to become important value-added products

from the edible oil industry, as evidenced by the suc-
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cessful entry of soy proteins into the functional food

ingredient market.

Flaxseed proteins were first isolated by Osborne in

1892, who reported the presence of a globulin with

18.6% nitrogen and an albumin-like protein with 17.7%

nitrogen (Vassel & Nesbitt, 1945). Thereafter, research
on flaxseed proteins has been concerned primarily with

methods for the extraction of protein from the oil-

crushed meal (Dev, Quensel, & Hansen, 1986a; Madhu-

sudhan & Singh, 1983; Oomah, Mazza, & Cui, 1994;

Painter & Nesbitt, 1946; Smith, Johnson, & Beckel,

1946; Sosulski & Bakal, 1969; Vassel & Nesbitt, 1945;

Wanasundara & Shahidi, 1996, 1997).

Only a few studies have been conducted on the
characteristics and functionality of the protein compo-

nents fractionated from flaxseed. These studies reported

that flaxseed consists of two major storage proteins, a

predominant salt-soluble fraction with high molecular

weight (11–12S), and a water-soluble basic component

with low molecular weight (1.6–2S) (Dev, Sienkiewicz,

Quensel, & Hansen, 1986b; Dev & Sienkiewicz, 1987;

Madhusudhan & Singh, 1983, 1985a, 1985b; Marcone,
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Kakuda, & Yada, 1998a; Youle & Huang, 1981), and

suggest similarity between the properties of the major

storage protein of flaxseed and those of other important

oilseeds (Madhusudhan & Singh, 1985c, 1985d; Mar-

cone, Kakuda, & Yada, 1998b, 1998c; Oomah &Mazza,
1993). However, most of the properties of the flaxseed

major protein fraction are still awaiting investigation

(Marcone, 1999; Oomah, 2001).

The main objective of this study was to isolate and

characterize the major protein fraction from flaxseed of

the NorMan cultivar, with the long-term objective to

obtain basic information for understanding the struc-

ture–function relationship and potential applications of
flaxseed proteins in foods. The molecular characteristics

and structural properties that were investigated include

the molecular weight of the major protein fraction and

its constituent polypeptides, isoelectric point, amino

acid composition, content of sulfhydryl groups and di-

sulfide bonds, and molecular structure as analysed by

FT-Raman spectroscopy.
2. Materials and methods

2.1. Materials

Flaxseed of the NorMan cultivar was obtained from

the Agriculture and Agri-Food (AAFC) Diversification

Research Centre, Morden, Manitoba. The seeds were
dehulled at the AAFC Pacific Agri-Food Research

Centre in Summerland, BC, and ground delipidated

powder was prepared as previously described (Li-Chan

& Ma, 2002; Li-Chan, Sultanbawa, Losso, Oomah, &

Mazza, 2002b).

All chemicals used were of analytical reagent grade,

and Tris buffers were prepared from ultra-pure grade

Tris buffer salt (ICN Biochemical Inc., Costa Mesa,
CA).

2.2. Extraction of flaxseed proteins

Flaxseed proteins were extracted from the dehulled,

delipidated powder using 0.10 M NaCl in 0.10 M Tris

buffer at pH 8.6, with a 1:16 (w/v) seeds to buffer ratio

and magnetic stirring at 4 �C for 16 h (Li-Chan & Ma,
2002). The extract was then passed through a double

layer of cheesecloth and centrifuged at 20,400g for 30

min at 8–10 �C. The protein extract thus obtained is

hereinafter referred to in this study as the ‘‘whole ex-

tract’’.

2.3. Isolation of the major fraction of flaxseed proteins

The whole extract was loaded onto a 5� 20 cm

chromatographic column (Bio-Rad Laboratories, Her-

cules, CA) packed with 225 ml of DEAE-Sephacel
(Amersham Pharmacia Biotech Inc., Quebec) that was

pre-equilibrated with 0.10 M NaCl in 0.10 M Tris at pH

8.6 (conductivity of 10–11 mS/cm). The equilibrating

buffer was used to wash out the unbound fraction

(termed ‘‘flow through’’ fraction in this study). Pre-
liminary experiments indicated that protein composi-

tions were similar for fractions eluted by 0.15, 0.20 and

0.25 M NaCl and therefore, a single step elution of 0.25

M NaCl in 0.10 M Tris at pH 8.6 (conductivity of 19–22

mS/cm) was employed to elute the fraction which com-

prised 63.7% of the total proteins in flaxseed (termed the

‘‘major protein fraction’’ or simply ‘‘major fraction’’ in

this study). Absorbance at 280 nm (Unicam UV2
Spectrophotometer, Analytical Technology Inc, Cam-

bridge, UK) and conductivity (Yellow Springs Instru-

ment Conductivity Bridge YSI Model 31, Yellow

Springs, Ohio) were measured to monitor the progress

of elution.

The major fraction was lyophilized (LABCONCO�

model 75018, Labconco Corporation, Kansas City,

MO), reconstituted with distilled–deionized water, and
desalted by dialyzing against 5 mM Tris buffer at pH 8.6

using Spectra/Por� Molecularporous dialysis membrane

(Spectrum�, Laguna Hills, CA) with molecular weight

cut off of 6–8 kDa. The major fraction prepared ac-

cording to the above-mentioned protocol in six replicate

processes were pooled for subsequent analyses, after

SDS–PAGE analysis confirmed the similarity of protein

composition in the six preparations.
2.4. Analyses

Protein contents of solid samples were determined by

the Leco nitrogen combustion method using a LECO

FP-428 (LECO Cooperation, Joseph, MI) calibrated

with ethylenediaminetetraacetic acid. Protein contents

of liquid samples were analysed by the bicinchoninic
acid (BCA) protein assay (Pierce, Rockford, IL) with

bovine serum albumin as the protein standard.

The molecular weight (MW) of the major fraction of

flaxseed protein was determined by size exclusion chro-

matography on Sephacryl S-300 (Amersham Pharmacia

Biotech Inc., Quebec) according to Marcone et al.

(1998a). The pooled 0.25 M fraction was dialysed against

phosphate buffer (32.5 mM K2HPO4, 2.6 mM KH2PO4

and 0.4MNaCl, pH 7.5); 40mg protein was loaded to the

S-300 gel filtration column which was pre-equilibrated

with the same buffer, and eluted at a flowrate of 0.5 ml/

min. Blue dextran and sodium azide were used to evaluate

the void volume (Vo) and total elution (Vt) volume, re-

spectively, and the elution volumes (Ve) of thyroglobulin,
ferritin, catalase, alkaline phosphatase and a-lactalbumin

with MW of 669, 440, 232, 140 and 14 kDa, respectively,
were used to establish the calibration curve (Kav ¼
�0:3715 logMWþ 1:3182, R2 ¼ 0:9966). The available
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Fig. 1. Typical elution profile of flaxseed proteins on DEAE-Sephacel

chromatography.
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Fig. 2. Sephacryl S-300 gel permeation chromatographic profile of the

major fraction of flaxseed proteins.
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partition coefficient valueKav was calculated as (Ve � VoÞ=
ðVt � Vo).

Non-denaturing polyacrylamide gel electrophoresis

(Native PAGE) was carried out according to the

PhastSystemTM Separation Technique with PhastGel�

gradient 8–25; the relative intensity of stained bands was

measured using the PhastImage Analyzer (Amersham

Pharmacia Biotech Inc., Quebec). Sodium dodecyl sul-

fate polyacrylamide gel electrophoresis (SDS–PAGE)

was carried out with PhastGel� 10–15 and 8–25 gradient

gels. BSA A-4503, ovalbumin A-5503, b-lactoglobulin
L-6879 (Sigma, St. Louis, MO) and bovine IgG 55917

(ICN Biomedicals, Inc., Costa Mesa, CA) were elec-
trophoresed as MW standards, and the MW of flaxseed

protein samples was estimated from a Ferguson plot of

log MW versus relative mobility. Isoelectric focusing

(IEF) was carried out using PhastGel� pH 3–9 with

Sigma IEF-Mix 3.6–9.3, I-3018 (Sigma, St. Louis, MO)

as the standard markers. Approximately 2 lg of sample

was loaded on each lane, and samples were loaded near

the centre of the gels for isoelectric focussing. All
PhastGels� were Coomassie stained according to the

PhastSystemTM Development Technique.

Amino acid composition was analysed at the Uni-

versity of Victoria Protein Chemistry Centre (Victoria,

BC). Samples were hydrolysed and applied to an Ap-

plied Biosystems Model 420 derivatizer/analyser system

for analysis of PTC-derivatives by RP-HPLC.

Amino acid compositions were expressed in picomoles
and mole %.

The reactive and total sulfhydryl (SH) contents of the

major fraction and the whole extract were determined

using Ellman’s reagent (5,50-dithiobis-2-nitrobenzoic
acid or DTNB), by modification of the methods of

Beveridge, Toma, and Nakai (1974) and Mine (1997).

Due to the high protein blank readings arising from the

turbidity of samples in this assay, the values should be
viewed with some caution. The total sulfhydryl plus

disulfide (SH+SS) content was determined using the

method of Thannhauser, Konishi, and Scheraga (1983)

as modified by Damodaran (1984). The SH content and

total SH+SS content were determined from the mea-

sured A412 values using an extinction coefficient of

13,600 M�1 cm�1, and the SS content was calculated as

the difference between the SH content and the total
SH+SS content. Results of the SH and SS determina-

tion were also used to estimate the content of cysteine in

the whole flaxseed protein extract and the major frac-

tion, by assuming that each unit of SH was equivalent to

one unit of cysteine and each unit of SS was equivalent

to two units of cysteine.

The FT-Raman spectrum of the lyophilized major

fraction was analysed on a ThermoNicolet Nexus 670
FTIR with FT-Raman module, with 1.064 lm laser

excitation and InGaAs detector. The spectrum of Tris

buffer salt was also measured and subtracted from the
sample spectrum. The assignment of bands was based

on the reported literature (Li-Chan, Ismail, Sedman, &

van de Voort, 2002a; Lin-Vien, Colthup, Fateley, &

Grasselli, 1991).
3. Results and discussion

3.1. Isolation by DEAE-Sephacel chromatography

A typical elution profile of the whole extract upon

DEAE-Sephacel chromatography in 0.1 M Tris buffer at

pH 8.6 is shown in Fig. 1. Approximately 1/3 of the
protein extractwas recovered in the flow-through fraction

in the buffer containing 0.1 M NaCl, and a minor peak

was obtained in the presence of 0.5MNaCl. Themajority

(63.7%) of the proteins, or the ‘‘major protein fraction’’,

was eluted by the buffer containing 0.25 M NaCl.

3.2. Molecular weight by gel permeation chromatography

Sephacryl S-300 chromatography of the major frac-

tion yielded one predominant peak with Ve=Vo of 1.52

and Kav value of 0.366 (Fig. 2). In contrast, Marcone
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et al. (1998a) noted four peaks upon Sephacryl S-300

chromatography of the crude globulin preparation from

flax – in addition to the major peak corresponding to

11S globulin, three other peaks were observed, including

a turbid peak eluting near the void volume which was
suggested to be nucleic acids and other non-identifiable

high molecular weight components, a second peak that

was thought to be polymerized aggregates of the 11S

globulin and a final peak that was the 7S globulin. The

observation of a single peak in the present study indi-

cates the suitability of the anion exchange chromatog-

raphy procedure used, to isolate 11S globulin from

flaxseed protein extracts.
Based on the calibration curve constructed from

proteins of known MW, the MW of the major fraction

was estimated to be approximately 365 kDa. This value

is slightly higher than the value of 320 kDa reported for

salt-soluble globulins from flax by Marcone et al.

(1998a), but well within the range of MW values typi-

cally reported for 11S globulins of other oilseeds. For

example, MW in the 309–380 and 410 kDa ranges have
been reported for 11S soybean and pea globulins, re-

spectively (Marcone, 1999).

3.3. Polyacrylamide gel electrophoretic analyses

The native PAGE profile of the major fraction of

flaxseed proteins (Fig. 3) showed a major component

(relative intensity of 93.4� 3.8%; n ¼ 6) and two minor
components (1.0� 0.3% and 3.9� 1.1%). Some material
Fig. 3. Native PAGE of the major fraction of flaxseed proteins.
did not enter the gel and remained either at the point of

sample application (2.0� 1.3%), or in the boundary

between the stacking and the resolving gel (0.8� 0.4%).

Marcone et al. (1998a) also reported the presence of a

minor protein band of slightly higher relative electro-
phoretic mobility during native PAGE of peanut,

buckwheat, alfalfa, caraway, cumin, amaranth, and

soybean globulins, and attributed this to electrostatic

repulsion between subunits of non-covalently linked

protein subunits.

Fig. 4(a) shows the reducing SDS–PAGE profiles of

the major fraction. Three predominant bands corre-

sponding to MW of 20� 1, 23� 2 and 31� 1 kDa were
observed, but at least 11 bands could be distinguished,

including a number of minor bands with MW between 9

and 17 kDa and another minor band at 47� 6 kDa.

Oomah and Mazza (1998) observed the presence of 4

predominant polypeptides in flaxseed meal products

with MW of 14, 24, 25, and 34 kDa, as well as a number

of other minor bands. The band intensities varied de-

pending on whether the soluble proteins were extracted
from undefatted versus defatted seed, flake, cake or

meal. Marcone et al. (1998a) reported five components

from flax globulin, with MW of 14.4, 24.6, 30.0, 35.2

and 50.9 kDa. The 24.6 kDa component was reported to

correspond to basic subunits while the 30.0 and 35.2

kDa components were identified as the acidic subunits.

The basic subunits (MW of 20–27 kDa) of plant glob-

ulins could be distinguished from the acidic subunits
(30–39 kDa) based on amino acid sequence homologies

and immunological cross reactivity (Marcone et al.,

1998c).

Fig. 4(b) shows the non-reducing SDS–PAGE pro-

files of the major fraction. Among the 15 bands that

were observed, those corresponding to approximate

MW of 40 and 48 kDa were the most intense. The shifts

in the intensities of bands from relatively higher MW
components under non-reducing conditions (Fig. 4(b))

to lower MW components under reducing conditions

(Fig. 4(a)) suggests the dissociation of disulfide-linked

components into smaller subunits by reducing agents.

Madhusudhan and Singh (1985a) reported that SDS–

PAGE of the 12S protein from flaxseed showed at least

five non-identical subunits with MW of 11, 18, 29, 42

and 61 kDa, with the 18 and 42 kDa bands being more
intense. Dev and Sienkiewicz (1987) carried out SDS–

PAGE on the total protein as well as crude and purified

11S globulin from flaxseed, and found nine bands in the

total protein samples, of which four were distinctly

predominant over the others. The total number and

MW of bands obtained in the crude and purified glob-

ulin were not reported; however, two and three pre-

dominant bands were found respectively, and ‘‘the crude
and purified globulin was an oligomeric protein’’.

It should be noted that the subunit composition could

differ depending on the variety or cultivar of flaxseed



Fig. 4. SDS–PAGE of the major fraction of flaxseed proteins under: (a) reducing and (b) non-reducing conditions. The molecular weight (MW, in

kDa) of the standard protein markers in lane 1 are shown on the left, while the values on the right are the MW values calculated for the bands in lane

2, representing the major fraction of flaxseed proteins, expressed as mean� standard deviation (n ¼ 6).
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under investigation. In the present study, the major

fraction was isolated from flaxseed of the NorMan

cultivar. The studies of Madhusudhan and Singh (1983,

1985a, 1985b, 1985c, 1985d) used ‘‘linseed, Khategean

variety’’, while no variety was specified in the reports of

Oomah and Mazza (1998), Marcone et al. (1998a,

1998b, 1998c) or Dev and Sienkiewicz (1987). As re-

viewed by Utsumi, Matsumura, and Mori (1997), soy
glycinin exhibits polymorphism of subunit composition

among cultivars, and the amino acid sequence of each

subunit may also differ among cultivars. The molecular

heterogeneity leads to various molecular species with

different subunit composition and molecular mass,

which may be responsible for differences in functional

properties among cultivars. Polymorphism and hetero-

geneity are also likely to exist for the major storage
proteins found in different flaxseed cultivars, but to our

knowledge, there have been no published reports on this

aspect of flaxseed proteins.

Fig. 5. Isoelectric focussing of the major fraction of flaxseed proteins.

The isoelectric point (pI) of the standards (Std) are shown on the right,

while the values on the left are the pI values calculated for the bands in

lane 1, representing the major fraction of flaxseed proteins in the

presence of 6 M urea and 10 mM dithiothreitol, expressed as

mean� standard deviation (n ¼ 3). Lane 2 shows the major fraction

profile in the presence of 6 M urea without dithiothreitol.
3.4. Isoelectric focussing

IEF of the major fraction in 5 mM Tris at pH 8.6

resulted in two main bands with isoelectric points (pI) of

5.1� 0.0 and 5.6� 0.1, and a third less intense band with

pI of 4.7� 0.0 (n ¼ 4; data not shown). Vassel and

Nesbitt (1945) also reported a pI at 4.75 for the linseed

12S protein. IEF conducted under denaturing and re-
ducing conditions (Fig. 5, lane 1) indicated basic sub-

units with an extrapolated pI value of 9.6� 0.0, and

acidic subunits with pI of 6.1� 0.0 and 5.9� 0.0 (n ¼ 3).

Minor components were observed, including two com-

ponents with pI of 6.6� 0.0 and 4.5� 0.0.
To our knowledge, the pI values of the acidic and

basic subunits of flaxseed globulin have not been re-

ported previously. However, the values observed from

Fig. 5 are similar to the ranges reported for oat globulin
by Peterson and Brinegar (1982), which were approxi-

mately 5.9–7.2 for the acidic subunits and 8.7–9.2 for the

basic subunits.



Table 1

Amino acid compositions (g/100 g protein)a of the major protein fraction as compared with the whole extract from flaxseed, as well as reported values for 11 or 12S globulins from flaxseed, soybean

and canola protein

Amino Acid Flaxseed 12S

protein

Flaxseed

salt-soluble

protein

Flaxseed 11S

globulin

Soybean 11S

glycinin

Soybean 11S

glycinin

Canola 12S

globulin

Major Fractionb Whole extractb

Madhusudhan

and Singh

(1985a, 1985b,

1985c, 1985d)

Dev and

Sienkiewicz

(1987)

Marcone et al.

(1998a, 1998b,

1998c)

Garcia, Torre,

Marina, and

Laborad (1997)

Wolf and Nelsen

(1996)

Gruener and

Ismond (1997)

This study This study

Aspartic acid D 11.3 8.28 12.4 13.9 12.7 8.48 12.3� 0.09c 10.3� 0.12c

Glutamic acid E 19.8 24.5 24.3 25.1 15.5 19.0 21.8� 0.94c 21.5� 0.59c

Serine S 5.10 3.98 3.1 6.5 5.30 5.04 4.58� 1.64 6.36� 0.54

Glycine G 4.80 5.55 5.4 5.0 7.73 6.01 5.61� 0.69 10.9� 0.98

Histidine H 2.50 3.53 2.4 2.6 1.80 3.27 2.52� 0.12 1.78� 0.04

Arginine R 12.5 10.2 12.6 8.9 5.51 8.31 11.9� 0.16 8.38� 0.37

Threonine T 3.90 3.08 3.6 4.1 3.71 3.43 3.07� 0.86 3.93� 0.14

Alanine A 4.80 3.83 5.5 4.0 5.55 4.24 5.67� 0.66 6.86� 0.22

Proline P 4.50 4.09 0.0 6.9 6.17 8.29 4.17� 0.15 3.94� 0.34

Tyrosine Y 2.30 3.16 2.4 4.5 2.77 2.91 2.44� 0.24 1.70� 0.25

Valine V 5.60 4.32 5.1 4.9 5.72 3.87 4.65� 0.99 4.71� 0.80

Methionine M 1.70 1.89 1.3 1.3 1.56 1.76 1.25� 0.33 1.31� 0.51

Cysteine C 1.40 n.ad 0.9 1.7 0.70 1.78 (0.58� 0.14)e (1.37� 0.05)e

Isoleucine I 4.60 4.15 5.6 4.9 4.61 3.42 4.55� 0.38 4.16� 0.40

Leucine L 5.80 4.54 5.9 8.1 7.04 8.18 5.83� 0.44 5.86� 0.43

Phenylalanine F 5.90 4.30 6.3 5.5 4.30 5.22 5.81� 0.41 4.07� 0.48

Lysine K 3.10 4.37 3.1 5.7 4.23 4.66 3.24� 0.12 3.44� 0.39
a Tryptophan was not analysed.
bValues are reported as means� standard deviations of three analyses.
c Values for aspartic and glutamic acid may include asparagine and glutamine, respectively.
d n.a¼ data not available.
e Cysteine was not derivatized before analysis. Refer to text for estimation of Cys content by colorimetric assay.
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Fig. 6. FT-Raman spectrum of the major fraction of flaxseed proteins.

Table 3

Tentative assignment of bands in the FT-Raman spectrum of lyophi-

lized major protein fraction from flaxseed

Wavenumber (cm�1) Tentative assignment

420 n-alkane chain expansion

505 (s), 524 SAS stretch

638 CAS stretch

829 Tyrosine

764, 890, 1340 Tryptophan

1005 Phenylalanine

1069 Backbone

1245 Amide III

1453 CAH bend

1603 Tyrosine or phenylalanine

1665, 1684 Amide I

2879, 2935 CAH stretch

3059 @CAH stretch

3292, 3350 N—H stretch (amines or amides)
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3.5. Amino acid analysis

Table 1 shows the amino acid composition of the

major protein fraction and whole extract from flaxseed

in this study, in comparison to the composition of
flaxseed, soybean and canola proteins reported in the

literature. Flaxseed proteins, particularly the major

fraction, contained high content of arginine, glutamate

(and/or glutamine) and aspartate (and/or asparagine).

An amino acid composition with high nitrogen content

was reported to be important for supplying nitrogen for

germination (Youle & Huang, 1981). Protein sources

rich in arginine and glutamine have recently gained
popularity because of the potential preventative func-

tions of arginine against heart disease (Pszczola, 2002)

and of glutamine in supporting the immune system

(Oomah, 2001) and improving athletic performance

(Blenford, 1996). The lysine/arginine ratio was 0.27 for

the major fraction and 0.34 for the whole extract in this

study, compared to 0.88 for both soybean and canola

proteins as reported by Oomah and Mazza (2000),
suggesting that flaxseed protein may be less lipidemic

and atherogenic than either soybean or canola proteins

(Oomah, 2001).

3.6. Sulfhydryl and disulfide contents

Table 2 shows the reactive SH, total SH, and SS

contents for the major fraction and the whole extract.
The flaxseed proteins were characterized by low SH

content and high SS content, consistent with the ob-

servation from reducing and non-reducing SDS–PAGE

that some of the components were disulfide-linked. In-

termediary disulfide linked subunits have been reported

in globulins from dicotyledonous plant seeds (Marcone

et al., 1998a). The values for the flaxseed major fraction

are similar to, but slightly lower than, the SH and SS
contents of 15.84 and 104.64 lmol/g protein, respec-

tively, reported for soy 11S protein (Peng, Quass, Day-

ton, & Allen, 1984).

Based on these SH and SS contents, the calculated

cysteine contents of the major fraction and whole ex-

tract were 1.53� 0.05 and 2.93� 0.02 g/100 g proteins,

respectively. The cysteine content of the major fraction

was similar to the value (1.4 g/16 g nitrogen) reported
for 12S linseed globulin by Madhusudhan and Singh

(1985a).
Table 2

Total and reactive sulfhydryl (SH) and disulfide (SS) contentsa of the major

Sample Reactive SH (lmol/g protein) T

Major fraction 0.62� 0.09 3

Whole extract 0.71� 0.08 3
aValues reported are means� standard deviations (n ¼ 2 for SH, n ¼ 3 fo
3.7. FT-Raman spectroscopic analysis

Fig. 6 shows the FT-Raman spectrum of the lyophi-

lized major fraction of flaxseed protein. The tentative

assignments of the major bands are listed in Table 3.
A strong S–S stretching band near 525 cm�1, with a

shoulder at 505 cm�1, is consistent with the high content

of disulfide bonds measured by colorimetric assay (Ta-

ble 2), while the presence of sharp bands at 3292 and

3350 cm�1 assigned to NAH stretching may be attrib-

uted to either arginine side chains or amide groups of

asparaginyl and glutaminyl residues. The high intensity

of bands assigned to aromatic side chains of tryptophan
fraction and whole protein extract from flaxseed

otal SH (lmol/g protein) SS (lmol/g protein)

.40� 0.06 61� 2

.25� 0.10 121� 1

r SS).
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(764, 890 and 1340 cm1), phenylalanine (1005 cm�1) and

tyrosine (829 and 1603 cm�1), and to the CAH

stretching (2879 and 2935 cm�1) and CAH bending

(1463 cm�1) vibrational motions of aliphatic side chains,

suggest the involvement of these residues in hydropho-
bic interactions of the flaxseed major protein fraction.

The locations of the Amide III band (near 1245 cm�1)

and of the Amide I band (centred at 1665 cm�1 with a

shoulder at 1684 cm�1) are indicative of low content of

a-helix, and high contents of b-sheet and disordered

structures. These observations are similar to those based

on circular dichroic measurements of dilute solutions of

flaxseed, showing 4.0% helix, 62.8% b-sheet, 16.2% b-
turn and 17.0% random structure (Marcone et al.,

1998b). A strong broad band near 1069 cm�1 is sug-

gestive of aggregates or oligomeric nature of the protein;

a similar feature that was observed in a heated lysozyme

aggregate was assigned to C–C and C–N skeletal

stretching vibrations typical of intermolecular sheet in-

teractions (Howell & Li-Chan, 1996).
4. Conclusions

This study demonstrates the complex oligomeric na-

ture of the major protein fraction of flaxseed. This

fraction was shown to be composed of acidic and basic

polypeptide chains that are linked by disulfide bonds

and interact through hydrophobic groups as well as in-
termolecular sheet structures, producing an oligomeric

protein with MW of 365 kDa. Careful investigation of

the SDS–PAGE and IEF profiles revealed a number of

minor components in addition to several predominant

bands, suggesting molecular heterogeneity of the sub-

unit composition of the protein referred to in earlier

literature as the flaxseed 11S or 12S globulin. While the

present study focussed only on the major protein frac-
tion from flaxseed of a single cultivar (NorMan), it may

be speculated that molecular heterogeneity and poly-

morphism may be exhibited by other flaxseed cultivars.

Future research should be carried out to characterize the

molecular structure and to determine the possible cor-

relation between structure and functionality of the

proteins from different flaxseed cultivars.
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