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Lignan macromolecule from flaxseed hulls is composed of secoisolariciresinol diglucoside (SDG) and
herbacetin diglucoside (HDG) moieties ester-linked by 3-hydroxy-3-methylglutaric acid (HMGA), and
of p-coumaric acid glucoside (CouAG) and ferulic acid glucoside (FeAG) moieties ester-linked directly
to SDG. The linker molecule HMGA was found to account for 11% (w/w) of the lignan macromolecule.
Based on the extinction coefficients and RP-HPLC data, it was determined that SDG contributes for
62.0% (w/w) to the lignan macromolecule, while CouAG, FeAG, and HDG contribute for 12.2, 9.0, and
5.7% (w/w), respectively.

Analysis of fractions of lignan macromolecule showed that the higher the molecular mass, the higher
the proportion of SDG was. An inverse relation between the molecular mass and the proportion (%) Cou-
AG + FeAG was found. Together with the structural information of oligomers of lignan macromolecule
obtained after partial saponification, it is hypothesized that the amount of CouAG + FeAG present during
biosynthesis determines the chain length of lignan macromolecule.

Furthermore, the chain length was estimated from a model describing lignan macromolecule based on
structural and compositional data. The average chain length of the lignan macromolceule was calculated
to be three SDG moieties with CouAG or FeAG at each of the terminal positions, with a variation between
one and seven SDG moieties.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Lignans are phenolic compounds, which, by definition, are com-
posed of two propyl-benzene moieties, which are linked by a bond
between the 8 and the 80 position (Moss, 2000). The propyl-ben-
zene structures, coniferyl alcohols, are biosynthesized through
the phenylpropanoid pathway and stereospecifically dimerized
into the lignan pinoresinol (PINO) (Davin et al., 1997).

Subsequently, reduction, oxidation, dehydrogenation and addi-
tion reactions lead to the formation of a broad range of lignans,
which are present in both aglyconic and in glycosylated forms
(Ford et al., 2001; Hano et al., 2006; von Heimendahl et al., 2005;
Youn et al., 2005). Lignans are of interest because of their potential
(anti)-estrogenic and antioxidant properties (Eklund et al., 2005;
Wang, 2002).

Secoisolariciresinol diglucoside (SDG) is the most abundant lig-
nan present in flaxseed (Johnsson et al., 2000). It is synthesized
from PINO by the action of pinoresinol–lariciresinol reductase
(PLR) (von Heimendahl et al., 2005), followed by glucosylation by
an UDPG:glucosyltransferase (Ford et al., 2001). The formation of
ll rights reserved.
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SDG takes place in the outer layer of the seed (Hano et al., 2006).
Therefore, the concentration of SDG found in flaxseed hulls is high-
er than that of whole seeds (Madhusudhan et al., 2000). The lign-
ans in flaxseeds (hulls) are part of an oligomeric structure, called
lignan macromolecule. Within this lignan macromolecule, SDG is
ester-linked by 3-hydroxy-3-methylglutaric acid (HMGA) (Kamal-
Eldin et al., 2001; Klosterman and Smith, 1954). Also herbacetin
diglucoside (HDG), ferulic acid glucoside (FeAG) and p-coumaric
acid glucoside (CouAG) are part of the lignan macromolecule
(Johnsson et al., 2002; Struijs et al., 2007). The chemical structures
of the constituents of lignan macromolecule are shown in Fig. 1.

Analysis of seeds at different developmental stages showed that
hardly any free SDG is present in developing seeds. Almost directly
after its formation, SDG is incorporated within the lignan macro-
molecule (Ford et al., 2001; Hano et al., 2006). Oligomers of SDG
and HMGA are formed by ester-linkage with CoA-activated HMGA
(Ford et al., 2001). Molecules consisting of one or two SDG moieties
with one, two or three HMGA moieties have been identified (Ford
et al., 2001). Just like SDG, CouAG and FeAG are incorporated in an
alkali labile structure in early stages of seed development (Ford
et al., 2001; Hano et al., 2006).

Only limited data about the composition and size of lignan
macromolecule are available. In 2001, a model of lignan
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Fig. 1. The chemical structures of the constituents of lignan macromolecule from
flaxseed hulls. a = SDG, b = HDG, c = CouAG, d = FeAG and e = HMGA.
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Fig. 2. GC profile of fully saponified lignan macromolecule after derivatisation.
1 = pyridine, 2 = derivatizing agent, 3 = glutaric acid (internal standard), 4 = HMGA.
In the insert the GC-MS spectrum of peak 4. m/z-ratios ([M + H]+) marked gray are
also present in other fractions eluting at different retention times and are, therefore,
not originating from HMGA.

Table 2
Molar proportions and weight percentages of the constituents of lignan
macromolecule.

Constituent Molar proportionsa of phenolic
constituent (%)

±SD Weight percentageb

(%, w/w)
±SD

CouAG 23.1 ±2.8 12.2 ±1.5
FeAG 15.6 ±0.9 9.0 ±0.5
HDG 5.6 ±0.4 5.7 ±0.4
SDG 55.7 ±2.0 62.0 ±2.2
HMGA 11.1 ±1.3

a Determined based on peak area of the RP-HPLC profiles (not shown; see Struijs
et al. (2007) and the molar extinction coefficient (Table 1).

b The weight percentage (%, w/w) of HMGA was determined by GC. The weight
percentage (%, w/w) of phenolic constituents were calculated from molar
proportions.

Table 1
Molar extinction coefficients of the four main phenolic constituents of lignan
macromolecule.

Constituent Purity Molar extinction
coefficient at 280 nm
(M�1 cm�1)

SD absolute (%) kmax (nm)

CouAG 92% 19474 1043 (5.4%) 297
FeAG 98% 12133 292 (2.4%) 291 + 316
HDG 89% 10347 158 (1.5%) 271
SDG 100% 5838 201 (3.4%) 281
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macromolecule consisting of five SDG units being esterified with
four HMGA residues was published (Kamal-Eldin et al., 2001).
However, in later studies, variation in the proportions of constitu-
ents was observed between fractions of lignan macromolecule sep-
arated by reversed-phase solid-phase extraction (Johnsson et al.,
2002; Strandas et al., 2008), indicating that lignan macromolecule
represents an array of molecules with varying composition. In
addition, it has been shown that the flavonoid HDG links, just like
SDG, within lignan macromolecule via HMGA (Struijs et al., 2007),
while CouAG and FeAG are linked directly to the glucosyl moieties
of SDG through their carboxylic groups (Struijs et al., 2008).

More precise data about the composition and size of lignan
macromolecule could give direction to further research on the bio-
synthesis of lignan macromolecule. The aim of present research is
to investigate the composition and size of lignan macromolecule
from flaxseed hulls in order to be able to determine the correlation
between the composition and the size of the molecules.

2. Results and discussion

2.1. Quantification of the constituents of lignan macromolecule

An extract of lignan macromolecule from flaxseed hulls was ob-
tained by extraction with 63% aq. EtOH (Struijs et al., 2007). Mono-
meric units of lignan macromolecule were obtained by treating the
lignan macromolecular extract with 75 mM NaOH (Struijs et al.,
2007). The components described to be part of lignan macromole-
cule from flaxseed hulls, can be divided into two groups: the phe-
nolic constituents (see later) and the linker molecule HMGA. Fig. 2
shows the GC profile of HMGA from fully saponified lignan macro-
molecule. To confirm that peak 4 corresponded to HMGA, it was
analyzed by GC–MS. In the insert of Fig. 2, the MS spectrum of peak
4 (RT = 10.9 min) is shown. By comparing the spectrum with the
spectrum of an authentic standard of HMGA and with literature
values (Ford et al., 2001), this peak was identified as HMGA.
The concentration HMGA was calculated as 111 ± 13 lg/mg
macromolecule. This number corresponds with the amount deter-
mined on the basis of the recovered weights of HMGA isolated
from lignan macromolecule as reported previously (Prasad, 2004).

Besides the 11.1% (w/w) of HMGA, lignan macromolecule con-
sisted of phenolic compounds, mainly SDG, CouAG, FeAG and
HDG. To be able to determine the proportion of each of these phe-
nolic constituents, they were purified by preparative RP-HPLC
(Struijs et al., 2007), and their molar extinction coefficients were
determined, as these data have not been reported in literature.

The molar extinction coefficients at 280 nm of purified SDG,
CouAG, FeAG and HDG are given in Table 1. In this table, also the
purity of the compounds, based on NMR signals is given (see Struijs
et al., 2007 for NMR). The purity of the compounds was found to be
close to 90% or higher.

On a molar basis, SDG was found to be the most abundant con-
stituent, followed by CouAG, FeAG, and HDG as shown in Table 2.
Recalculation of the molar proportions of the phenolic compounds
into weight ratios showed that lignan macromolecule consists of
62.0% (w/w) SDG, 5.7% HDG, 12.2% CouAG and 9.0% FeAG. These



Table 3
Assignments of m/z-ratios found the first group of peaks in the MALDI-TOF MS
spectrum of lignan macromolecule as shown in Fig. 3.

peak m/z-ratio
[M+Na]+

possible assignments [M+Na]+ partially assigned
peaksa

A1 1521.6 2SDG + HMGA
A2 1537.6 2SDG + HMGA [M + K]+b

B1 1605.6 SDG + 2HMGA + HDG 1521.6 + HMGA
B2 1647.7
B3 1665.7 2SDG + 2HMGA
B4 1679.8
B5 1695.7

C1 1809.9 2SDG + 3HMGA 1521.6 + 2 HMGA
1647.9 + Glc

C2 1823.8 1679.8 + HMGA
1647.7 + FeA

C3 1837.9
C4 1855.9 1679.8 + FeA
C5 1873.8

D1 1971.9 1647.7 + 2Glc
1647.7 + CafAG

1973.9 2SDG + 2HMGA + CouAG 1665.7 + CouAG
D2 1985.9 2SDG + 3HMGA + FeA 1823.8 + Glc

1809.9 + FeA
1647.7 + FeAG

1987.9 1971.9 + 16
D3 1999.9 1837.9 + Glc

1823.8 + FeA
1855.9 + HMGA

2001.9 2SDG + 3HMGA + FeA
[M + K]+b

1985.9 + 16

2003.9 2SDG + 2HMGA + FeAG 1665.7 + FeAG
D4 2017.9 1855.9 + Glc

1679.8 + FeAG
2019.9 2SDG + 2HMGA + FeAG

[M + K]+b
2003.9 + 16

D5 2031.9 1855.9 + FeA
2033.9 2017.9 + 16

E1 2131.0 1823.8 + CouAG
E2 2148.1 2SDG + 3HMGA + FeAG 1985.9 + Glc

1809.9 + FeAG
1823.8 + CafAG

E3 2164.0 (av)
E4 2184.0 (av)
E5 2199.9 (av) 2SDG + HMGA + 2FeAG 2003.9 + FeAG
E6 2215.9 (av) 2SDG + HMGA + 2FeAG

[M + K]+b
2148.1 + 16

(av) = most dominant isotope is not the first isotope peak, assignments calculated
based on average molecular weights in stead of monoisotopic molecular weights.
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values correspond with literature values where different methods
were used (Eliasson et al., 2003; Prasad, 2004).

The proportion of CouAG was higher than the proportion of
FeAG. This might be explained by the biosynthetic pathway of
these compounds. During monolignol biosynthesis, CouA is formed
earlier than FeA (Boerjan et al., 2003). Besides, it was found that
incorporation of CouA and FeA in lignan macromolecule occurs at
early stages of seed development (Ford et al., 2001). Based on these
literature data and the results obtained in the present study, it is
suggested that when CouA is glucosylated and/or it is incorporated
within lignan macromolecule, it is not available anymore for con-
version into FeA and FeAG. This might explain the lower proportion
of FeAG in lignan macromolecule compared to CouAG.

2.2. Molecular mass of lignan macromolecule

Since precise data on the molecular mass of lignan macromole-
cule are lacking, MALDI-TOF MS analysis was performed (Fig. 3).
The spectrum obtained by MALDI-TOF MS showed a complex pat-
tern of peaks, which showed variation in composition and size of
the molecules of lignan macromolecule. The spectrum showed four
groups of peaks, each group differing 812 (m/z; 812 = 830-water)
from each other, corresponding to a difference of SDG + HMGA.
Within each group, a repetitive pattern of five clusters (A–E) of
peaks was observed. The differences in m/z-ratios between the
clusters varied. An enlargement of the first group, in which the
individual peaks in the five clusters are marked, is shown in the in-
sert of Fig. 3. Each of the five clusters showed a unique peak pat-
tern. For example, in cluster A, two peaks were observed while in
cluster E six peaks were distinguished. The differences in m/z-ratio
between the peaks mostly corresponded to 12, 14, 16 or 18. The
difference in m/z-ratio of 16 was tentatively assigned as the differ-
ence between the sodium versus the potassium adduct.

In Table 3 the peaks of the first group are listed together with
their molecular masses and their (tentative) assignments. Peaks
were assigned by making combinations of SDG, HMGA, CouA(G),
FeA(G), and HDG or other phenolic compounds described to be
present in flaxseed: the lignans matairesinol (MAT) (Liggins et al.,
2000), isolariciresinol (iso-LARI) (Meagher et al., 1999), pinoresinol
(PINO) (Meagher et al., 1999) and lariciresinol (LARI) (Sicilia et al.,
2003), the flavonoid kaempferol diglucoside (Qiu et al., 1999), and
the hydroxycinnamic acids caffeic acid glucoside (Westcott and
Muir, 1996) and sinapic acid (Dabrowski and Sosulski, 1984).
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Fig. 3. MALDI-TOF MS spectrum of lignan macromolecule measured in the positive
reflector mode. Four groups of five clusters (A–E) of peaks are shown. Each group
represents an elongation of the macromolecular chain by SDG + HMGA compared to
the previous group. An enlargement of 1st group is depicted in the insert. Peak
assignments are listed in Table 3.

a Differences in m/z-ratios between peaks could be identified as constituents of
lignan macromolecule.

b Mostly fragments were assigned as sodium adducts [M + Na]+ but in some
occasions the potassium adduct [M + K]+ was found. The potassium adduct shows a
difference of 16 with the sodium adduct.
Peak A1, for example, was assigned as 2SDG + HMGA and peak
A2 as the potassium-adduct of this same molecule. In the B-cluster,
peak B3 was assigned as A1 elongated with one HMGA moiety, and
in the C-cluster, peak C1 was assigned as A1 plus two HMGA moi-
eties. Several peaks within the D and E clusters were identified as
molecules composed of SDG and HMGA to which CouA, FeA or
their glucosides were attached.

Most other peaks were partially assigned by looking at differ-
ences in m/z-ratios between peaks and assigning the differences
as components present in flaxseeds. For example, peak E1 (m/z =
2131 [M–H]�) was partially assigned as peak C2 (m/z = 1823.8
[M–H]�) plus CouAG (m/z = 325 [M–H]�). Differences in m/z-ratios
with unidentified peaks corresponding to HMGA, glucose, FeA(G),
CafAG, or CouAG were found, suggesting that these peaks were
derivatives of lignan macromolecule.

Based on the peaks identified and the difference in m/z-ratios
between the groups, it was shown that lignan macromolecule is
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a collection of molecules of various sizes and compositions. Mole-
cules ranging from 2SDG+1HMGA (Mr = 1.5 kDa) up to at least
5SDG + 6HMGA (Mr = 4.3 kDa) were identified by MALDI-TOF MS
as being part of lignan macromolecule. It still remains to be iden-
tified what the maximum molecular mass is because the MALDI-
TOF MS signal was declining with increasing molecular mass.

2.3. Subunit composition of fractions of lignan macromolecule

To investigate the variation in composition and size in more de-
tail, lignan macromolecule was fractionated by gel permeation
chromatography (GPC) as indicated in Fig. 4. The total lignan mac-
romolecule eluted as one broad peak, in accordance with previous
results (Shukla et al., 2002). Reinjection of the collected fractions
on the same GPC column (insert in Fig. 4) showed that fractions
were obtained, which differed in molecular mass.

The composition of the collected GPC-fractions was determined
by analyzing the fractions on analytical RP-HPLC after full saponi-
fication (Fig. 5). In Fig. 6 the molar proportions of the four main
phenolic constituents per GPC-fraction are shown. In the first five
fractions, SDG was the predominant constituent, whereas in the
fraction 7 and 8 CouAG + FeAG were predominating. With increas-
ing retention times on GPC (thus a decrease molecular weight) the
relative molar proportion of SDG decreased from 73 to 27%,
whereas the proportion of CouAG increased from 12 to 52%. FeAG
also showed an increase in proportion (from 10 to 18%), but this in-
crease was smaller than that for CouAG. These changes in ratios be-
tween SDG, CouAG and FeAG in various fractions of lignan
macromolecule are in agreement with literature results (Strandas
et al., 2008).

The increase in proportions of CouAG + FeAG provided addi-
tional information about the structure of the molecules of the lig-
nan macromolecule. When CouAG and FeAG would have been
randomly distributed over a molecule, an increase in chain length
is not expected to result in a change in ratio of SDG:(Cou-
AG + FeAG). Since an inverse relation between molecular mass
and proportion of CouAG + FeAG was observed, it is suggested that
CouAG and FeAG were the terminating units. The molar ratio of
SDG:(CouAG + FeAG) of 1:2 found in the fraction with the lowest
molecular mass (fraction 8), also points in the direction of the pres-
ence of CouAG or FeAG on each terminal position of SDG. Also pre-
vious research showed indications for such a structure (Struijs
et al., 2008).

These data suggest that chain elongation of lignan macromole-
cule stops after incorporation of a CouAG or FeAG moeity. It is
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same column.
hypothesized that the chain length of the molecules of lignan mac-
romolecule is controlled by the concentrations free CouAG and
FeAG present during biosynthesis. In early stages of flaxseed devel-
opment, high concentrations of free CouAG and FeAG are detected,
while in later stages, their concentration was lower (Hano et al.,
2006). In addition, it has been observed that higher oligomers of
SDG and HMGA are formed in later stages of seed development
(Ford et al., 2001). These observations suggest that in early stages
of seed development molecules with short chain lengths are termi-
nated by the, in those stages, highly abundant CouAG and FeAG
moieties. In later stages, when CouAG and FeAG are less abundant,
it is suggested that longer chains are biosynthesized.

2.4. Schematic representation of lignan macromolecule

Taking all results into account, lignan macromolecule can be de-
fined as a collection of molecules with various molecular masses,
which are composed of one or more SDG moieties each linked to
none, one or two HMGA moieties, and to which CouAG or FeAG res-
idues can be linked. A schematic representation of lignan macro-
molecule is shown in Fig. 7a. SDG (or HDG), CouAG, FeAG
(CouAG and FeAG are indicated in Fig. 7a as HCAG), and HMGA
are the building blocks of lignan macromolecule, represented in
Fig. 7a by a circle, a square and a parallelogram, respectively.
SDG (or HDG) moieties link to each other via HMGA (Struijs
et al., 2007), while CouAG and FeAG link directly to SDG (Struijs
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et al., 2008). Also FeA is a constituent of lignan macromolecule
(Struijs et al., 2008), but present in such low amounts that it is
not accounted for.

The schematic representation should comply with the struc-
tures assigned after MALDI-TOF MS analysis (Table 3: 2SDG +
HMGA; n1 = n3 = 0, n2 = 1 up to 5SDG + 5HMGA; n2 = 4, n1 or
n3 = 1). Based on these MALDI-TOF MS data, it was expected that
a combination of SDG and HMGA is the basic unit of the molecules
of lignan macromolecule. However, also the composition of the
GPC-fractions should be taken into account. The ratio of 1:2 be-
tween SDG and CouAG (+FeAG) showed that CouAG–SDG–CouAG
is a possible member of lignan macromolecule, which led to the
suggestion that CouAG and/or FeAG are present at the terminal
positions (as discussed above). Therefore, the representation
(Fig. 7a) should also reflect the possibility of CouAG and FeAG at
the terminal positions.

By definition, the smallest molecules being part of lignan mac-
romolecule are SDG + HMGA or SDG + CouAG (or SDG + FeAG). For
these molecules the following is true: n2 = 0 and n1 or n3 = 1. For
larger molecules, CouAG, FeAG or HMGA can or can not be present
at the terminal position so the value for n1 and n3 can be either 0 or
1. The value for n2 will vary with the chain length.

2.5. Average chain length of lignan macromolecule

Experimentally, the chain length could not be measured and the
value of n2 remained unidentified. To be able to estimate n2, a mod-
el was developed which predicts chain length based on the compo-
sitional (current study) and structural data (Struijs et al., 2008).

A lignan macromolecular chain is described as a combination of
the different building blocks:

LM ¼ ðn2 þ 1ÞSDGþ ðn2 þ aÞHMGAþ bðCouAGþ FeAGÞ ð1Þ

in which LM = the total lignan macromolecule, (n2+1) = number of
SDG units, a = number of terminal units HMGA, b = number of ter-
minal units CouAG + FeAG. The following constraints are active:
n2 P 0, a P 0, b P 0, a + b P 2. In Eq. (1), a + b are the total terminal
units of HMGA plus CouAG + FeAG. In Fig. 7a, they are represented
by n1 + n3.

Assuming that the molar proportion of SDG (ySDG), the molar
proportion of CouAG + FeAG (y(CouAG+FeAG)), and the molar propor-
tion of HMGA (yHMGA) are forming the total lignan macromolecule,
the following is true:

ySDG þ yHMGA þ yðCouAGþFeAGÞ ¼ 1

in which,
ySDG ¼ ðn2 þ 1Þ=ððn2 þ 1Þ þ ðn2 þ aÞ þ bÞ
yHMGA ¼ ðn2 þ aÞ=ððn2 þ 1Þ þ ðn2 þ aÞ þ bÞ
yðCouAGþFeAGÞ ¼ b=ððn2 þ 1Þ þ ðn2 þ aÞ þ bÞ

ð2Þ

The following equations describe the molar proportions of SDG,
HMGA and CouAG + FeAG in lignan macromolecule as a set of linear
equations.

ySDG ¼ ðn2 þ 1Þð2ySDG � 1Þ þ aySDG þ bySDG

yHMGA � 1 ¼ ðn2 þ 1Þð2yHMGA � 1Þ þ aðyHMGA � 1Þ þ byHMGA

yðCouAGþFeAGÞ ¼ 2ðn2 þ 1ÞyðCouAGþFeAGÞ þ ayðCouAGþFeAGÞ

þ bðyðCouAGþFeAGÞ � 1Þ

ð3Þ

For the average (or total) lignan macromolecule, the molar propor-
tions of SDG, HMGA, and CouAG + FeAG were recalculated from Ta-
ble 2: ySDG = 0.433, yHMGA = 0.294 and y(CouAG+FeAG) = 0.273. By
trying to solve this set of equations, they appeared to be dependent.
This dependency is most likely explained by the relationship be-
tween the amounts of SDG and HMGA. Solving the solutions re-
sulted in a continuum of solutions only restricted by the
constraints. In Fig. 8 the possible solutions are plotted. According
to Fig. 8, the average lignan macromolecule can be described as
follows:

1 6 n2 þ 1 6 3:1
0:6 6 b 6 2:0
0 6 a 6 0:7

The average chain length was modeled as being maximally 3
SDG moieties (n2 = 2.1) with a CouAG or FeAG moiety on most ter-
minal positions. This average chain length is lower than the chain
length of 5 SDG units determined by Kamal-Eldin et al. (2001). In
that study, CouAG or FeAG were not considered as being terminal
units.

2.6. Chain length distribution of lignan macromolecule

Information about the chain length distribution can be obtained
from the fractions obtained by GPC. In Table 4, the molar propor-
tions (%) of SDG and CouAG + FeAG per GPC-fraction are given.
Since no data about the content of HMGA in the fractions are avail-
able, lignan macromolecule should now be described by a combi-
nation of only SDG and CouAG + FeAG.

LM ¼ ðn2 þ 1ÞSDGþ bðCouAGþ FeAGÞ ð1bÞ



Table 4
Characteristics of the GPC-fractions of lignan macromolecule.

GPC fraction Weighted average

1 2 3 4 5 6 7 8

Peak area (%) 2 5 16 27 26 15 7 2 100
SDG (mol%)a 78 77 72 68 53 47 34 31 59
CouAG + FeAG (mol%)a 22 23 28 32 47 53 66 69 41
n2+1b 1�7.1 1�6.7 1�5.1 1�4.3 1�2.3 1�1.8 1 1 1�2.9
bc 0.3�2 0.3�2 0.4�2 0.5�2 0.9�2 1.1�2 2 2 0.7�2

a Molar fractions of SDG and CouAG + FeAG are derived from Fig. 6 and are used to calculate n2+1 and b by solving Eq. (3b). SDG represents the molar fraction (mol%) of SDG
plus HDG. HMGA is not accounted for.

b n2 + 1 is the amount of SDG (plus HDG) units per macromolecule.
c b is the amount (CouAG+FeAG) at the terminal positions.
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and

zSDG þ zðCouAGþFeAGÞ ¼ 1 ð2bÞ

in which (n2+1) = number of units SDG, b = number of terminal Cou-
AG + FeAG moeities, and z are the molar ratios of SDG and Cou-
AG + FeAG. The value for n2 should be P0, and 0 6 b 6 2. zSDG and
z(CouAG+FeAG) can be rewritten as follows by combining Eqs. (1b)
and (2b):

zSDG ¼ ðn2 þ 1Þ=ððn2 þ 1Þ þ bÞ
zðCouAGþFeAGÞ ¼ b=ððn2 þ 1Þ þ bÞ

ð3bÞ

or combined:

ðn2 þ 1Þ ¼ zSDG=zðCouAGþ FeAGÞ�b ð4bÞ

Also these equations were found to be dependent, giving a ser-
ies of solutions limited by the constraints. In Table 4, the (depen-
dent) ranges for n2 (units of SDG) and b (amount of terminal
CouAG + FeAG units) per GPC-fraction are given. Also the weighted
average proportions of SDG and CouAG + FeAG (= (peak area * mol%
per fraction)/(total area * mol% of all fractions)) were calculated
and used to model the weighted average values for n2 and b. The
weighted average composition of all GPC-fractions resulted in a
chain length of maximally 3 SDG units (n2 = 1.9). This corresponds
very well to the chain length found for the average lignan
macromolecule.

For fractions 7 and 8, the Eq. (3b) can only be solved when b = 2.
For the other fractions, b (and n2) can vary. The calculated maximal
chain length of lignan macromolecule from flaxseed hulls was
found to be 7 SDG (or HDG; n2 = 6.1) moieties with two CouAG
or FeAG residues as terminal units (b = 2), but longer chain length
can not be excluded. These data fit well with the maximum found
chain length of at least 5 SDG units as identified by MALDI-TOF MS.

3. Conclusions

The average lignan macromolecule consists of three backbone
units (SDG or HDG; n2 = 2). The chain length varies between one
and seven SDG (or HDG) moieties (0 6 n2 6 6) per molecule. An
example of an average lignan macromolecule is shown in Fig. 7b.

The results obtained indicate that CouAG and FeAG are most
likely present at the terminal positions. The amount of CouAG
and FeAG seem to determine the chain length of lignan macro-
molecule during biosynthesis.

4. Experimental

4.1. Extraction lignan macromolecule from flaxseed hulls

Lignan macromolecule was extracted from flaxseed hulls as de-
scribed previously (Struijs et al., 2007). In short, 400 g of flaxseed
hulls, kindly provided by Frutarom Netherlands B.V. (Veenendaal,
The Netherlands), were extracted with 3 l of n-hexane. Lignan mac-
romolecule was extracted from the defatted hulls by a three-step
sequential extraction with 63% (v/v) aq. EtOH at room temperature
under continuous stirring. The extracts and the hulls were sepa-
rated by filtration on a 595 round paper filter (Schleicher&Schuell).
From the combined extracts the EtOH was evaporated and the con-
centrated extract was lyophilized yielding lignan macromolecule.
4.2. Saponification of lignan macromolecule

To release monomeric constituents, solutions of (fractions of)
lignan macromolecule were fully saponified in 75 mM NaOH. The
incubation volume was 1 ml, the concentration lignan macromole-
cule was 2 mg/ml or less. Saponification was performed at room
temperature while stirring. After 24 h, the reaction was stopped
by lowering the pH to 6.5–7.0 with HOAc.

4.3. Sample clean up of (saponified) lignan macromolecule

Prior to analysis, low molecular weight polar material was re-
moved from lignan macromolecule extract or saponified samples
by solid phase extraction (SPE; SepPak Vac, 20 cc/5 g, C18 car-
tridge, Waters). Prior to loading samples onto the SPE cartridge,
the EtOH concentration in the reaction mixture was reduced by
diluting the samples with 25 ml water.

After activation of the SepPak cartridge first with MeOH and fol-
lowed by water, the diluted saponified lignan macromolecule solu-
tion was loaded onto the cartridge. After a wash step with 1
column volume of water, lignans were eluted from the cartridge
with 3 column volumes of MeOH of which the first column volume
was discarded. The MeOH eluate was evaporated under a stream of
air to a final volume of 1 ml.

4.4. Reversed phase HPLC coupled on-line to mass spectrometry (RP-
HPLC-MS)

Samples were analyzed on an X-Terra C18 MS column (Waters;
3.5 lm particle size, 4.6 � 150 mm) with an X-Terra C18 MS guard
column (Waters; 3.5 lm particle size, 4.6 � 10 mm) run on a Ther-
mo Separation Products HPLC system as previously described
(Struijs et al., 2007). The gradient (Struijs et al., 2007) was run at
0.7 ml/min at room temperature. Samples of 20 ll were injected
being dissolved in MeOH.

The molecular masses of the constituents of the macromolecule
were determined on a Thermo Finnigan LCQ Classic coupled on-
line to the analytical RP-HPLC. 10% of the flow from the analytical
RP-HPLC was directed to the MS. The MS was equipped with an ESI
injector. Spectra were obtained in the negative ion mode over an
m/z range of 150–2000. The capillary temperature was 270 �C,
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the ion spray voltage was set on 4.50 kV, the capillary voltage was
�7.00 V, and helium was used as sheath gas. MS/MS analysis was
performed with a normalized collision energy of 27%.

4.5. Gel permeation chromatography (GPC)

To obtain fractions of lignan macromolecule with different
molecular masses, aliquots of 100 ll containing 2 mg lignan
macromolecule (cleaned over SPE)/ml 63% (v/v) EtOH were in-
jected on a similar HPLC system as described for RP-HPLC,
equipped with a Tricorn Superdex Peptide 10/300 GL column
(Amersham Bioscience; 10 � 300–310 mm, bed volume = 24 ml,
optimum separation range 100–7000 Da). Fractions (0.8 ml)
were collected during three subsequent runs. The column was
run isocratically at a flow rate of 0.8 ml/min with 40% (v/v)
aq. ACN + 0.1% (v/v) TFA as eluent. The eluate was monitored
at 280 nm. The included volume (Vinc = 16.5 ml) was determined
with water. No further calibration of the Superdex Peptide col-
umn was performed since no suitable calibration compounds
were available.

The same procedure was used to determine the molecular
weight distribution of the GPC-fractions isolated from the parental
lignan macromolceule. The injection volume was 50 ll.

4.6. Determination molar extinction coefficients of CouAG, FeAG, HDG
and SDG

CouAG, FeAG, HDG and SDG were purified by preparative RP-
HPLC as described previously (Struijs et al., 2007). Based on
stock-solutions of about 10 mg/ml, dilution series in MeOH were
made. The absorbance at 280 nm of these dilutions was measured
against MeOH in a 1 ml quartz cuvet. The molar extinction coeffi-
cients (e) were calculated using Abs = e * l * c in which Abs = absor-
bance at 280 nm, l = light path = 1 cm, c = concentration (M).
4.7. Determination HMGA by GC-MS

Lignan macromolecule (2 mg/ml in EtOH) was fully saponified.
Aliqouts (0.5 ml) were spiked with 50 lg glutaric acid (GA) dis-
solved in water (50 ll, 1 mg/ml) as internal standard. A calibra-
tion curve was made with a concentration range of HMGA
(Aldrich) starting from a 1 mg/ml stock-solution. The volume
was increased to 5 ml with water and the pH was adjusted to
pH 1.5–2.0 with HCl. The samples were evaporated to dryness un-
der a stream of air at 50 �C. To remove residual water, 100 ll ace-
tone was added and evaporated. Reaction vials were purged with
N2.

To obtain TMSi derivatives, to each dried sample 1 ml of
HMDS:TMCS:pyridine (3:1:9; SIL-PREP Kit, Alltech) was added.
After 2 h the derivatisation reaction was complete and the deriva-
tized samples were analyzed on a GC 8000TOP system with an
AS800 autosampler and FID-detection (Thermo Finnigan) equipped
with a DB-1 column (J&W; 30 � 0.25 � 1.0). Injection volume was
1 ll (splitless injection). The temperature program was a follows:
t = 0 min, 80 �C; t = 0–12 min, 80–325 �C (linear increase); t = 10–
42 min, 325 �C. Helium was used as a carrier gas at 100 kPa. The
FID-detector was set on 350 �C.

GC-MS data were obtained by analyzing the derivatized sam-
ples on a Trace GC (Thermo Finnigan) coupled to a Polaris Q mass
spectrophotometer. The settings of the GC were similar as describe
above. MS data were collected by electron impact, in full scan
mode between 5 and 25 min of the GC run, in the positive ion
mode over a mass range of 50–400 Da. The temperature of the
ion source was 250 �C. The auto-tune function was used to
optimize the MS settings.
4.8. Calculation of the molar proportions and the weight percentages

The molar proportions of the four phenolic compounds were
calculated by dividing the molar equivalents of the individual com-
pounds by the total molar equivalents. The molar equivalents were
determined by multiplying the molar extinction coefficients (Table
1) by the peak area under the RP-HPLC profiles of fully saponified
lignan macromolecule (chromatograms not shown). The weight
percentages were calculated based on the measured value for
HMGA and the molar proportions of the phenolic constituents.

4.9. MALDI-TOF MS of lignan macromolecule

For the determination of the molecular mass distribution, unsa-
ponified lignan macromolecule was analyzed on a Ultraflex MAL-
DI-TOF MS (Bruker Daltronics GmbH). As matrix 2,5-
dihydroxybenzoic acid dissolved in 50% aq. ACN (15 mg/ml) was
used. Two ll of sample mixture consisting of 10 ll 2 mg/ml unsa-
ponified lignan macromolecule cleaned over SPE, 10 ll matrix-
solution, and 1 ll 1 mM NaOAc pH 5.0 was spotted on a gold plate.
The MALDI-TOF MS was calibrated with a mixture of maltodextrins
(mass range 365–4092 Da). The system was used in the positive
reflector mode.
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