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Abstract

In flaxseed hulls, lignans are present in an oligomeric structure. Secoisolariciresinol diglucoside (SDG), ester-linked to hydroxy-
methyl-glutaric acid (HMGA), forms the backbone of this lignan macromolecule. The hydroxycinnamic acids p-coumaric acid glucoside
(CouAGQG) and ferulic acid glucoside (FeAG) are also part of the lignan macromolecule. However, their position and type of linkage are
still unknown. The aim of this study was to investigate how CouAG and FeAG are linked within the lignan macromolecule from flaxseed
hulls.

Fragments of the lignan macromolecule were obtained by partial saponification. After isolation of the fragments by preparative RP-
HPLC, several key structures were identified by MS and NMR.

Within the lignan macromolecule, CouAG is attached to the C-6 position of a glucosyl moiety of SDG. FeA is linked to the C-2 posi-
tion of a glucosyl moiety of SDG. FeAG is ester-linked within the lignan macromolecule with its carboxyl group, but it remains unclear
whether FeAG links to the C-2 or C-6 position of SDG. Attachment of HMGA to the glucosyl moiety of CouAG or FeAG was not
observed. The results clearly show that within the lignan macromolecule, the hydroxycinnamic acids are linked directly via an ester bond

to the glucosyl moiety of SDG.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Lignans are phenolic compounds, which are widely
distributed in plants. Especially in seeds and nuts, high
concentrations can be found (Milder et al., 2005). Concen-
trations up to 3% (w/w) have been reported in flaxseeds,
making flax one of the richest edible sources of lignans
(Eliasson et al., 2003; Milder et al., 2005). Secoisolaricires-
inol diglucoside (SDQG) is the most important lignan in
flaxseed (Milder et al., 2005). After ingestion, SDG is
converted into the mammalian lignans enterodiol and
enterolacton, which exhibit several health beneficial effects

* Corresponding author. Tel.: +31 317 482888; fax: +31 317 484893.
E-mail address: harry.gruppen@wur.nl (H. Gruppen).

0031-9422/§ - see front matter © 2007 Elsevier Ltd. All rights reserved.
doi:10.1016/j.phytochem.2007.11.010

(Thompson et al., 1996; Vanharanta et al., 1999; Ward
et al., 2001).

In contrast to most plants in which free lignans are pres-
ent, the lignans in flaxseeds are incorporated into an oligo-
meric structure (Kamal-Eldin et al., 2001; Westcott and
Muir, 1996), which is referred to as lignan macromolecule.
This lignan macromolecule is also reported in flaxseed hulls
(Struijs et al., 2007).

Although a variety of lignans (Bakke and Klosterman,
1956; Liggins et al., 2000; Meagher et al., 1999; Sicilia
et al, 2003), flavonoids (Qiu et al, 1999), and
(hydroxy)cinnamic acids (Dabrowski and Sosulski, 1984;
Klosterman et al., 1955; Westcott and Muir, 1996) have
been identified in flaxseed extracts, only a small number of
these constituents are related to the lignan macromolecule.
The most abundant lignan in flaxseeds, secoisolariciresinol
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diglucoside (SDQG), is esterified to hydroxy-methyl-glutaric
acid (HMGA), thereby forming the backbone of the lignan
macromolecule (Kamal-Eldin et al., 2001). p-Coumaric
acid glucoside (CouAG) and ferulic acid glucoside (FeAG)
are thought to be part of the lignan macromolecule, since
they are only observed after alkali treatment of flaxseed
extracts containing lignan macromolecule (Johnsson
et al., 2002; Struijs et al., 2007; Westcott and Muir,
1996). Also the release of caffeic acid glucoside from a sim-
ilar extract has been reported (Westcott and Muir, 1996).
Recently, it was shown that the flavonoid herbacetin dig-
lucoside (HDG) is also part of the macromolecule (Struijs
et al., 2007). In a similar way as SDG, HDG is attached
within the lignan macromolecule via ester-linkages with
HMGA.

Until now, it is unclear how the hydroxycinnamic acid
glucosides are linked within the lignan macromolecule.
In-line with the attachment of SDG and HDG, hydroxy-
cinnamic acid glucosides might be linked within the lignan
macromolecule via ester-linkage of their glucosyl moieties
to HMGA. Another possibility is that they are ester-linked
directly with their carboxyl group to a glucosyl moiety of
SDG.

The aim of the present study is to identify the linkage of
the hydroxycinnamic acid glucosides CouAG and FeAG
within the lignan macromolecule from flaxseed hulls.

2. Results

For the isolation of structural elements of the lignan
macromolecule from flaxseed hulls containing CouAG or
FeAG, the procedure of partial saponification was fol-
lowed as previously described (Struijs et al., 2007). It

UV280nm (AU)

should be noted that during saponification, transesterifica-
tion between ethanol and the lignan macromolecule can
take place so that ethanolates can be formed (Ford et al.,
2001; Johnsson et al., 2002).

Fragments of the lignan macromolecule formed during
partial saponification were separated by preparative RP-
HPLC. Fractions were collected as indicated by the marks
in the RP-HPLC profile (Fig. 1). All fractions were ana-
lyzed on analytical RP-HPLC/MS. The MS data were
screened for m/z-ratios corresponding to fragments com-
posed of monomeric constituents of the lignan macromol-
ecule being p-coumaric acid (CouA), CouAG, ferulic acid
(FeA), FeAG, HDG, secoisolariciresinol (SECO), SDG,
HMGA, their ethanolates and combinations thereof. Only
those fractions with high signal to noise ratios on MS, high
UV-signals, or annotations matching the previously men-
tioned compositional criteria, were studied further. On this
basis, 11 fractions were selected as indicated by the num-
bers 1-11 in Fig. 1.

In Table 1 the m/z-ratios of the fractions 1-11 with their
corresponding annotations are listed. Also the MS/MS data
were supporting for these annotations. The number of com-
pounds present in each fraction might be overestimated, as
peaks were overlapping (Fig. 1) and fragmentation as a result
of ionization during MS analysis could occur. Some frag-
ments were solely annotated based on their m/z-ratios (no
MS/MS data obtained), but the likeliness of the presence
of these fragments allowed annotation as such.

In accordance with the identification of the monomeric
constituents after full saponification (Struijs et al., 2007),
fractions 1-4 were annotated as the monomeric constitu-
ents of the lignan macromolecule. In fractions 5-8, high
intensity m/z-ratios corresponding to fragments consisting
of SDG and HMGA were found. In fractions 6-11,

RT (min)

Fig. 1. Preparative RP-HPLC profile of partially saponified lignan macromolecule. The collected fractions are indicated. Annotations of the numbered

peaks are listed in Table 1.
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Table 1

Annotations of the fragments obtained by partial saponification of the lignan macromolecule as determined by RP-HPLC/MS (negative mode) and MS/

MS detection

Fraction Annotation mfz [M—H"]~ MS/MS
1 CouAG 325.0 163.1; 204.8
2 FeAG 355.0 178.1; 193.0
3 HDG 625.2 463.1
4 SDG 685.3 361.4; 523.2
HDG + HMGA 769.2 463.1; 607.1; 625.2; 707.1
5 SDG + HMGA®" 829.1 523.3; 667.1; 685.1
6 SDG + HMGA? 829.1 523.1; 667.2; 685.2
HDG + HMGA + EtOH? 797.2 463.1; 505.2; 625.2; 667.1
SDG + CouA 831.2 523.3; 667.2; 686.2
SDG + 2HMGA? 973.2 685.2; 829.2; 871.1
SDG + CouAG 993.0 709.0
SDG + HMGA + CouAG* 1137.1 ND
7 SDG + 2HMGA 973.2 685.3; 829.1; 871.1
HDG + HMGA + EtOH 797.2 463.2; 607.2; 625.2; 779.0
SDG + HMGA 829.2 667.2; 685.2; 727.0
SDG + HMGA + CouAG 1137.2 974.8
SDG + HMGA + FeAG 1167.2 861.1; 1004.9
SDG + HMGA + HDG 1437.3 463.1; 625.2; 667.2; 1275.3
8 SDG + 2HMGA*? 973.1 685.2; 829.1; 871.1
SDG + FeA® 861.1 343.3; 505.1; 667.1; 685.1
SDG + HMGA + CouAG* 1137.2 831.2; 873.2; 913.2; 975.2
SDG + HMGA + FeAG?* 1167.2 861.2; 1005.1
SDG + HMGA + HDG 1437.2 463.0; 667.1; 1275.1
SDG + 2HMGA + HDG? 1581.0 ND
9 CouAG + EtOH + acetate® 412.9 191.1; 250.1; 352.7
SDG + FeA + 520" 1363.1 861.2; 1057.1; 1219.1
HDG + HMGA + EtOH? 797.1 ND
SDG + FeA? 861.2 523.2; 667.2; 685.2
SDG + HMGA + CouAG 1137.1 614.6
SDG + CouAG + FeA?* 1169.0 831.2; 861.3; 1007.3
SDG + 2HMGA + CouAG* 1281.3 831.1; 975.1; 1119.2; 1137.2
10 SDG + HMGA + FeA? 1005.1 829.3; 861.2
FeAG + EtOH + acetate® 442.9 221.1; 281.0; 382.5
SDG + FeA® 861.2 505.2; 667.1; 685.0
SDG + HMGA + CouA? 975.1 667.1; 829.0; 831.2; 873.2
11 SDG + 2HMGA + EtOH 1001.1 685.4; 727.3; 973.3
2SDG + HMGA 1497.1 ND
2SDG + 2HMGA 1641.0 ND
SDG + CouA 831.2 325.1; 523.2; 667.2; 685.2
SDG + FeA 861.1 361.2; 505.3; 523.2; 699.2

Fractions 5, 6, 8, 9, and 10 were subjected to semi-preparative separation. Fragments indicated with * were found in both preparative and semi-preparative
separations. MS/MS data were collected after preparative separation. MS/MS data collected after semi-preparative separation are marked with ®. Bold
numbers are the predominant m/z-ratios. ND = no MS/MS data available. “The m/z-ratio of 861.2 [M—H"]™ in the MS/MS spectrum of the fragment
with an m/z-ratio of 1363.1 [M—H™]™ points at the presence of SDG + FeA in this fragment. The rest of the fragment remained unidentified.

fragments of the lignan macromolecule with m/z-ratios cor-
responding to SDG plus FeA(G) or CouA(G), and
SDG + HMGA plus FeA(G) or CouA(G) were annotated.
Especially these fragments were of interest for the identifi-
cation of linkage types between SDG and CouA(G) or
FeA(G). Therefore, they were analyzed further by NMR.
A fragment of HDG + HMGA + EtOH, which shows
the linkage of HDG within the lignan macromolecule,
has been described before (Struijs et al., 2007).

Since the fractions putatively consisting of SDG and
hydroxycinnamic acids were not base line separated,
fractions 5, 6, 8, 9, and 10 were subjected to a semi-pre-
parative purification step before NMR analysis. After
semi-preparative purification, fractions 5%, 6%, 8%, 9%,
and 10" were obtained, and analyzed on analytical
RP-HPLC/MS. The abundance of fraction 7 was found
to be too low and fraction 11 too complex for further
purification.
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The analytical RP-HPLC profiles of the five fractions
obtained by semi-preparative RP-HPLC, showed that,
except for some small shoulders, the peaks were pure
based on HPLC-UV signals (data not shown). However,
MS analysis revealed several m/z-values per fraction. In
Table 1, the putative compounds, which were still present
after semi-preparative purification, are indicated (*). It is
remarkable that despite the semi-preparative purification,
several m/z-ratios (e.g. m/z=2829.1 [M—H"]" and m/z =
1137.2 [M—H']") were found back in several fractions.
No further attempts to obtain more pure fractions were
performed. The five fractions purified by semi-preparative
RP-HPLC were analyzed by NMR to confirm the anno-
tations made based on MS data and to identify the link-
age types between the hydroxycinnamic acids and SDG.
In Table 2 the structural elements identified by NMR
are listed, including the numbering used throughout the
text.

In fraction 5* based on the COSY and HMBC spectra,
the structural element SDG + HMGA was identified.
Chemical shifts corresponded to those of SDG and
HMGA reported in the literature (Kamal-Eldin et al.,
2001; Struijs et al., 2007). Besides, a cross-peak between
C-o. and H-6"a/b corresponded to the coupling of the car-
boxyl group of HMGA to one of the glucosyl units of
SDG. Neither the C-g nor the C-6” showed up- or down-
field shifts of proton and carbon signals, nor a cross-peak
indicating a linkage. This showed that the HMGA also car-
ried a free carboxyl group (C-g) and that the second gluco-
syl moiety of SDG had a free C-6 position (C-6"). These
data corresponded to the structural element of
SDG + HMGA as shown in Table 2.

The HMBC spectrum of fraction 6* is shown in Fig. 2.
Two structures were identified in this fraction. The first
structure identified in the HMBC spectrum was HDG +
HMGA + EtOH, as identified before (Struijs et al.,
2007). Second, a structural element consisting of SDG +
CouAG was found. The chemical shifts of this fragment
are given in Table 3. The hydroxyl group of CouA linked
via a glycosidic bond to glucose, showing the presence of
CouAG (in Fig. 2 cross-peak indicated as CouA 4%, Glc
1”"). The chemical shifts of this coupling were as reported
in the literature (Johnsson et al., 2002; Struijs et al.,
2007). The carboxyl group of CouAG (C-9%) coupled to
the C-6" of a glucosyl residue of SDG as shown by a
cross-peak between C-9* and the downfield shifted H-6"a/
b (in Fig. 2 cross-peak indicated as CouA 9, Glc 6”a/b).
Cross-peaks indicating linkage of CouAG to another posi-
tion of SDG were not found. These results showed that
CouAG is linked with its carboxyl group to the C-6 posi-
tion of a glucosyl moiety of SDG (see Table 2). Also in
fraction 8" some low intensity cross-peaks indicating
SDG + CouAG were present. No indications for linkage
of CouA to another constituent were obtained by NMR.
The annotation of fragments containing CouA based on
MS analysis are most likely explained by occurrence of
fragmentation during MS analysis.

Based on the proton-NMR spectra of fraction 9* it was
confirmed that CouAG is linked within the macromolecule
via its carboxyl group. This fraction consisted predomi-
nantly of CouAG + EtOH (see Table 2). The ethanol-ester
was present on the carboxyl group (C-9) of CouAG as
shown by the slight upfield shift of H-8. Besides, the chem-
ical shifts of the ethanolate group were comparable to the
ones found for FeAG + EtOH as described later. Further-
more, the integrals of all proton signals of this spin system
fitted well with the proposed structure (see spectral data in
Section 4).

A fragment annotated based on the MS data as
SDG + HMGA + CouAG (Table 1, fraction 6-8), sug-
gested that the structural element of SDG + CouAG, as
identified by NMR, could be elongated by HMGA. How-
ever, the MS/MS data (Table 1) were not conclusive about
which glucosyl moiety carried HMGA.

In fraction 8%, cross-peaks pointing at the presence of
two main structural elements were identified: SDG +
2HMGA and SDG + FeA (see Fig. 3 for HMBC spectra,
Table 3 for chemical shifts, and Table 2 for the chemical
structures). For the structural element of SDG + 2HMGA,
again chemical shifts corresponding to SDG and HMGA
were observed. A cross-peak between C-o and H-6'a/b
was present in the HMBC spectrum showing the coupling
between the carboxyl group of HMGA and the C-6 of
the glucosyl residue of SDG (in Fig. 3, cross-peak indicated
as HMGAa, Glc 6a/b). The structural element
SDG + 2HMGA (see Table 2) was identified since its spin
system showed only one glucose anomeric signal (Glc C-1)
with downfield shifted H-6'a/b protons, both showing
cross-peaks in the HMBC spectrum to the C-o of HMGA.
Additional proof for this symmetrical molecule was the
slightly upfield shifted H-9a compared to a glucosyl residue
of SDG which is not substituted with HMGA.

In fraction 8", also chemical shifts corresponding to
FeA were found (see Table 3). In the HMBC spectrum
(Fig. 3) no coupling of glucose to the C-4" position of
FeA was observed. The coupling of SDG to FeA was
identified by a cross-peak between C-9* and H-2" show-
ing an ester-linkage between the carboxyl group of FeA
and the C-2 position of a glucosyl residue of SDG (in
Fig. 3, cross-peak indicated as FeA 9", Glc 2”). The iden-
tification of a structural element with FeA was surpris-
ing, since in the RP-HPLC/MS data of the fully
saponified lignan macromolecule only very low intensity
m/z-values annotated as FeA + EtOH were found (data
not shown).

Also in fraction 10, some low intensity peaks were pres-
ent indicating the presence of SDG + FeA with FeA linked
to the C-2 position of glucose. In agreement with these
weak NMR signals was the annotation of the fragment
of SDG + HMGA + FeA based on MS results of fraction
10*. The MS/MS data showed that FeA or HMGA was
split off, so that both FeA and HMGA formed a terminal
group of this fragment. In the HMBC spectrum of fraction
10" (data not shown) also a cross-peak of HMGA coupled
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Table 2

Structural elements of the lignan macromolecule identified by NMR

RP-HPLC fraction Annotation Chemical structure

5" SDG + HMGA HsCO OCH;

5
HOOCE"CH,~ (lt—BCHz—“ (I:: 0

o O

“CH; g»
HO OH

3"

6" SDG + CouAG
6" HDG + HMGA + EtOH OH o
HO OH
I I
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OH
HO o
. HaCO OCH
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Table 2 (continued)

RP-HPLC fraction Annotation Chemical structure
9 CouAG + EtOH 0. 0—CyHs
A
9
) 8
7
1
6 2
5 3
4
OGlc

10" FeAG + EtOH
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Fig. 2. HMBC spectrum of fraction 6" of the lignan macromolecule. Cross-peaks of SDG + CouAG (CouAG and linkage to glucose: (—); SDG: (- - - - ),
and HDG + HMGA + EtOH (------ ) are indicated. Numbering corresponds to numbers given in Table 2. Cross-peaks are indicated as the coupling of
carbon to proton. For example, the notation of CouA 9", Glc 6" indicates the coupling of the C-9" to the H-6", the notation Glc” indicates a single bond
coupling of C-1” to H-1" of Glc. Due to overlapping signals, it could not be determined to which compound Gle1™ (------- ) is attached.

to the C-6 position of a glucosyl unit of SDG was identi-  the same glucosyl moiety. Combining the NMR and MS
fied. However, due to overlapping peaks, it was not possi-  data resulted in two possible configurations of
ble to determine if other groups, e.g. FeA, were attached to ~ SDG + HMGA + FeA as schematically shown below:
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Table 3

NMR chemical shifts of SDG + CouAG, SDG + 2HMGA and SDG + FeA

SDG + CouAG* SDG + 2HMGA? SDG + FeA®

'Hs mult., J (Hz)® Bcs 'Hs mult., J (Hz)®  Cs 'Ho mult., J (Hz)® Bcs

SECO SECOa SECOb

1 - - 133812 1 - - 133.81 1 - - 133.81

2 6.58 113593 2 6.580 11337 2 6.486 113.37

3 - - 148813 3 - - 14859 3 - - 148.59

4 - - 145117 4 - - 14511 4 - - 145.11

5 6.63 (d) 7.75 115767 5 6.616 11576 5 6.604 115.76

6 6.54 (d) 7.29 122941 6 6.474 12272 6 6.474 122.72

Ta 2.599 35543 Ta 2.616 3512 7a 2.629 36.19

7b 2.599 7b 2.569 7b 2.522

8 2.115 41.196 8 2.169 4119 8 1.955 41.63

9a 3.983 (dd) 8.55, 5.02 71.198  9a 3.981 7098  9a 3.957 71.41

9 3.403 9b 3.475 9 3.381

OCH; 3.734 56.415  OCH; 3.700 56.19  OCH,4 3.700 56.19

iy - - 133812  Gle 4 - - 133.81

2 6.58 113.593 1 4245  (d)71.78 104.46 2 6.486 113.37

3 - - 148.813 2 3.252 7533 3 - - 148.59

4 - - 145117 3 3.322 7794 4 - - 145.11

5 6.63 (d)7.75 115767 4 3.322 7185 % 6.604 115.76

6 6.54 (d) 7.29 122.941 5 3.369 7533 6 6.474 122.72

7'a 2.599 35543 6a 4416 6489  Ta 2.628 35.76

7'b 2.599 6'b 4241 7b 2.499

8’ 2.115 41.413 8’ 1.955 41.63

9a 4.027 (dd) 9.74, 5.69 70981  HMGA 9a 4.087 71.20

9b 3.499 o - - 17251 9b 3.428

OCH; 3.734 56.415  pa 2.65 46.19  OCHj, 3.700 56.19

Bb 2.65

Glc % - - 70.76 Gle

17 427 (d) 7.71 104.679  &a 2.64 4619 17 4504  (d) 8.01 102.94

2" 3.28 78.155 &b 2.64 2" 4912 75.33

3" 3.4-3.15 78155 ¢ - - 17490 3" 3.653 76.2

4" 3.381 72.068 © 1.358 2793 4" 3.465 71.85

5" 3.527 75.329 5" 3.371 78.15

6"a 4.493 (dd) 11.92, 1.92 64.893 6"a 3.907

6"b 4391 (dd) 11.89, 6.14 6"b 3.759 62.93

Gle Glc

1 4.17 (d)7.71 104.896 1 4174  (d)7.68 104.89

2" 3.21 75.329 2" 3.230 75.33

3" 3.4-3.15 78.155 3" 3.369 78.15

4" 3.31 71.633 4" 3.416 71.63

5" 3.4-3.15 78.155 5" 3.218 77.72

6"a 3.84 62.937 6"a 3.830 62.72

6"b 3.687 6"b 3.700

CouA FeA

1" - - 129.898 1" - - 127.66

2" 7.46 (d) 8.81 130.985 2" 6.94 (d) 1.51 111.77

3" 7.09 (d) 8.83 117.941 3" - - 149.22

4 - - 160.77 4 - - 150.46

5" 7.09 (d) 8.83 117.941 5" 6.76 (d) 8.05 122.938

6" 7.46 (d) 8.81 130.985 6 6.91 (dd) 8.20, 1.89  123.98

7 7.61 (d) 16.02 146.204 7 7.52 (d) 15.84 147.28

8" 6.37 (d) 15.58 116.854 8" 6.3 (d) 15.97 116.44

9" 168.597 9" - 168.47
OCH;,4 3.8 56.411

Gle

1 498 (d) 7.05 101.853

2 3.517 75.112

3" 3.4-3.15 77.938

4 3.4-3.15 71.416

5" 3.235 77.938

6"a 3.91 62.502

6""b 3.71

% Annotations are given in Table 2.
® Due to overlapping signals, not all J-values could be determined.
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Fig. 3. HMBC spectrum of fraction 8" of the lignan macromolecule. Cross-peaks of SDG + 2HMGA (---- - - ), SDG + FeA (------ ) and SDG + CouAG
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In fraction 10™ a structural element was identified for
FeAG (see spectral data in Section 4). A cross-peak
between C-9 and CH, of EtOH led to the identification
of FeAG + EtOH (see Table 2) and showed that also
FeAG was ester-linked within the lignan macromolecule
via its carboxyl group. In none of the fractions cross-peaks
showing the coupling between FeAG and SDG were
found.

In the MS data (Table 1) of fraction 8, a structural ele-
ment annotated as SDG + HMGA + FeAG was found.
This structure might show the linkage of FeAG to the lig-
nan macromolecule. The MS/MS data showed that glucose
and glucose + HMGA could be split off. However, these
data were not decisive about the position of HMGA.
Therefore, it remains to be determined at which position
FeAG links to SDG.

It is remarkable that based on MS analysis fragments
with FeAG were annotated, and that these structural ele-
ments were not found with NMR. This might be explained
based on the sensitivity to ionization. The fragment identi-
fied by MS carries a HMGA moiety. The free carboxyl
moiety of this fragment is already in a deprotonated,
charged state or is very easily ionized. Therefore, it is likely
to give a large response on MS (Cech and Enke, 2001).
NMR signals are not dependent on such phenomena, so

they are proportional with the amounts present in the sam-
ple. The present data suggest that the fragment
SDG + HMGA + FeAG was present in such low amounts
that the NMR signals of this fragment could not be distin-
guished from the noise.

3. Discussion

The aim of this study was to determine how CouAG and
FeAG are linked within the lignan macromolecule. Several
structural elements of the lignan macromolecule from flax-
seed hulls were identified. CouAG is attached directly via
its carboxyl group to the C-6 of a glucosyl moiety of
SDG. FeA is found to be linked with its carboxyl group
to the C-2 position of a glucosyl moiety of SDG. These
fragments show that the hydroxycinnamic acid (glucosides)
are linked directly to SDG and not via the linker HMGA.

During biosynthesis, the attachment of HMGA to SDG
is mediated by coenzyme A (CoA)-activated HMGA (Ford
et al., 2001). It was recently shown that also HDG could be
a target of HMGA coupling (Struijs et al., 2007). Since
linkage of HMGA to SDG and HDG occurred on the glu-
cosyl moiety, it was expected that HMGA could also link
to other molecules carrying a glucosyl moiety. The present
study shows that hydroxycinnamic acids are not linked
within the lignan macromolecule via HMGA. Based on
the finding that hydroxycinnamic acid (glucosides) are
linked directly to SDG, it is suggested that the CoA-acti-
vated hydroxycinnamic acids, identified as intermediates
of the monolignol biosynthesis (Boerjan et al., 2003), are
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the driving force behind the linkage of the hydroxycin-
namic acids to SDG.

The new structural elements SDG + CouAG and
SDG + FeA are linked within the lignan macromolecule.
Structures in which HMGA is linked to these elements
were annotated based on MS analysis, providing indica-
tions on how they are integrated in the lignan macromole-
cule. These (tentative) structural elements are shown in
Table 4.

Chain elongation of structural elements of SDG + Cou-
AG or SDG + FeAG (Table 4, elements 3 and 5) might in
theory occur via linkage of HMGA to the glucosyl moieties
of FeAG or CouAG, or via linkage of HMGA to a gluco-
syl moiety of SDG. By NMR, no cross-peaks between the
glucosyl moieties of CouAG or FeAG and HMGA (C-a or
C-g) were observed. Furthermore, no fragments of
SDG + 2HMGA + (CouAG or FeAG) with HMGA
linked to both ends of the fragment could be annotated.
These observations point to HMGA being linked to a glu-
cosyl moiety of SDG, and CouAG and FeAG being the
terminal units of the lignan macromolecule (Table 4, cle-
ments 4 and 6). Chain elongation of SDG + FeA (Table
4, element 7) is only possible via linkage of HMGA to
one of the glucosyl moieties of SDG (see also Section 2
and Table 4, elements 8).

FeA is linked to the C-2 position of a glucosyl moiety of
SDG. However, it is less clear how FeAG is linked with the
lignan macromolecule. FeAG is found to be linked within
the lignan macromolecule via its carboxyl group. There are
two possible positions at which FeAG can be attached to
SDG: similar to FeA to the C-2 position of a glucosyl moi-
ety or similar to CouAG to the C-6 position (Table 4,
element 5). Various examples of linkage types of hydroxy-
cinnamic acids, but not of hydroxycinnamic acid gluco-
sides, to sugar moieties have been described. In arabinan,
FeA links to the C-2 position of arabinose (Colquhoun
et al., 1994; Ishii and Tobita, 1993), whereas for anthocy-
anidins attachment of FeA and CouA to the C-6 position
of the glucosyl moiety was shown (Fossen et al., 2005;
Matsufuji et al., 2003). So also based on the literature, no
indications can be found about the position of attachment
of FeAG to SDG.

Table 4
Overview of (tentative) structural elements of the lignan macromolecule
from flaxseed hulls

Structure

HMGA-6-gle-SECO-glc
HMGA-6-gle-SECO-glc-6-HMGA
gle-SECO-glc-6-CouA-glc
HMGA-6-gle-SECO-glc-6-CouA-gle
gle-SECO-glc-n-FeA-gle
HMGA-6-gle-SECO-glc-n-FeA-gle
gle-SECO-glc-2-FeA
HMGA-6-gle-SECO-glc-2-FeA
gle-SECO-gle(-2-FeA)-6-HMGA

Parts of the structures in italics are tentative. n = unidentified but most
likely represents linkage to C-2 or C-6 position of the glucosyl moiety.

Element

[c=BEN Be SRV R S

In conclusion, CouAG and FeA(G) link within the lig-
nan macromolecule from flaxseed hulls via ester-linkage
of their carboxyl groups to glucosyl moieties of SDG.
Attachment of HMGA to the glucosyl moiety of CouAG
or FeAG is not observed. Therefore, it is suggested that
CouAG and FeAG are terminal units of the lignan
macromolecule.

4. Experimental
4.1. Lignan extraction from flaxseed hulls

Lignan macromolecule was extracted from flaxseed
hulls, kindly provided by Frutarom Netherlands B.V. (Vee-
nendaal, The Netherlands). The extraction procedure was
as described in Struijs et al. (2007). In short, flaxseed hulls
were defatted by soxhlet extraction. The lignan macromol-
ecule was extracted from the defatted hulls by a three-step
sequential extraction with 63% (v/v) aq. EtOH for 4 h at
room temperature under continuous stirring. The extracts
and the hulls were separated by filtration. The three
extracts were combined and the EtOH was evaporated.
The concentrated extract was lyophilized resulting in the
lignan macromolecule extract.

4.2. Saponification of the lignan macromolecule

Lignan macromolecule extract of 2 mg/ml in 63% (v/v)
aq. EtOH was partially saponified with 2 mM NaOH to
obtain lignan macromolecular fragments. Saponification
was performed at room temperature while stirring. A
reaction volume of 2.51 was used. After 24 h, the reac-
tion was stopped by lowering the pH to 6.5-7.0 with gla-
cial HOAc.

4.3. Sample clean up of saponified lignan macromolecule

Low molecular weight polar material was removed from
the partially saponified samples by solid phase extraction
(SPE; SepPak Vac, 20 cc/5 g, C18 cartridge, Waters) fol-
lowing the procedure previously described in Struijs et al.
(2007).

4.4. Analytical reversed phase HPLC coupled on-line to mass
spectrometry (RP-HPLCIMS)

Samples, which were collected after (semi)-preparative
RP-HPLC (see below), were analyzed on an analytical X-
Terra C18 MS column (Waters; 3.5 um particle size,
4.6 x 150 mm) following the procedure described previ-
ously (Struijs et al., 2007).

The molecular masses and MS/MS-fragmentation pat-
terns of the lignans and fragments of the lignan macromol-
ecule were determined on a Thermo Finnigan LCQ Classic
equipped with a ESI probe in the negative mode coupled
on-line to the analytical RP-HPLC.
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4.5. Purification by (semi)-preparative RP-HPLC

Fragments of the lignan macromolecule obtained by
partial saponification were purified by (semi)-preparative
RP-HPLC. For purification of 100-600 mg fragments of
the lignan macromolecule, an X-Terra CI18 MS column
of 50 x 100 mm (Waters; 5 um particle size, OBD) with
an X-Terra C18 MS guard column (Waters; 5 um particle
size, 19 x 10 mm) was used. For purification of 100 mg
fragments of the lignan macromolecule or less, the samples
were separated on a semi-preparative X-Terra C18 MS col-
umn (Waters; 5 um particle size, 29 x 150 mm, OBD) with
an X-Terra C18 MS guard column (Waters; 5 um particle
size, 19 x 10 mm). The separation protocols used were sim-
ilar as described previously (Struijs et al., 2007).

4.6. Nuclear magnetic resonance (NMR)

NMR spectra were recorded on a Bruker AMX-500
spectrometer located at the Wageningen NMR Centre as
described previously (Struijs et al., 2007). "H and '*C pro-
ton decoupled spectra were recorded. All 2D COSY spectra
were acquired using the double quantum filtered (DQF)
method with a standard pulse sequence delivered by Bru-
ker. For the 2D HMBC spectrum a standard gradient
enhanced 2D HMQC pulse sequence delivered by Bruker,
was changed into a HMBC sequence.

4.7. Spectral data

trans-CouAG + EtOH  (fraction 9%): 'H NMR
(500.13 MHz, CD;0D) é 7.54 (2H, d, J = 8.74 Hz, H-2/
6), 7.11 (2H, d, J=8.74Hz, H-3/5), 7.62 (1H, d,
J=15.95Hz, H-7), 6.39 (1H, d, J = 16.05 Hz, H-8), 4.97
(1H, d, J =728 Hz, H-1'), 3.5-3.3 (4H, m, H-2'/3/5/4),
3.90 (1H, dd, J=12.13, 2.02 Hz, 1H, H-6a’), 3.70 (1H,
dd, J=12.09, 5.53Hz, 1H, H6b), 423 (2H, ¢,
J=17.14Hz, CH,), 1.31 (3H, ¢, J = 7.17 Hz, CH,).

trans-FeAG + EtOH  (fraction  10%): 'H NMR
(500 MHz, CD;0OD) 6 7.62 (1H, d, J=15.93 Hz, H-7),
724 (1H, d, J= 124 Hz, H-2), 7.15 (1H, dd, J=8.47,
1.53 Hz, H-6), 7.17 (1H, d, J = 8.45 Hz, H-5), 6.43 (1H,
d, J=16.00 Hz, H-8), 497 (1H, d, J=17.38 Hz, H-1'),
3.89 (3H, s, CH;), 3.89 (1H, dd, J=11.90, 1.89 Hz, H-
6a'), 3.69 (1H, dd, J=11.90, 5.31 Hz, H6V), 3.51 (2H,
H-2'/3), 3.40 (1H, H-4), 3.45 (1H, H-5), 423 (2H, ¢,
J=1.1Hz, CH,), 1.31 (3H, t, J = 7.1 Hz, CH,).

3C NMR (125.77 MHz, CD;0D) 6 130.6 (C-1), 112.5
(C-2), 151.0 (C-3), 150.1 (C-4), 117.4 (C-5), 123.5 (C-6)
1459 (C-7), 117.5 (C-8), 169.0 (COOD), 56.8 (OCHs),
102.2 (C-1'), 74.9 (C-2'), 78.3 (C-3'), 71.3 (C-4'), 77.9 (C-
5'), 62.5 (C-6'), 61.6 (CH,), 14.69 (CH3).
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