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Abstract

This review describes discoveries from this laboratory on monolignol, allylphenol and hydroxycinnamic acid
coupling, and downstream metabolic conversions, affording various lignan skeleta. Stereoselective 8-8' coupling
(dirigent protein-mediated) of coniferyl alcohol to afford (4)-pinoresinol is comprehensively discussed, as is
our current mechanistic/kinetic understanding of the protein’s radical-radical binding, orientation and coupling
properties, and insights gained for other coupling modes, e.g. affording (—)-pinoresinol. In a species dependent
manner, (+)- or (—)-pinoresinols can also undergo enantiospecific reductions, catalyzed by various bifunctional
pinoresinol-lariciresinol reductases (PLR), to afford lariciresinol and then secoisolariciresinol. With X-ray struc-
tures giving a molecular basis for differing PLR enantiospecificities, comparisons are made herein to the X-ray
structure of the related enzyme, phenylcoumaran benzylic ether reductase, capable of 8-5’ linked lignan re-
giospecific reductions. Properties of the enantiospecific secoisolariciresinol dehydrogenase (also discovered in
our laboratory and generating 8—8' linked matairesinol) are summarized, as are both in situ hybridization and
immunolocalization of lignan pathway mRNA/proteins in vascular tissues. This entire 8—8' pathway thus overall
affords secoisolariciresinol and matairesinol, viewed as cancer preventative agent precursors, as well as inter-
mediates to cancer treating substances, such as podophyllotoxin derivatives. Another emphasis is placed on
allylphenol/hydroxycinnamic acid coupling and associated downstream metabolism, e.g. affording the antiviral
creosote bush lignan, nordihydroguaiaretic acid (NDGA), and the fern lignans, blechnic/brainic acids. Regiospe-
cific 8-8" allylphenol coupling is described, as is characterization of the first enantiospecific membrane-bound
polyphenol oxidase, (+)-larreatricin hydroxylase, involved in NDGA formation. Specific ['>C]-labeling also
indicated that Blechnum lignans arise from stereoselective 8—2" hydroxycinnamic acid coupling.

Abbreviations: CD — circular dichroism; e.e. — enantiomeric excess; DP — dirigent protein; ESI-MS — electro-
spray ionization mass spectrometry; MALDI -TOF — matrix assisted laser desorption ionization-time of flight;
MALLS — multiangle laser light scattering; PLR — pinoresinol lariciresinol reductase; SDH — secoisolariciresinol
dehydrogenase.

Introduction medicine (Hartwell and Schrecker, 1951, 1958; Kelly

and Hartwell, 1954; MacRae and Towers, 1984) as

Our scientific interests and reports of lignan formation
in planta began in the nineteen-eighties (Pullockaran
et al., 1989) for several reasons. Firstly, the discoveries
by other workers of the quite remarkable biological
properties of lignans in human health protection and

well as in plant defense (Clark et al., 1981; Tanigu-
chi et al., 1989) were of considerable significance. A
second reason for interest involved several intriguing
reports which suggested, but did not prove, that cer-
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tain lignans might be pathway intermediates to the
polymeric cell-wall structural components, the lign-
ins (Dewick, 1990). Thirdly, many lignans of widely
differing skeletal types were reported to be optically
active (but not necessarily optically pure), whereas
others were racemic and/or near racemic, suggest-
ing unique and/or distinct mechanisms of coupling.
[Note that while lignans generally exist as phenyl-
propanoid dimers, higher oligomers are also found,
with the largest reported thus far having a MW of
circa 10,000 Da in western red cedar (Johansson et al.,
2000).]

Our initial research goals mainly encompassed two
topics: (i) to define the underlying biochemical mech-
anisms affording the varied and often complex skeleta
found in this large class of natural products and what
the relationship was, if any, to lignin assembly (sum-
marized below) (Davin and Lewis, 1992; Lewis et al.,
1998, 1999; Lewis and Davin, 1999) and (ii) to un-
derstand further the reasons for the emerging roles
of lignans (involving structural diversification) during
evolution of land-based vascular plants (Lewis and
Davin, 1994; Lewis et al., 1995).

This contribution briefly touches upon both the
evolutionary aspects of lignan occurrence, which are
well documented elsewhere (Lewis and Davin, 1994,
1999; Lewis et al.,, 1995) and that of the reason-
ing for our preferred lignan nomenclature. In terms
of evolutionary patterns, lignans are apparently ab-
sent in algae but are present in ‘primitive’ early land
plants, such as the liverworts Pellia epiphylla (Cull-
mann et al., 1993, 1996) and Jamesoniella autumnalis
(Tazaki et al., 1995), these containing the presumed
caffeic acid (1) derived compounds, 2-5 and 6-11,
respectively (Scheme 1). Lignans are also widely dis-
tributed in the Pteridophytes, such as the 8-5" and 8-8’
linked glucosides of (—)-dihydrodehydrodiconiferyl
alcohol (12) and (+)-lariciresinol (13) in Pteris vit-
tata (Li et al., 1997; Satake et al., 1978), whose
lignan components are considered derived from con-
iferyl alcohol (14). Interestingly, some other ferns,
such as Blechnum orientale (Wada et al., 1992) and
B. spicant (Davin et al., 2003; Wang et al., 2001)
accumulate other presumed caffeic acid (1) derived
lignans, i.e. the 8-2'-linked (—)-blechnic (16) and
(—)-brainic (17) acids. Additionally, from Selaginella
doedeleinii in the Lycopsida, a variety of lignans are
present including (+)-nor-trachelogenin (wikstromol)
(18) and (—)-syringaresinol [(—)-lirioresinol B] (19)
(Lin et al., 1994). The latter is of particular interest
from an evolutionary perspective, since syringaresinol

(19) moieties are normally considered to have evolved
in the angiosperms, [i.e. via coupling of sinapyl al-
cohol (15) (Lewis and Yamamoto, 1990)] rather than
being present in earlier plant forms.

In contrast to what little is currently known about
early land plant lignans, the gymnosperms were evolu-
tionarily accompanied by a massive increase in lignan
structures (Lewis and Davin, 1994; Lewis et al., 1995),
most of which are 8-8' linked and coniferyl alcohol
(14) derived, such as plicatic acid (20, Scheme 2) and
its derivatives (Fujita et al., 1999; Gardner et al., 1960,
1966; Kim et al., 2002a, 2002b). However, 85’ and
8-0-4' linked lignans, e.g. (&)-dehydrodiconiferyl
alcohols (21a/b) and (&)-erythro/threo guaiacylgly-
cerol 8-0—-4" coniferyl alcohol ethers (22a/b) are
widespread as well, these also being coniferyl alcohol
(14) derived (Schemes 1 and 2) (Croteau et al., 2000;
Gang et al., 1999b; Lewis and Davin, 1994, 1999;
Nose et al., 1995).

In a somewhat similar manner, the transition to
angiosperms was also accompanied by a massive in-
crease in lignan structural types/new skeletal forms.
While again the prevalent linkage reported thus far is
that of 8-8’ for both monolignol (Davin et al., 1992;
Gang et al., 1997; Lewis and Davin, 1992, 1998, 1999)
and allylphenol-derived lignans (Cho et al., 2003;
Lewis and Davin, 1999; Moinuddin et al., 2003), other
linkages such as 8-1', 8-5/, 5-5', 7-1', 8-7/, 1-5’, 8-
0—-4',2-0-3" and 3—0—4' also emerged — particularly
in the Magnoliiflorae (Gottlieb, 1972, 1978; Gottlieb
and Yoshida, 1989; Lewis and Davin, 1994; Nas-
cimento et al., 2000). Additionally, monocots often
contain cyclobutane lignan dimers, including meta-
bolites such as the dihydroxytruxillic acids 23 and 24
present in Sataria anceps cv Nandi (Poaceae, Com-
meliniflorae) (Ford and Hartley, 1990; Hartley and
Ford, 1989) and acoradin (25) from Acorus calamus
(Araceae, Ariflorae) (Patra and Mitra, 1979). Indeed,
from the analysis and classification of existing chemo-
taxonomic data, together with the recently discovered
lignan biochemical pathways, it is now possible — with
a high level of probability — to predict lignan structural
variants in specific plant family superorders (Lewis
etal., 1995).

Lignan nomenclature

In terms of lignan nomenclature, it is our consid-
eration that the term lignan should solely be used
to encompass all skeletal types, whether monolignol,
allylphenol or hydroxycinnamic acid derived (Lewis
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Scheme 1. Representative examples of different lignan skeleta and monolignols/hydroxycinnamic acids.

and Davin, 1999). This is because, irrespective of
molecular size (dimers, trimers and higher oligomers,
etc.), there are only a relatively small number of
phenylpropanoid interunit linkages, and these can be
conveniently and precisely stipulated, e.g. 8-8', 8-1’,
8-5, 8-0-4/, 5-5', 3-0-4', 71-1', 8-7, 1-5, 2-0-
3/, etc. Adoption of this nomenclature would eliminate
the need for terminologies (such as neolignans) to
describe either distinct linkage types (i.e. non 8-8')

and/or of those derived from non-monolignol (e.g.,
allylphenol) origin.

Lignan biosynthetic pathway studies: organization
and scope of review

As regards the biosynthetic pathways to the lignans,
essentially little was known at the onset of our invest-
igations, although some preliminary tracer studies had
been carried out (Jackson and Dewick, 1984; Kamil
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and Dewick, 1986; Stockigt and Klischies, 1977).
Hence, we considered that it would be instructive
to comprehensively investigate how such substances
were formed (i.e. including fully defining biochemical
steps, enzymes, proteins and genes involved).
Organizationally, we attempt to provide a historical
perspective of our studies over the last fifteen years
or so on lignan formation in planta to the present

date, with related work discussed as needed. It begins
with in vivo tracer labeling studies and potential sub-
strate metabolism studies in crude extracts from For-
sythia species, and the insights into both stereoselect-
ive coupling and accompanying stereo- and enantio-
specific transformations that resulted from these in-
vestigations. From these beginnings, it was possible to
next target the proteins (and encoding genes involved),



and to establish in most cases tissue and cellular loc-
ations of these proteins and/or their patterns of gene
expression. A more recent emphasis has been placed
on obtaining a full mechanistic understanding of the
biochemical processes involved for each transform-
ation, including determining the three-dimensional
structures of various proteins and enzymes using X-
ray crystallography. Note also that in our studies,
the lignans of initial interest included the antiviral
lignan, podophyllotoxin (26), whose derivatives teni-
poside (27), etoposide (28) and etopophos® (29), are
widely used in cancer treatments, e.g. Hodgkin’s and
non-Hodgkin’s lymphoma, testicular/small cell lung
cancers and acute leukemia (Droz and Rivoire, 2001;
Glossmann et al., 2002; Hainsworth, 1999; Hande,
1998; Nichols, 2001; Pasini et al., 2002; Sandler,
2003), as well as that of secoisolariciresinol (30) (di-
glucoside (31)) and matairesinol (32), widely reported
to provide chemo-protection to mammals against the
onset of various cancers, such as breast, prostate and
colorectal (Thompson, 1998). Other interests involved
lignans that are deposited during heartwood formation,
e.g., plicatic acid (20) and its analogs in western red
cedar (Thuja plicata) (Gardner et al., 1960; Gardner
et al., 1966) and the 8—5’ moieties present in pine spe-
cies, e.g., dehydrodiconiferyl alcohol (21) in loblolly
pine (Pinus taeda) (Nose et al., 1995).

Tracer studies and investigations with cell-free
extracts from Forsythia species: Advantages and
limitations as to their utility in identifying both
monomeric moieties undergoing coupling and
associated downstream lignan metabolism

In the late nineteen-eighties/early nineteen-nineties,
we began to conduct a number of potential precursor
administration experiments, together with examin-
ing the metabolism of possible substrates in cell-free
extracts, using Forsythia species. This was in or-
der to begin to probe the biosynthetic pathways to
its major lignans, which included in Forsythia inter-
media, the (—)-antipode of matairesinol (32), (—)-
arctigenin (33) and (—)-arctiin (34), and in F. sus-
pensa, (4)-pinoresinol (35), (+)-phillygenin (36) and
(+)-phillyrin (37) (Nishibe et al., 1988). Prior to
these studies, there was no compelling evidence as
to whether entry into this pathway involved initial
monolignol [e.g., coniferyl alcohol (14)] coupling, fol-
lowed by further metabolism, or whether hydroxycin-
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Figure 1. HPLC chiral separations of purified pinoresinols
in racemic (35a/b) or enantiomerically pure (35a) form.
(A) (%)-Pinoresinols (35a/b) obtained following horseradish
peroxidase/H, O, treatment of coniferyl alcohol (14), (B)
(+)-pinoresinol (35a) from F. suspensa, (C) UV and radiochroma-
tograms of pinoresinols (35a/b) isolated from F. suspensa following
[8—14CJc0nifery1 alcohol (14) administration to excised shoots for
3 hours and (D) UV and radiochromatograms of (4 )-pinoresinol
(35a) isolated from F. suspensa following [U-14C]phenylalanine
administration to excised shoots for 3 h. Redrawn from Umezawa,
Davin, Kingston, Yamamoto and Lewis (1990b).

namic acids, hydroxycinnamaldehydes and/or mixed
substrate coupling modes were in effect.

Our first insight into the nature of the initial lignan
coupling product was obtained following administra-
tion of [U-'4C]Phe to F. suspensa shoots for periods of
3, 9 and 24 h, respectively. These experiments estab-
lished that [U-!#C]Phe was apparently only converted
into (+)-pinoresinol (35a), since the (—)-antipode
(35b) was not detected, as determined using chiral
HPLC analysis (see Figure 1A for separation of syn-
thetic (+)- and (—)-antipodes (35a/b) and Figure 1D
for [#C] labeling of only (+)-pinoresinol (35a), re-
spectively); structures are depicted in Figure 2 (Davin
et al., 1990, 1992; Umezawa et al., 1990b). This find-
ing was further supported by isolation of pinoresinol
(35) from F. suspensa stems (shoots) which also es-
tablished, based on HPLC chiral column analysis, that
only the (+)-antipode 35a was detectable (Figure 1B).
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Figure 2. Antipodes (4 and —) of lignans 30, 32 and 35.

It is noteworthy, however, that when [8-14C]coniferyl
alcohol (14) was administered to F. suspensa shoots
in the same manner (for 3, 9 and 24 h), both (+)-
and (—)-antipodes of pinoresinol (35a/b) were ra-
diolabeled (i.e. in an ~6:4 ratio at 3 h, Figure 1C),
with the (4)-antipode (35a) later becoming prefer-
entially labeled by 24 h (ratio of 35a/b, 9:1). We
interpreted this data, when using [8-14C]coniferyl al-
cohol (14) as a potential precursor, as a consequence
of a lack of specificity in coupling and inadequate
(improper) metabolite compartmentation. On the other
hand, the Phe administration data suggested proper
metabolic channeling into the appropriate compart-
ment with stereoselective coupling then occurring to
give (4)-pinoresinol (35a). Nevertheless, while these
findings using [U-'*C]Phe were most encouraging, it
was not possible to determine whether stereoselect-
ive coupling had indeed occurred in F. suspensa, or
whether the (—)-antipode of pinoresinol (35b) was
being selectively depleted.

Lignan biogenesis in F. intermedia was next ad-
dressed, since this species accumulates arctigenin
(33) and arctiin (34), both potentially being de-
rived from secoisolariciresinol (30) and matairesi-
nol (32). Individual administrations and uptake of

[8-14C] and [9-H,, OC?Hjs]coniferyl alcohols (14)
to F. intermedia shoots then established conversion
into both secoisolariciresinol (30) and matairesinol
(32) as follows: [8-!4C]coniferyl alcohol (14) ad-
ministration revealed that only the (—)-antipodes of
secoisolariciresinol (30b) and matairesinol (32b) were
radiolabeled, since the corresponding (4)-antipodes
(30a and 32a) were not detectable (see Figure 2
for structures). Additionally, using stable isotopically
labeled [9-H,, OCZHj]coniferyl alcohol (14), the
(—)-secoisolariciresinol (30b) isolated had a m/z 372
(M™ + 10) indicating that it was derived from intact
coupling of two [9-2H,, OC2H3]coniferyl alcohol (14)
molecules (Davin et al., 1990; Umezawa et al., 1990a,
1991a). In an analogous manner, (—)-octadeuterated
matairesinol (32b) at m/z 366 (M™ + 8) was also
obtained, suggesting it to be derived directly from
[9-2H2,OC2H3]coniferyl alcohol (14) as well, presum-
ably via dehydrogenation of (—)-secoisolariciresinol
(30b). This was confirmed in two ways: administration
of (£)-[Ar-H] and (4)-[Ar-2H]secoisolariciresinols
(30a/b) individually to F. intermedia shoots only gave
labeled (—)-matairesinol 32b, indicative of its form-
ation being a downstream enantiospecific conversion
from 30b. Additional individual experiments using
cell-free extracts of F. intermedia confirmed further
this conversion using (£)-, (+)- and (—)-[Ar-3H]-
secoisolariciresinols (30) and (4)-[Ar-2H] secoisol-
ariciresinol (30a/b), respectively, in the presence of
NAD/NADP. Only the (—)-antipode of secoisolari-
ciresinol (30b) was converted into (—)-matairesinol
(32b), whereas the corresponding (+)-enantiomer
(30a) was not metabolized further.

Lastly, using F. intermedia cell-free extracts, it was
also demonstrated that coniferyl alcohol (14) could
be converted into (—)-secoisolariciresinol (30b) in
the presence of NADPH/H,O;, (Davin et al., 1990;
Umezawa et al., 1990a, 1991a). When taken together,
however, these tracer/stable isotope and cell-free ex-
tract data for secoisolariciresinol (30) and matairesinol
(32) biosynthesis only provided a starting point for
targeting the proteins and enzymes involved in their
biosynthetic pathways. It was unclear at that point as
to the number of biosynthetic steps (and proteins or
enzymes involved) for each transformation.
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Figure 3. Non-regiospecific (‘random’) coupling of E-coniferyl
alcohol (14) in presence of one electron oxidase/oxidant and/or
H, O, /peroxidase.

8-8' Stereoselective coupling of E-coniferyl
alcohol: Dirigent protein discovery

With the recognition from the [U-14C]Phe metabol-
ism studies in F. suspensa (experimentally carried out
by L.B. Davin) that (4)-pinoresinol (35a) was the
likely initial coupling product in 8-8' linked lignan
biosynthesis, attention was next directed towards de-
fining the biochemical basis for its formation. It was
then established that F. suspensa stem cell-free ex-
tracts were capable of forming the racemic lignans
21a/b, 22a/b and 35a/b, but only when H,O, was
added as a co-factor due to non-specific peroxidase-
catalyzed coupling (Figure 3). Attention was thus next
given to the remaining crude insoluble plant stem ma-
terial, following removal of readily soluble proteins,
this being capable of preferentially converting [8-
14C]coniferyl alcohol (14) into [8,8’ —14C]pinoresinol
(35), with the (4)-antipode predominating over its
(—)-enantiomer in a circa 65:35 ratio (Davin et al.,
1992). Initial attempts at solubilization of the (+)-
pinoresinol-forming system gave extracts able to con-
vert [9-H]coniferyl alcohol (14) into (+)-pinoresinol
(35a) in a 97% enantiomeric excess (Figure 4A), with
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Figure 4. Solubilized proteinaceous mixture capable of catalyzing
stereoselective coupling of E—[9—3HJc0nifery1 alcohol (14) giving
(+)-[9,9/-3H]pin0resinol (35a); (A) at 21 °C in presence of air and
(B) at 21°C under an argon atmosphere. (+) and (—) refer to
pinoresinol antipodes (35a) and (35b), respectively. UV traces show
presence of both antipodes due to addition of racemic unlabeled
radiochemical carrier (35a/b). Redrawn from Paré, Wang, Davin
and Lewis (1994). S = solvent.

all catalytic activity being abolished when air (O,) was
absent (Figure 4B). Confirmation of this transform-
ation was further established using [9->H,,0C%H3]-
coniferyl alcohol (14) as substrate (Paré et al., 1994).

Sustained work on isolation of the protein (or
proteins) involved in (+)-pinoresinol (35a) biosyn-
thesis ultimately afforded a partially purified protein
mixture (following several purification steps) which
engendered (+)-pinoresinol (35a) formation. Sub-
sequent perfusion (POROS-SP-M) chromatography
gave a mixture of at least four components (Fig-
ure 5A) (Davin et al., 1997), of which Component
III (a laccase, Figure 5B) (Lewis et al., 1999) was
unexceptionally able to convert [9-*H]coniferyl alco-
hol (14) into the racemic products 21a/b, 22a/b and
35a/b (Figure 3). On the other hand, Component I
(Figure 5C) was catalytically inactive; however, when
added to the assay solution containing laccase and [9-
3H]coniferyl alcohol (14), the latter was converted
into essentially only (4)-[9,9'-3H]pinoresinol (35a).
[See time courses of substrate depletion and product
formation in the presence and absence of component
I, dirigent protein (Figures 6A and 6B).]

This proteinaceous mixture was next demonstrated
to only stereoselectively couple coniferyl alcohol (14),
but not p-coumaryl (38) or sinapyl (15) alcohols
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(which gave racemic products due to non-specific
coupling) (Davin et al., 1997). This was an import-
ant observation, since it indicated that the dirigent
protein binding site(s) was (were) able to distinguish
between the three monolignols 14, 15 and 38, which
differed only in terms of numbers of methoxyl groups.
[Interestingly, for (+)-pinoresinol (35a) generation,
laccase could also be replaced by one-electron oxid-
ants, such as FMN and ammonium peroxydisulfate,
i.e. there was no strict requirement for laccase as
the one-electron oxidant.] Accordingly, we coined the
term dirigent protein for Component I (an ~26 kDa
monomer) from the Latin dirigere: to guide or to align
(Davin et al., 1997). This terminology was proposed
because the protein itself did not apparently affect
the rate of one-electron oxidation of coniferyl alcohol
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Figure 6. Time courses for E-coniferyl alcohol (14) depletion and
formation of corresponding lignans 21, 22 and 35 during incubation
in presence of: (A) component III, laccase (12 ug protein mlfl)
and (B) component III, laccase (12 pug protein ml_l) and com-
ponent I (dirigent protein, 770 pmol ml—). A: coniferyl alcohol
(14, calculated as dimer equivalents), @: (4)-pinoresinol (35a),
O: (%)-pinoresinols (35a/b),: V: (£)-dehydrodiconiferyl alcohols
(21a/b), O: (L)-erythro/threo guaiacylglycerol 8—0—4'-coniferyl
alcohol ethers (22a/b), <>: total of all lignans. Redrawn from Davin
et al. (1997).

(14) (i.e. radical generation by the one-electron oxid-
ant/oxidase) but instead appeared to function by bind-
ing the free-radical forms so generated, thereby engen-
dering stereoselective rather than racemic coupling.
Figure 7 shows the proposed biochemical mechan-
ism for the (4)-pinoresinol forming dirigent protein,
where the one-electron oxidant/oxidase generates the
free-radical species, which can then bind to generate
(+)-pinoresinol (35a) via si-si coupling as shown.
The corresponding gene encoding the dirigent
protein was cloned and found to encode a protein
of circa 18 kDa, which differed from the native
Forsythia protein of ~26 kDa; this difference was
due to post-translational glycosylation of the nat-
ive protein (Gang et al., 1999a). Fully functional
(+)-pinoresinol forming dirigent protein (~26 kDa
monomer) was next heterologously expressed using
the baculovirus/Spodoptera system, although pro-
tein expression was generally low (1-2 mg/l) (Gang
et al.,, 1999a). Interestingly, enzymatic deglycosyla-
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and alignment of free-radical forms, (C) si-si coupling and (D) in-
tramolecular cyclization of intermediate quinone methide to give
(+)-pinoresinol (35a).

tion rendered the dirigent protein unable to engender
(+)-pinoresinol (35a) formation, presumably due to
unfolding of the protein.

In order to begin to study the kinetic and biochem-
ical mechanisms associated with the (4)-pinoresinol
forming dirigent protein, we developed methodologies
to study the stereoselectivity of coupling directly, i.e.
without the need for both reversed-phase and chiral
HPLC analyses. To do this, a laser polarimeter was
placed in-line with the reversed-phase HPLC column
with simultaneous UV-detection (Halls and Lewis,
2003). Figure 8A first shows the reversed-phase HPLC
chromatogram (UV profile) of a mixture containing
coniferyl alcohol (14), racemic 8—0—4'-linked dimers
(22) (present as a shoulder under these conditions),
racemic 8-5'-linked dehydrodiconiferyl alcohols (21)
and racemic 8-8'-linked pinoresinols (35), generated
by non-specific coupling of 14. In assays containing
dirigent protein, however, the (4)-pinoresinol (35a)
so formed was readily directly detected by laser-
polarimetry (Figure 8B), whereas in its absence, only
racemic coupling occurred and no measurable optical
activity was observed (Figure 8C). [It should also
be noted that this method can be used to determine
levels of optical purity of known lignans and their de-
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Figure 8. Representative analyses of products from E-coniferyl
alcohol (14) coupling assays, in presence and absence of
(+)-pinoresinol forming dirigent protein. (A) Reversed-phase
C1gHPLC separation of complete assay mixture with UV detec-
tion, separating monomer 14 from dimers 21, 22 and 35; (B)
laser polarimetric detection, as for A above, revealing presence of
(+)-pinoresinol (35a) in enantiomeric excess and (C) control assay,
as for A above, but without dirigent protein. Redrawn from Halls
and Lewis (2003).

rivatives, as well as being amenable for analysis of
optically active lignans in crude plant extracts.]

Analysis of the (+)-pinoresinol dirigent protein by
sedimentation velocity (ultracentrifugation), MALLS,
ESI-MS and MALDI-TOF (Figure 9A) next revealed
that the protein existed as a homodimer (with a
propensity to aggregate as determined by ultracent-
rifugation), whereas its CD spectrum established it
was composed mainly of B-sheet (9-14%) and loop
(40-47%) structures (Figure 9B) (Halls and Lewis,
2002).

It was also of interest to examine some of the basic
kinetic parameters, as well as other properties of the
native (4)-pinoresinol forming dirigent protein; this
included demonstration of its fairly broad pH range
(circa pH 4-7) and its stability up to about 37 °C (data
not shown) (Halls et al., 2004). We also examined sub-
strate binding (equilibrium dialysis) using coniferyl
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Figure 9. Characterization of (+)-pinoresinol forming dirigent pro-
tein. (A) MALDI-TOF spectrum, showing both singly and doubly
charged monomer masses and (B) CD spectrum of F. intermedia
(+)-pinoresinol forming DP measured at three concentrations and
averaged. An expected fit (solid) to the observed CD spectrum
(dashed) is shown for a protein with secondary structural compon-
ents of 40-47% loop, 35-42% p-sheet, 9-14% turn and 5-12%
«-helix. Redrawn from Halls and Lewis (2002).

(14), sinapyl (15) and p-coumaryl (38) alcohols, re-
spectively. However, the data obtained revealed that
extremely weak binding of only coniferyl alcohol (14)
occurred, with a Kp of 370 £ 65 uM, and thus was
the unlikely proper substrate for the dirigent protein
(i.e., the presumed correct substrate being the free-
radical form of 14); there was no evidence for even
weak binding of the other two monolignols 15 and
38. On the other hand, it was observed that two con-
iferyl alcohol (14) molecules were weakly bound per
homodimer, suggesting the presence of one substrate
binding site per protein monomer (Halls et al., 2004).

Several kinetic models for the (4)-pinoresinol
forming dirigent protein were next considered, with

CA (14)
kox
‘ kdimer
CA* —— Racemic coupling products
CcA’ 21,22, and 35
DP
\ DP +
ky ks : .
DPCA®* —=3» DP-QM —/——= (+)-pinoresinol
CA ks (35a)

Scheme 3. Proposed kinetic model for stereoselective coupling of
coniferyl alcohol radicals in presence of the (4)-pinoresinol form-
ing dirigent protein (DP); non-specific coupling leading to racemic
products occurs in absence of the DP. (Redrawn from Halls et al.,
2004).
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Figure 10. Rate of (+)-pinoresinol (35a) production in enantio-
meric excess, as a function of different coniferyl alcohol (14)
oxidation rates and in the presence of different DP dimer concen-
trations: (V) 20 nM, (@) 40 nM, (A) 80 nM, (¢) 160 nM and (H)
320 nM, respectively. [e.e.: enantiomeric excess.] Redrawn from
Halls et al. (2004).

an iterative algorithm giving one mechanistic model
as being the most likely (Scheme 3). That is, fol-
lowing oxidation of coniferyl alcohol (14) to its free
radical form CA® in vitro, competition between two
processes can result. The first is that occurring in open
solution and leading to racemic products 21, 22 and
35, whereas the second is that of two CA® molecules
sequentially binding to the dirigent protein in a co-
operative, anti-cooperative or independent manner to
give (4)-pinoresinol (35a). In this regard, Figure 10
summarizes the effects observed of varying both the
coniferyl alcohol (14) oxidation rate and dirigent pro-
tein concentration on (+)-pinoresinol (35a) generation
in enantiomeric excess. Note that at each concen-
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Figure 11. Possible biochemical pathway to (+)-sesamolin (41a)
from (4)-pinoresinol (35a).

tration examined (20-320 M), the dirigent protein
can be saturated, with the 320 uM concentration rep-
resenting the upper limit of dirigent protein needed
to successfully outcompete all non-specific coupling
(i.e., relative to the free radical generation/coniferyl
alcohol (14) oxidation rate being used). Scheme 3 is
thus in agreement with the observed data, with K
estimated to be 10 nM with a k; ~ 1.7 x 103 s7!
for binding of the CA® to the unoccupied complex,
whereas binding of the second CA® (essentially ir-
reversible) to give the intermediate quinone methide
(DP-QM) was estimated as k» ~ 2.1 x 108 s~!. Addi-
tionally, estimates of the coupling rate constants for
release of product, (+)-pinoresinol 35a, were slow
with k3 ~ 0.27 s7! (K3 ~ 1.9) in harmony with
the measured kfyg ~ 0.26 = 0.3 g1 (see Halls et al.,
2004, for additional details in developing this model).
Taken together, all available data are consistent with
the dirigent protein (sequentially) binding free-radical
forms of coniferyl alcohol (14), and processing same
to afford (4)-pinoresinol (35a).
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Dirigent proteins and downstream metabolism in
sesame seeds

Sesame (Sesamum indicum) seeds accumulate vari-
ous antioxidant lignans, such as (+)-piperitol (39a),
(+)-sesamin (40a) and (+)-sesamolin (41a) (Fig-
ure 11). All possess pinoresinol-like features, but
differ through either methylenedioxy bridge forma-
tion, oxygen insertion between the furan and aromatic
rings, or both. It was, therefore, of interest to in-
vestigate the biochemical pathways in this species
and whether dirigent-protein mediated transforma-
tions were also operative. Thus, radiolabeling exper-
iments, using intact S. indicum seeds, next revealed
that [8-'*C]coniferyl alcohol (14) was indeed meta-
bolized into (4)-pinoresinol (35a), and additional
studies using (4)- and (—)-[3,3’-O'#CHj]pinoresinols
(35a/b) and (:i:)-[3-OI4CH3]piperitols (39a/b) estab-
lished that only the (4-)-antipodes of each were con-
verted into (+)-piperitol (39a), (+)-sesamin (40a) and
(+)-sesamolin (41a), respectively. The correspond-
ing (—)-enantiomers were not utilized, in agreement
with earlier observations on E-coniferyl alcohol (14)
metabolism in this species (Jiao et al., 1998; Kato
etal., 1998). Moreover, methylenedioxy bridge forma-
tion from (+)-pinoresinol (35a) to both piperitol (39a)
and (4)-sesamin (40a) was established to be cyto-
chrome P-450 and NADPH-dependent (Jiao et al.,
1998), whereas the oxygen insertion step was pro-
visionally concluded to involve (4)-epi-sesaminone
(42a) as an intermediate (Figure 11). The latter is
possibly derived from (4)-sesamin (40a) via a single
hydroxylation step. This, via the lactol form (+)-
epi-sesaminone (43a), may in turn undergo enzyme-
modulated rearrangement to introduce the oxygen
functionality between the aromatic and furano ring
systems (Marchand et al., 1997a,b). However, to this
point, this latter transformation has not been investig-
ated at the enzyme level.

Dirigent protein and dirigent sites: Ramifications for
lignan and lignin biosynthesis

Tissue specific expression of the dirigent protein gene
was next examined in various F. intfermedia organs us-
ing a combination of in situ mRNA hybridization and
immunolocalization techniques (Burlat et al., 2001;
Kwon et al., 1999). Dirigent protein mRNA localiza-
tion was first studied by tissue printing hybridization
of fresh cross-sections of F. intermedia stems, peti-
oles and roots. This revealed the presence of intense
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signals in all tissues examined (as compared to the cor-
responding controls). In the stem cross-sections, the
signal was associated with the cambial regions in all
developmental stages investigated (i.e. from the 1st,
10th and 20th internodes). At earlier stages of devel-
opment, the signal was also present in the cortex and
the pith but the intensity of labeling decreased with
stem maturation. In both petioles and roots, the signal
was also associated with the cambial regions (Burlat
et al., 2001; Kwon et al., 1999). These observations
were further confirmed by in situ hybridization of the
dirigent protein mRNA using digoxigenin labeled ri-
boprobes in stem cross-sections (Burlat et al., 2001;
Davin and Lewis, 2000; Kwon et al., 1999). At this
level of resolution, it was possible to demonstrate that
dirigent protein expression was associated not only
with the cambial regions in the youngest development
stage studied (1st internode) but also with ray paren-
chyma initials adjacent to lignified tracheary elements
which only displayed a weak signal.

The dirigent protein and presumed homologs har-
boring dirigent sites (monolignol radical binding sites)
were next localized at the tissue and subcellular levels
using polyclonal antibodies raised against the diri-
gent protein (Burlat et al., 2001; Davin and Lewis,
2000). Polyclonal antibodies were employed in or-
der to assess if dirigent sites (dirigent homologs or
related proteins containing an array of dirigent sites)
were involved in lignification as well as in lignan
biosynthesis. Thus, using thick sections of paraffin
embedded samples, the antibody response was local-
ized in both the vascular cambium region and young
developing xylem, together with labeling in the cortex
outer layers. With stem maturation, however, the sig-
nal became restricted to the vascular cambium region
(cambium and secondary phloem), and to lignified
cells of secondary xylem, sclerified pith parenchyma,
and phloem fibers. In mature petioles, the labeling was
also mainly restricted to the cambial layers, the sec-
ondary phloem and the developing xylem, whereas in
the roots labeling was in the pericycle layers together
with the vascular tissues of the stele. These patterns
of dirigent protein localization were thus similar to
those observed for dirigent gene expression, with the
only difference being that the antibodies also revealed
cross-reactivity within lignified elements.

Immunolabeling experiments were next conduc-
ted on resin embedded samples, with high resolution
transmission electron microscopy being employed in
order to localize dirigent protein/dirigent sites at the
subcellular level (Burlat et al., 2001; Davin and Lewis,

2000). It was found that labeling was predominantly
in the S1 sub-layer and compound middle lamella,
i.e. in regions where lignification is initiated, and to a
lesser extent in the fully developed S3 layer of fully
developed vessels and developing ray cells (Burlat
et al., 2001). In lignified phloem, however, labeling
was associated with the S1 sub-layer in both young
and mature fibers, whereas in the metaxylem second-
ary wall cross-reactivity was distributed throughout
the wall, which has an uniform thickening. Taken
together, these data suggested that there were two pop-
ulations of dirigent protein/proteins harboring (arrays
of) dirigent sites, i.e. cambial/ray parenchyma initials
which were involved in lignan biosynthesis, and pre-
cise areas with the secondary wall involved in lignin
formation.

Pinoresinol-lariciresinol reductases: Enzyme
mechanism and molecular basis for differing
enantiospecificities

Our earlier preliminary work (described above) us-
ing F. intermedia cell-free extracts had indicated
that coniferyl alcohol (14) could be converted into
(—)-secoisolariciresinol (30b), in the presence of
NADPH/H>O; (Umezawa et al.,, 1990a,b, 1991a).
However, since related studies with F. suspensa (Davin
et al., 1992) had also demonstrated compelling evid-
ence for stereoselective coupling of E-coniferyl alco-
hol (14) giving (4)-pinoresinol (35a), attention was
given to the actual underlying biochemical processes
accounting for (—)-secoisolariciresinol (30b) forma-
tion in F intermedia, and whether this occurred via
the intermediacy of (+)-pinoresinol (35a).

We thus next demonstrated that the F. inter-
media cell-free extracts, when incubated with [8-
14C]coniferyl alcohol (14) in the presence of exogen-
ously added HO;, actually generated (£)-racemic
pinoresinols (35a/b) in addition to the other non-
specific coupling products 21a/b and 22a/b, due
to the action of non-specific peroxidases. However,
when NADPH was also present, the (+)-antipode
of racemic (=)-[8,8'-'*C]pinoresinols (35a/b) was
selectively metabolized ultimately affording (—)-
(8,8 -14C]secoisolariciresinol (30b); by contrast, the
(—)-antipode (35b) was not metabolized further
(Katayama et al.,, 1992). [Note also, however, that
stereoselective coupling of coniferyl alcohol (14) to
give (4)-pinoresinol (35a) occurred with the F in-
termedia insoluble residue, i.e. the generation of ra-
cemic pinoresinols (35a/b) was an artifact produced
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Figure 12. Enantiospecific reactions catalyzed by F. intermedia and T. plicata pinoresinol/lariciresinol reductases (PLR). (A) PLR_Fil
and PLR_Tp2 catalyzing the conversion of (+)-pinoresinol (35a) into (—)-secoisolariciresinol (30b), (B) PLR_Tpl catalyzing opposite
enantiospecific conversion. PLR_Fil: F. intermedial; PLR_Tpl: T. plicata 1; PLR_Tp2: T. plicata 2.

by the soluble crude extract mixture.] Additionally,
when the (+)- and (—)-enantiomers of pinoresinol
(35a) and (35b) were individually incubated with the
E. intermedia cell-free extracts, in the presence of
NADPH, preferential conversion was observed into
both (+)-lariciresinol (44a) [i.e., 99:1 in favor of the
(+)-antipode (44a) over the (—) enantiomer (44b)]
and (—)-secoisolariciresinol (30b), respectively (Fig-
ure 12A). Incubation with (&4)-lariciresinols (44a/b)
also established that only the (4)-antipode (44a)
was converted into (—)-secoisolariciresinol (30b)
(Katayama et al., 1993). Taken together, these data
revealed the existence of a bifunctional enantiospe-
cific pinoresinol-lariciresinol reductase in the readily
soluble protein extract of F. intermedia which util-
ized both (+)-pinoresinol (35a) and (+4)-lariciresinol
(44a). These data thus eliminated the possibility that
(—)-secoisolariciresinol (30b) was being formed dir-
ectly from coniferyl alcohol (14) in the presence of
H,0,/NADPH and the F. intermedia cell-free extracts.

The reductive conversion of (4)-pinoresinol (35a)
into (4 )-lariciresinol (44a) and (—)-secoisolariciresinol
(30b) was also demonstrated to occur via abstraction
of the 4-pro-R hydrogen from NADPH (using either
specifically labeled 4 R- and 4S-3H/?H-NADPH) (Chu
et al.,, 1993; Dinkova-Kostova et al., 1996), i.c.,
in a manner analogous to that of cinnamyl alco-
hol dehydrogenase (Mansell et al., 1974). Addition-
ally, using synthetic [7,7’ —2H2]pin0resin01 (35) and
[7,7’-*H;3lariciresinol (44) as substrates, it was es-

tablished that the incoming hydride (from unlabeled
NADPH) took up the pro-R position at C-7’ in lari-
ciresinol (44) and at C-7/C-7’ in secoisolariciresinol
(30), respectively, i.e., the reductase steps were highly
stereospecific (>99%) (Chu et al., 1993).

This is schematically shown in Figure 12A, where
the incoming hydride [which ultimately reduces the
furanofuran rings] takes up the pro-R positions at C-
7/C-7’, the overall effect of which is an inversion
of configuration at these positions. This was evid-
enced by "H-NMR spectral analysis of the enzymatic
products, (4)-[7,7" S->H;]lariciresinol (44a) and (—)-
[7,7' S-*Hz]secoisolariciresinol (30b), formed follow-
ing incubation of [7,7’-*H3pinoresinol (35) and [7,7 -
H; lariciresinol (44), respectively, with the partially
purified PLR (Chu et al., 1993). For example, Figure
13A shows the partial 'H-NMR spectrum of synthetic
(&£)-lariciresinols (44a/b), whereby the C7/HS, Cg'H,
C7HR and CgH protons are readily distinguishable,
in contrast to that of enzymatically synthesized (+)-
(7,7 S-*H]lariciresinol (44a) (Figure 13B) where
the C7/HS proton is not detectable (being deuterated)
with concomitant simplification of coupling at C;7 HR.
This, therefore, established that inversion of config-
uration at C-7/C-7’ upon enzymatic reduction had
occurred (Chu et al., 1993).

That the protein was in fact a bifunctional
pinoresinol-lariciresinol reductase (PLR) was unam-
biguously demonstrated by purification (~3,000-fold)
of two F. intermedia PLR isoforms to apparent ho-
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Figure 13. Partial '"H NMR spectra of lariciresinol (44) showing
spectral regions for C-7, C-8' and C-8 proton resonances. (A)
Synthetic (£)-lariciresinols (44a/b), and (B) enzymatically synthes-
ized (+)-[7,7 S-2H2]lariciresinol (44a). Redrawn from Chu et al.
(1993).

mogeneity, with each (~34.9 kDa monomer) being
subjected to detailed kinetic analysis and giving essen-
tially the same catalytic properties, i.e., K,, for (+)-
pinoresinol (35a),27 + 1.5 and 23 + 1.3 uM; K, for
(+)-lariciresinol (44a) 121 + 5.0 and 123 4+ 6.0 uM;
Vinax (4+)-pinoresinol (35a), 16.2 + 0.4 and 17.3 +
0.5 umol h=! mg~! protein and for (+)-lariciresinol
(44a), 25.2 & 0.7 and 29.9 & 0.7 umol h™! mg~!
protein, respectively (Dinkova-Kostova et al., 1996).
The corresponding encoding gene was cloned
(e.g., PLR_Fil), with heterologous expression of fully
functional catalytic PLR being initially obtained as
its B-galactosidase fusion adduct (Dinkova-Kostova
et al.,, 1996). Interestingly, in western red cedar (T.
plicata), which accumulates various 8-8' linked lig-
nans, such as plicatic acid (20) (Figure 14), two
forms of PLR were found to be present (Fujita et al.,
1999). Each was expressed heterologously as a -
galactosidase fusion adduct in E. coli, and each dis-
played distinct enantiospecificities, i.e., PLR_Tp2
was capable of enantiospecifically converting (+)-

pinoresinol (35a) into (+)-lariciresinol (44a) and (—)-
secoisolariciresinol (30b), whereas PLR_Tpl cata-
lyzed the opposite conversions (Figures 12A and 12B)
(Fujita et al., 1999).

PLR_Tpl1 has since been crystallized and its crys-
tal structure solved (to 2.5 10\) which, when modeled
with PLR_Tp2, provides an explanation for the dif-
fering enantiospecificities (Min et al., 2003). Both
structures have a continuous alpha/beta NADPH bind-
ing domain and a smaller substrate-binding domain.
The schematic representations of PLR_Tpl and the
energy minimized model of PLR_Tp2 are depicted in
Figures 15A and 15B, respectively, with both hav-
ing completely conserved ‘GXXGXXG’ NAD(P)H
binding motif sequences at the first f-«-8 unit. Inter-
estingly, a BLAST search of the Protein Data Bank
revealed that PLR had a good level of similarity to
that of E. coli UDP-galactose epimerase. Hence, by
comparison of the three-dimensional topology and
amino acid sequences of UDP-galactose 4-epimerase
C-terminal domains with those of PLR_Tp1 (and, by
analogy, PLR_Tp2), it was possible to identify pu-
tative substrate binding pockets. These are made up
of two B-strands (in a small 3-stranded, antiparallel
B-sheet) and two a-helical segments, and are mostly
hydrophobic in character. The substrate binding sites
are adjacent to the cofactor, so that the substrate mo-
lecules [(—)- and (+)-pinoresinols (35b and 35a), (—)-
and (+)-lariciresinols (44b and 44a), respectively]
are neatly juxtaposed for direct 4 R-hydride transfer
from the NADPH cofactor. Based on such comparat-
ive analyses, it was also deduced that PLR_Tpl and
related homologs (Min et al., 2003) all contained a
conserved Lys residue (Lys'3® in PLR_Tp1) required
for general base catalysis. Indeed, site-directed muta-
genesis (Lys'*® — Ala'3®) resulted in abolition of
enzymatic activity of PLR_Tp1. Differences in enan-
tiospecificity of both PLR_Tpl and PLR_Tp2 could
also be rationalized, since (—)-pinoresinol (35b) fits
snugly among the hydrophobic side-chains of Phe!4,
Val?%8 and Leu?’?, whereas in PLR_Tp2 binding of
the (4)-antipode of pinoresinol (35a) is favored by
a symmetric substitution of residues at 164 and 272
(ie., Leu'® and Phezn), as well as the residue at 268
becoming glycine.

In situ hybridization of PLR was also carried out
with F. intermedia stems at different stages of devel-
opment (i.e., Ist, 2nd, 10th and 20th internodes) as
well as roots, petioles and leaves, with serial sections
prepared from paraffin-embedded tissues (Kwon et al.,
2001). The strongest signal was found in the stems
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Figure 14. Biosynthetic pathway to matairesinol in F. intermedia/P. peltatum and proposed biosynthetic pathway to plicatic acid (20), a major

constituent of western red cedar (7. plicata) heartwood.

as compared to the roots, petioles and leaves. In stem
sections, PLR mRINA accumulation was mainly asso-
ciated with the vascular cambium and differentiating
xylem, with levels of detectable mRNA decreasing
with stem maturation (i.e., from the 1st to the 20th in-
ternode). A faint signal was also noted in the cortex at
early stages of development (Ist and 2nd internodes).
In the roots, petioles and leaves, mRNA accumulation
was localized within the meristematic tissues (Kwon
et al., 2001).

Biosynthetic pathways to secoisolariciresinol
diglucoside-hydroxymethyl glutaryl ester linked
lignan oligomers in flax seed (Linum usitatissimum)

Recent studies in our laboratory established that
flaxseed contains various ester-linked oligomers of
secoisolariciresinol diglucoside (SDG, 31) covalently
linked to hydroxymethyl glutaryl moieties (HMG, 45),
e.g., 46-49 (Scheme 4) (Ford et al., 2001). Related
compounds have also been reported by Kamal-Eldin
et al. (2001). Interestingly, flaxseed has long been
known to be a source of SDG (31) (Bakke and Kloster-
man, 1956), and this compound is believed to be a
cancer chemopreventative agent effective against the
onset of breast, prostrate and colon cancers (Jenab and
Thompson, 1996; Thompson et al., 1996a,b). SDG
(31) (and matairesinol (32) in other species) are meta-
bolized by (anaerobic) intestinal bacteria (Borriello
et al., 1985) to generate both enterodiol (50) and en-

terolactone (51), with the proposed pathways to these
being summarized elsewhere (Ford et al., 1999; Teoh
et al., 2003). In terms of their physiological roles, en-
terodiol (50) and enterolactone (51), are thought to be
able to modulate various aspects of sex hormone meta-
bolism (Martin et al., 1996; Mousavi and Adlercreutz,
1992), as well as inhibiting cell proliferation and an-
giogenesis (Thompson et al., 1996a,b). SDG (31) (and
flax seed) can also reduce plasma insulin growth factor
1 in rats, this being correlated with a decreased breast
cancer risk (Rickard et al., 2000).

Our current interests have been in studying the
biochemical pathway to both SDG (31) and its
various oligomers (e.g., 46-49) in developing flax-
seed, using tracer/stable isotope studies and molecu-
lar approaches to identify both intermediates and
genes/proteins/enzymes involved. Interestingly, at all
stages of flax seed development, essentially no SDG
(31) is present in its free form, but is instead covalently
linked (via ester-linkages) to other constituents, e.g. 45
and 46; SDG (31) can, however, be readily released
upon mild alkaline hydrolysis at ambient temperature
(Ford et al., 2001). Interestingly, there are two dis-
tinct diastereomers of SDG (31) present in flaxseed;
the dominant form (~99%) is (+)-secoisolariciresinol
(30a) and the minor (~1%), the opposite antipode
(30b) (Ford et al., 2001). Recognition of this raised
the possibility of two distinct biochemical path-
ways to each of the (+)- and (—)-secoisolariciresinol
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Figure 15. X-ray crystal structures of PLR and PCBER and molecular surface of PCBER. Schematic representation of the crystal structures of
PLR_Tpl (A) and PCBER_Pt1 (C), and the energy minimized models of PLR_Tp2 (B), together with NADPH and the corresponding lignan
substrates. The potential key residues that form substrate contact points and possibly cause unique specificities are highlighted. [In (C), the
(+)- and (—)-forms of dehydrodiconiferyl alcohol (21) are depicted in blue and red, respectively]. Molecular surface of PCBER-Pt1 showing
the NADPH binding pocket (D): the side-chain of Phe!3® is in a stacking mode with the nicotine amide ring, and the side-chain of Lys46
is salt-bridged with the 2/-phosphate group of the NADPH. The putative catalytic residue Lys134 in PCBER (Lys138 in PLR) can serve as a

general base. Redrawn from Min et al. (2003).

(30a/30b) forms. Thus, a significant effort was applied
to the study of SDG (31) formation, this involving
both detection of a (—)-pinoresinol (35b) forming sys-
tem (unpublished data), together with heterologous

expression (Drosophila system) of a flaxseed protein
encoded by a dirigent gene homolog; this recombinant
flaxseed dirigent protein, however, engendered only
(+)-pinoresinol (35a) formation, in agreement with
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Scheme 4. HMG (45), and SDG-HMG oligomeric constituents (46—49) of flaxseed, together with ‘mammalian’ lignans, enterodiol (50) and

enterolactone (51).

there being two pathways to SDG (31), i.e. the major
involving (+)-secoisolariciresinol (30a) formation and
the minor to (—)-secoisolariciresinol (30b). Addition-
ally, it was found that when a 40-80% (NH4)2SO4
protein fraction from flaxseed was incubated with
(£)-[3,3'-0'*CH3]-pinoresinol (35a/b) and NADPH
at 32°C for 12 h, both (+)-[3,3’-O'*CH3] lariciresi-
nol (44a) and (+)-[3,3’-0O'*CH3]-secoisolariciresinol
(30a) were formed. A PLR cDNA (PLR_Lu) was also
isolated from a flaxseed cDNA library, which dis-

played 68% similarity and 58% identity to PLR_Tp1.
Heterologous expression of PLR_Lu in E. coli was
next carried out and it was shown that formation of
(—)-lariciresinol (44b) was obtained when PLR_Lu
was incubated with (—)-pinoresinol (35b) in pres-
ence of [4R->H] NADPH:; no conversion was observed
when either (4)- or (£)-pinoresinols (35a and 35a/b)
were used as substrates, perhaps indicative of inhibi-
tion by the (+)-antipode (35a) (Teoh et al., manuscript
in preparation). These results thus seem to support the
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Figure 16. Chiral column HPLC analysis of lignan products
obtained following enzymatic reduction of (&)-pinoresinols
(35a/b) with L. flavum root cell-free extracts, in the pres-
ence of [4R->HINADPH. (A) [7-3H]lariciresinol (44) and (B)
7,7 —3HJsecoisolariciresinol (30). [Note: Unlabeled radiochemical
carriers of racemic (%) 44a/b and (%) 30a/b were added following
assay termination. (—) and (4) refer to antipodes of 44 (A) and 30
(B), respectively. Redrawn from Xia et al. (2000).
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Figure 17. Mass spectral fragmentation pattern (EI mode)
of (A) synthetic 7’-hydroxymatairesinol (54), and (B)
7'-hydroxymatairesinol (54) obtained after administration of
matairesinol (32) to L. flavum root tissue. Redrawn from Xia et al.
(2000).

presence of 2 independent pathways to both (4)- and
(—)-secoisolariciresinol (30a and 30b) as proposed in
western red cedar.

Secoisolariciresinol dehydrogenase (SDH)

As described above, preliminary radiotracer/stable
isotope studies using both F. intermedia whole plants,
and cell-free extracts therefrom, indicated that (—)-
secoisolariciresinol (30b) could be converted into (—)-
matairesinol (32b) (Umezawa et al., 1991a), whereas
the (+)-enantiomer (30a) was not metabolized fur-
ther. However, it was unknown at that time whether
this NAD-dependent enantiospecific conversion in-
volved either a bifunctional secoisolariciresinol de-
hydrogenase (SDH) with intermediacy of lactol (52),
or whether two enzymes were required, i.e., one to
form (—)-lactol (52b) and the other to convert it into
(—)-matairesinol (32b) (Figure 14).

This particular question was resolved in two ways
(Xia et al., 2001): first, by purifying (>6,000-fold)
an ~32 kDa protein from F. intermedia capable of
converting (—)-secoisolariciresinol (30b) into (—)-
matairesinol (32b), and secondly, by cloning the en-
coding gene and establishing that the heterologously
expressed recombinant SDH (in E. coli) was able
to enantiospecifically convert (—)-secoisolariciresinol
(30b) into (—)-matairesinol (32b) (Xia et al., 2001).
Interestingly, with recombinant protein assays using
(—)-secoisolariciresinol (30b) in the presence of NAD,
(—)-lactol (52b) was isolated as an intermediate as
well as the end-product, (—)-matairesinol (32b). Thus,
(—)-matairesinol (32b) formation utilized an enantio-
specific bifunctional NAD-dependent reductase and
not two distinct enzymes. With the gene encoding
SDH in hand, the entire biochemical pathway from E-
coniferyl alcohol (14) to matairesinol (32) was fully
elucidated at both enzyme and gene levels (Xia et al.,
2001).

Related studies by others on lariciresinol,
secoisolariciresinol and matairesinol formation

Since leaving the Lewis group as a postdoctoral as-
sociate, Umezawa and coworkers have subsequently
carried out a number of closely related studies with
crude cell-free extracts of various plant species. For
example, in the presence of NADPH/H;0,, they sub-
sequently demonstrated that crude cell-free extracts of
Forsythia koreana were able to convert coniferyl alco-
hol (14) into (—)-secoisolariciresinol (30b) (Umezawa



etal., 1992, 1994), thus providing further confirmation
of our original findings. The same investigators also
examined cell-free extracts of Arctium lappa ripening
seeds, which in the presence of NADPH/H,O,, gave
mixtures consisting of (—)-pinoresinol (35b, 22% en-
antiomeric excess, e.e.), (—)-lariciresinol (44b, >99%
e.e.) and (—)-secoisolariciresinol (30b, 38% e.¢.) (Su-
suki et al., 1998, 1999, 2002b), respectively, but again
with no clarification of either the stereoselectivity or
enantiospecificity of any of the proteins or enzymes
actually involved. Additionally, when cell free extracts
of A. lappa petioles were incubated in the presence
of coniferyl alcohol (14)/NADPH/H,0; as before, the
assay mixture contained (+)-pinoresinol (35a) in 33%
e.e., as well as (+)-lariciresinol (44a) in 30% e.e.
and (+)-secoisolariciresinol (30a) in 20% e.e. (Su-
suki et al., 2002b; Umezawa and Shimada, 1996).
These results, using crude protein extracts, seem to
be in agreement with a dual pathway (in petioles
and ripening seeds) leading to both (4) and (—)-
secoisolariciresinols (30a and 30b), i.e. as previously
definitively demonstrated by our laboratory with west-
ern red cedar (Fujita et al., 1999). However, again,
since there was no isolation and characterization of
any of the proteins/enzymes involved, no definitive
clarification of the stereoselectivity and enantiospe-
cificity of these transformations was achieved.

However, these studies by Umezawa et al. may
leave an impression that both NADPH/H,O; are re-
quired for the direct conversion of coniferyl alcohol
(14) into (—)-secoisolariciresinol (30b), even though
there is no evidence for this. In this regard, the
work should have been extended to the study of di-
rigent protein mediated coupling, as well as that of
the enantiospecificity of the PLR in F. koreana, and
thus of the protein/enzyme mediated steps involved.
Nevertheless, these data, although lacking definitive
conclusions, are generally consistent with our earlier
findings using crude cell-free extracts.

This limitation in defining the actual proteins and
enzymes involved has also been the case for the study
of cell-free extracts of Daphne genkwa (Thymelae-
aceae) and Anthriscus sylvestris (Apiaceae), which
when incubated with (4)-pinoresinols (35a/b) in pres-
ence of NADPH, gave (—)-lariciresinol (44b) in 23%
e.e. (Okunishi et al., 2001) and (+)-lariciresinol
(44a)/(—)-secoisolariciresinol (30b) (Susuki et al.,
2002a), respectively. These data would be of greater
utility if the proteins/enzymes involved in these spe-
cies were isolated and characterized, in order to
determine the commonality to our earlier findings.
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Biosynthesis of podophyllotoxin and
6-methoxypodophyllotoxin in Linum flavum and
Podophyllum peltatum

Linum species

Based on the above work, it was considered that
podophyllotoxin (26) in Podophyllum species (e.g.,
P peltatum) and its 6-methoxy-derivative (53) in
Linum flavum were both matairesinol (32) derived.
[Note: previously, 6-methoxypodophyllotoxin was
given the nomenclature of 5-methoxypodophyllotoxin
(Dewick and Jackson, 1981; Xia et al., 2000)]. How-
ever, as regards biosynthetic pathways operative, fol-
lowing incubation of (4)-pinoresinols (35a/b) with
L. flavum root cell-free extracts in the presence of [4 R-
3HINADPH, it was found that only (+)-pinoresinol
(35a) was converted into (+)-[7-H]lariciresinol (44a)
and (—)-[7,7’-3H]secoisolariciresinol (30b), respect-
ively (Figure 16A and 16B), as noted previously for
F. intermedia, i.e. the corresponding enantiomer (—)-
pinoresinol (35b) was not metabolized. Thus, no tri-
tium was abstracted during (&)-pinoresinol (35a/b)
reduction when the [4S-°H] form of NADPH was
employed as cofactor as above (Xia et al., 2000).
Furthermore, when both (&)-[Ar-2H]- and (+)-[9,9’-
3H;,]secoisolariciresinols (30a/b) were employed as
substrates, the (—)-antipode (30b) of each was con-
verted into (—)-[Ar-ZH]- and (—)-[9-3H]matairesinol
(32b), respectively. This established the existence of
an intact pathway to (—)-matairesinol (32b) in L.
flavum roots as for F. intermedia (Xia et al., 2000).
Metabolism of matairesinol (32) was also invest-
igated using L. flavum root tissue. Following uptake
and metabolism over a 6-h period, a MeOH extract
was obtained, which following S-glucosidase treat-
ment, contained a new metabolite. The latter was
ultimately demonstrated to be 7’-hydroxymatairesinol
(54) by comparison with an authentic synthetic stand-
ard (Xia et al., 2000). Figure 17 shows the mass
spectral fragmentation patterns of both authentic syn-
thetic 54 (Figure 17A) and that of the isolated 7’-
hydroxymatairesinol (54) (Figure 17B, molecular ion
at m/z 374). [7->H]-7-hydroxymatairesinol (54) was
then next synthesized and administered to L. flavum
root tissue over a 6-h period. Following metabol-
ism as above, treatment of the resulting MeOH ex-
tract as before with g-glucosidase gave radiolabeled
6-methoxypodophyllotoxin (53), indicating that [7’-
3H]-7"-hydroxymatairesinol (54) was a pathway in-
termediate to 53. Note, however, that beyond 7'-
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hydroxymatairesinol (54), the stepwise conversions,
including aryltetrahydronaphthalene ring formation,
as well as the various hydroxylations, O-methylation
and methylenedioxy bridge forming steps, that are
required for 6-methoxypodophyllotoxin (53) biosyn-
thesis are largely unknown, except for a reported
O-methylation of B-peltatin (55) to give S-peltatin-A
methylether (56) (Kranz and Petersen, 2003). Addi-
tionally, SB-peltatin 6-O-methyltransferase was char-
acterized in cell suspension cultures of Linum nodi-
florum, and provisional kinetic analyses carried out
on proteins recovered after (NH4)2SO4 precipitation
gave apparent K,,,’s of 15 and 40 uM for S-adenosyl-
methionine and B-peltatin (55), respectively. Other
lignans, such as podophyllotoxin (26), matairesinol
(32) and pinoresinol (35), as well as caffeic acid (1)
were not substrates (Kranz and Petersen, 2003).

Kranz and Petersen (2003) have suggested that
6-methoxypodophyllotoxin (53) is not formed as de-
scribed above, i.e. from 7’-hydroxymatairesinol (54),
with these researchers suggesting that deoxypodo-
phyllotoxin (57) was the common precursor of both
podophyllotoxin (26) and 6-methoxypodophyllotoxin
(53). In this regard, crude microsomal preparations
from L. flavum cell suspension cultures, described as
a deoxypodophyllotoxin 6-hydroxylase, introduced an
hydroxyl group at the 6-position of deoxypodophyl-
lotoxin (57) to form B-peltatin (55) (Molog et al.,
2001). This preparation contained a cytochrome P-
450 dependent monooxygenase, with pH and tem-
perature optima of 7.6 and 26 °C, respectively, and
apparent K,,’s of 20 and 36 uM for deoxypodophyl-
lotoxin (57) and NADPH, respectively. On the other
hand, hydroxylation of deoxypodophyllotoxin (57) at
the 7-position by this microsomal preparation to give
podophyllotoxin (26) was not observed; nor was the
latter hydroxylated at the 6-position to give 58 (Molog
et al., 2001). These researchers also indicated that “4’-
demethydeoxypodophyllotoxin (59) was most prob-
ably hydroxylated to «-peltatin (60)” while suggesting
that another enzyme in the crude microsomal prepar-
ation might also be involved (Molog et al., 2001).
Overall, to resolve potential ambiguities, the various
proteins/enzymes truly operative in the pathway will
need to be identified, with the additional caveat that if
some of these enzymes display broad substrate versat-
ility then the results obtained may not be as definitive
as being proposed.

It has also been suggested, using '3C-labeled pre-
cursors and L. album cell suspension cultures, that
the initial coupling products into the lignan pathway

are either two precursors with a 4-hydroxy-3-methoxy
substitution pattern or alternatively only one such pre-
cursor with the other having a 3,4-methylenedioxy
substitution pattern (Seidel et al., 2002). However,
the data are too preliminary at this time to warrant
further consideration: no chiral analysis has been
carried out on coupling products and/or downstream
metabolites; nor have any of the genes/enzymes in-
volved in this putative alternate pathway been charac-
terized and/or described. Nor has any coupling pro-
cess ever been demonstrated in vivo/in vitro with a
3,4-methylenedioxy substitution pattern.

Podophyllum peltatum

In Podophyllum peltatum which forms podophyllo-
toxin (26), genes putatively encoding both the (+)-
pinoresinol forming dirigent protein and SDH were
obtained (Xia et al., 2000, 2001). The P. peltatum SDH
was expressed in E. coli in fully functional recombin-
ant form, and purified to apparent homogeneity. De-
tailed kinetic analyses, using (—)-lactol (52b) as sub-
strate (Figure 14), gave K,, values ~160.2 &+ 0.8 uM
with an apparent maximum velocity V. of ~7.1
4+ 0.02 mmol/min/mg protein for (—)-matairesinol
(32b) formation (Xia et al., 2001). The SDH was
again enantiospecific, using only the (—)-antipode of
secoisolariciresinol (30b), and not the correspond-
ing (+)-antipode (30a). These data thus also con-
firmed the overall pathway to matairesinol (32) in
P. peltatum, with the latter being considered an in-
termediate en route to podophyllotoxin (26). Work is
now underway to determine the X-ray crystal structure
of P. peltatum SDH, and hence to define its precise
mechanistic mode of biochemical conversion.

As an additional means of investigating further the
nature of transformations beyond matairesinol (32),
[2,5,6,2',5',6/-*Hg|matairesinol (32), [7'a->H]yatein
(61) and [7’ -2H]p0d0rhizol (62) were synthesized
earlier (Neidigh et al.,, 1994); these, together with
other potential substrates, are now being evaluated to
examine which of these are involved in the remain-
ing biochemical steps to podophyllotoxin (26), even
though our current working hypothesis would exclude
61 and 62 unless some sort of metabolic grid was in
effect. However, this will need to be fully established
at the enzymatic level.

Lastly, with all genes, proteins and enzymes
in hand for coniferyl alcohol (14) conversion to
matairesinol (32), it is now possible to engineer levels
of these lignans in various plant systems, including



Arabidopsis (model system) (Mitski et al., 2001) as
well as cereal grains, such as rice (Costa et al., 1999).

Arctigenin and arctiin biosynthesis in Forsythia
intermedia

F. intermedia accumulates the (—)-matairesinol (32b)
derived lignans, (—)-arctigenin (33b) and (—)-arctiin
(34b), which differ only in terms of either methylation
of the 4’-hydroxyl group or by glycosylation at the
C-4 hydroxyl group, respectively. It was of interest,
therefore, to begin to establish if the O-methylation
reactions (using crude cell-free extracts of F. interme-
dia) were capable of catalyzing either enantiospecific
or regiospecific transformations (Ozawa et al., 1993).
In this regard, using (4-)-matairesinols (32a/b) as sub-
strates, it was found that the crude OMT preparations
from F. intermedia were neither regio- nor enantiose-
lective, i.e. affording both (4)- and (—)-arctigenins
(33a and 33b) and (+)- and (—)-isoarctigenins (63a
and 63b) [isolated as their acetate derivatives 64a/64b
and 65a/65b), see Scheme 5]. In both cases, however,
the (—)-enantiomers were slightly preferred (circa
2:1) for O-methylation over the (+)-antipodes; no
dimethylmatairesinol (66; Scheme 5) was obtained,
indicative of discrimination occurring to prevent over
(dual) methylation.

Since there are no known derivatives derived from
isoarctigenin (63) in F. intermedia, our current hypo-
thesis is that glycosylation of (—)-matairesinol (32b)
may first occur to generate (—)-matairesinoside (67),
with the latter then being O-methylated to afford
(—)-arctiin (34b) and deglycosylated to give (—)-
arctigenin (33b). It will be instructive in the future,
however, to purify the O-methyltransferases in the
cell-free extracts and to establish if this non-regio-
/non-enantiospecific preference is truly a function of
substrate versatility of the lignan forming OMT, or
whether non-specific OMTs were also involved in the
observed transformations.

8-8' Allylphenol coupling and downstream
metabolism in Larrea tridentata

Various angiosperm plant species biosynthesize allyl-
phenol moieties (Clifford, 2000; Fisher, 1992; Got-
tlieb, 1972; Kollmannsberger et al., 2000), examples
of which are the 8-8 linked antiviral/anticancer
lignans, nordihydroguaiaretic acid (NDGA, 68,
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Scheme 6) and its derivatives, from the creosote bush
(Larrea tridentata) (Belmares et al., 1979; Craigo
et al., 2000; Gnabre et al., 1995, 1996). Little is
still known about how allylphenols in general are
formed (other than being of phenylpropanoid ori-
gin), including the nature of the biosynthetic inter-
mediate (or intermediates) underlying reduction (i.e.,
whether it is a carboxylic acid, aldehyde, alcohol

or derivative thereof) as a precursor of the allyl-
phenol group. Tracer studies using Pimpinella an-
isum cell suspension/organ cultures have been car-
ried out to study allylphenol biosynthesis [i.e., of
epoxypseudoisoeugenol-2-methylbutyrate (69) (Fig-
ure 18)]. A biosynthetic pathway from Phe to p-
coumaryl alcohol (38), then to p-anol (70) and E-
anethole (71), and finally to 69 via pseudoisoeugenol
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Figure 18. Proposed biosynthetic pathway to epoxypseudoisoeugenol-2-methylbutyrate (69) from p-coumaryl alcohol (38). Redrawn from

Reichling et al. (1995b).

= 11 A =) (Sl C Gy
g =) -)
&
i
0
;‘:) L
i =— . , , . . . .
5 |E =) ) G )
2 11 )
i)
<
L
R~
=
]
= JL
0 T T T T - T T T
0 10 20 10 20 0 10 20 10 20 30

Figure 19. Chiral HPLC analysis of larreatricin (73),

Elution volume/ml

8'-epi-larreatricin  (74) and 3,3’-didemethoxyverrucosin (76), as well as

3,3’-didemethoxynectandrin B (75). Upper panel: chiral HPLC separation of synthetic (&) stereoisomers 73, 74 and 76 (upper panels A,
B and C). Panel D shows elution profile of meso-didemethoxynectandrin B (75). Lower panel: chiral HPLC analysis of naturally occurring

L. tridentata lignans 73-76 (lower panels). Redrawn from Moinuddin et al. (2003). See Scheme 6 for structures.

(72) (see Figure 18) was proposed, but without unam-
biguously identifying the enzymes/proteins involved
(Kemmerer and Reichling, 1996; Reichling et al.,
1995a,b)

In L. tridentata, the simplest lignans (structur-
ally), and presumed to represent the initial coup-
ling products, are those apparently derived from p-
anol (70) radical-radical coupling, i.e., the diben-
zyltetrahydrofuran 8-8' linked larreatricin (73), 8-
epi-larreatricin (74), 3,3’-didemethoxynectandrin B
(75) and 3,3’-didemethoxyverrucosin (76) (Scheme 6).
This plant species, however, also biosynthesizes a
plethora of other lignans, all 8-8' linked, including
dibenzylbutanes [e.g., NDGA (68) and dihydroguai-
aretic acid (77)] and aryltetrahydronaphthalenes [e.g.,
isoguaiacin (78)]. All of these other natural products
can also be considered to result from p-anol (70)
coupling products, following various oxidative and/or
reductive transformations. [Of these 8-8 lignans,
however, the most abundant is NDGA (68).]

The isolation of the presumed initial p-anol (70)
coupling products, 73-76, gave some interesting find-
ings when subjected to chiral HPLC analysis; it was
found that both larreatricin (73) and 8'-epi-larreatricin

(74) existed essentially in pure enantiomeric form,
whereas 3,3’-didemethoxynectandrin B (75) and (+)-
3,3’-didemethoxyverrucosins (76) were in their meso
and racemic forms, respectively. This was unambigu-
ously demonstrated by first synthesizing 73-76 in
racemic and meso forms and subjecting 73, 74 and
76 to chiral HPLC enantiomeric resolution, with these
being compared to the chiral HPLC-traces of the isol-
ated lignans (Figure 19) (Moinuddin et al., 2003). The
presence of 7376 thus suggested that either regiospe-
cific coupling was occurring to (i) generate racemic
(£)-8-8' linked 73, 74 and 76 and the meso com-
pound 75, with the (4)-enantiomers of 73 and 74
enantiospecifically undergoing further metabolism, or
that (ii) (—) 73 and (—) 74 were being formed via
stereoselective coupling. However, a subsequent study
of the biosynthetic pathway to NDGA (68) resolved
this question, in which a polyphenol oxidase (MW
~ 33 kDa) was isolated capable of enantiospecifically
hydroxylating (+)-larreatricin (73) primarily at the 3'-
position to generate (+)-3'-hydroxylarreatricin (79);
by contrast the (—)-antipode was not hydroxylated
(Figure 20) (Cho et al., 2003). The gene encoding
the corresponding protein, (upon the latter’s purifica-
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Scheme 8. Structures of various lignans, hydroxycinnamyl aldehydes/acids and derivatives thereof.

tion to apparent homogeneity) was then cloned, and
was found to encode a polyphenol oxidase (PPO),
of ~61 kDa rather than the ~43 kDa protein isol-
ated. However, the smaller size of the latter is due
to post-translation processing, a well-known phenom-
ena with PPOs (Cho et al., 2003). Interestingly, the
(+)-larreatricin hydroxylase contains two highly con-
served PPO copper binding domains A and B. Studies
are currently underway to establish the biochemical
mechanisms associated with this first example of PPO
enantiospecificity, e.g. through X-ray crystallization
of the post-translationally processed PPO containing
the bound substrate(s). Additional work is also be-
ing directed as to how 8-8' regiospecific coupling is
occurring at the biochemical level, given that only 8§—
8'-linked lignans have been isolated from this species
and that other bonding types (e.g. 8-5, 8~0—4') have
not been detected in either metabolism or isolation
studies.

8-5', 8-0—-4' and 8-2' linked lignans

Many of the lignans present in vascular plants have
linkages other than 8-8" and, of these, the bulk of
the biochemical work has thus far been directed to-
wards elucidating mechanisms of 8-5’, 8-0-4’ and
8-2' linked lignan formation.

8-5" and 8—0—4' linked lignans

Most 8-5' linked lignans are apparently dehydrodicon-
iferyl alcohol (21) derived (Lewis and Davin, 1999),
and can exist in a wide variety of structural forms.
Other analogues, such as (+)-licarin A (80) and
the two related diols 81 and 82a/b, are apparently
allylphenol-derived (Nascimento and Lopes, 1999;
Nascimento et al., 2000). Of the dehydrodiconiferyl
alcohol (21) derived lignans, these include allylic
double bond reduced derivatives at positions 7’,8’
[e.g., dihydrodehydrodiconiferyl alcohol (83) and its
demethyl analogues, such as cedrusin (84) from Pinus
taeda (Gang et al., 1999b; Nose et al., 1995), the cor-
responding triacetate (85) from Cryptomeria japonica
(Su et al., 1995) as well as various p-coumaroyl and
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Figure 20. Enantiospecificity —of (+4)-larreatricin ~ 3’-hydro-
xylase.  (A) Chiral separation of synthetic (4)- and
(—)-3/-hydroxylarreatricins (79) and (B) enantiomeric composition
of enzymatically formed 3’-hydroxylarreatricin (79). Redrawn from
Cho et al. (2003).

feruloyl derivatives, e.g. 86 and 87 from Corylus
sieboldiana (Watanabe et al., 1992)]. In addition, there
are a number of other lignan derivatives which have
apparently resulted from 7-0-4' bond cleavage, e.g.,
to afford 8-5' linked diaryl derivatives such as com-
pound 88 from C. japonica (Su et al., 1995); all of
these lignan skeleta are apparently coniferyl alcohol
(14) derived (Lewis and Davin, 1999).

We have placed considerable emphasis upon defin-
ing the processes involved in both 7-0-4' bond cleav-
age and 7’,8'-allylic double bond reductions, much
of which is now understood at the gene and enzyme
levels (Gang et al., 1999b; Kasahara et al., 2003, 2004;
Min et al., 2003).

Phenylcoumaran benzylic ether reductase (PCBER)

The 7-0-4’ bond reduction occurs via involvement of
a phenylcoumaran benzylic ether reductase (PCBER),
with the corresponding recombinant 33.6 kDa pro-
tein first obtained following cloning of the encoding
gene from P. taeda (Gang et al., 1999b). This re-
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combinant enzyme, as well as a Populus trichocarpa
analogue, were able to relatively slowly catalyze 7—
O—4' reductions of both (£)-dehydrodiconiferyl (21)
and (z)-dihydrodehydrodiconiferyl (83) alcohols in a
regiospecific, but not enantiospecific, manner to af-
ford (£)-isodihydrodehydrodiconiferyl alcohols (89)
and (%)-tetrahydrodehydrodiconiferyl alcohols (90),
respectively (Figure 21). As for the PLRs previ-
ously described, the PCBER also abstracts the 4R-
hydride from NADPH during catalysis (Gang et al.,
1999b). Interestingly, PCBERs, PLRs and isoflavone
reductase(s) (IFRs) are quite closely related from
a sequence homology perspective, i.e. PCBER is
~66% similar/~45% identical to PLRs and ~65%
similar/~50% identical to IFRs. In this regard, this
level of homology has led to the suggestion that
PCBER (being regiospecific) is the evolutionary fore-
runner of the enantiospecific PLRs and IFRs (Gang
et al., 1999b).

The X-ray structures of PLR and PCBER have re-
cently been reported and that of IFR modeled (Min
et al., 2003), with the three-dimensional X-ray crystal
structure of PCBER_Pt1 solved and refined to 2.2 A
resolution. Its overall gross structure is composed of
two domains (N-terminal and C-terminal) connected
by five separate peptide segments, with the two do-
mains forming a cleft between them as for PLR_Tpl.
The putative cofactor-binding site in PCBER_Pt1 (as
for PLR_Tpl and modeled IFR) was identified so
that the nicotinamide ring is orientated towards the
cleft between the two domains. Since PCBER only
abstracts the 4-pro-R-hydride from the re-side of the
dihydronicotinamide ring of NADPH, the mechan-
ism for NADPH binding is best satisfied whereby
the nicotinamide ring fits into an anti-conformation
(Figure 15D). As for PLR_Tpl, the dehydrodicon-
iferyl alcohol (21) binding pocket is made up of two
B-strands and two «-helical segments (Figure 15C)
including the conserved lysine residue (Lys'3*) in-
volved in general base catalysis, and is adjacent to the
cofactor. PCBER regiospecificity is best explained by
a larger space (when compared to that in PLR_Tpl) in
the substrate binding pocket where both (+)- and (—)-
dehydrodiconiferyl alcohols (21a/b) can fit among the
hydrophobic side chains of Phe!%?, Ser?®3 and Ser?¢’
(Figure 15C) (Min et al., 2003).

Polyclonal antibodies specific to PCBER were also
prepared and used to define the cellular and tissue
specificities of PCBER in P. taeda newly growing
shoots and woody stem tissues, respectively (Kwon
et al., 2001). At the new shoot developmental stage,
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Figure 21. Reactions catalyzed by PCBER.

PCBER was localized in the differentiating secondary
xylem regions (i.e. in areas containing undifferentiated
tracheids and fibers, as well as initials of both axial
and radial parenchyma cells). In the mature woody
stem tissue, PCBER was localized in fully differenti-
ated axial and radial parenchyma cells, and to a much
lesser extent in the vascular cambium (i.e., axial and/or
radial parenchyma cell initials). In summary, PCBER
was mainly localized in the radial and axial paren-
chyma cells of P. taeda; somewhat analogous findings
for PCBER have been reported for poplar (Vander
Mijnsbrugge et al., 2000). These data, in turn, are
in accordance with the role of these metabolites in
both defense and in heartwood and/or sapwood form-
ing processes. Furthermore, PCBER displays minor
allergenic properties (e.g. in birch pollen, as well as in
various fruits and vegetables), suggesting yet another
role in plant defense (Karamloo et al., 2001).

Aryl propenal double bond reductases

A regiospecific aryl propenal double bond reductase
(APDBR) capable of converting both (4)- and (—)-
enantiomers of dehydrodiconiferyl aldehyde (91) into
(+)- and (—)-dihydrodehydrodiconiferyl aldehydes
(92), as well as coniferyl aldehyde (93) into dihydro-
coniferyl aldehyde (94)(Figure 22), was isolated from
Pinus taeda, and purified to apparent homogeneity;
its encoding gene was cloned, and the fully func-
tional recombinant APBDR obtained (Kasahara et al.,
2003, 2004). The ~39 kDa enzyme abstracts the 4 R-
hydride from NADPH (Kasahara et al., 2003, 2004),
and the pathway, using dehydrodiconiferyl alcohol
(21) as an example, first involves initial oxidation

OH CHO
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|
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Figure 22. Catalytic action of P. taeda arylpropenal double bond
reductase (APDBR).

of the terminal allylic hydroxyl group by a dehyd-
rogenase to give 91, with regiospecific reduction of
the side-chain to generate the corresponding dihydro
analogue 92 which is then reduced back to afford
lignan 83 (Figure 22). The same enzyme is also
presumed to be involved in converting the 8-0—4'
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Figure 23. 13C.NMR spectra of (A) natural abundance (—)-brainic acid (17), as well as (—)-brainic acids (17) obtained following administration
of (B) [1-13¢, (C) [2-13C] and D) [3-13C]-phenylalanine (1 mM) to B. spicant fronds for 5 days; all spectra were recorded under identical

conditions (Davin et al., 2003). [S =Solvent]

analogs in Pinus species into the corresponding di-
hydro species, e.g., 95 from Pinus massoniana (Lund-
gren et al., 1985). The enzymology associated with
8—-0—4' linkage formation is also currently under in-
vestigation, as are the dehydrogenases involved in
the oxidative/reductive steps of the allylic/propanyl
alcohol functionalities (see Figure 22).

Interestingly, three proteins having phenylpro-
panoid aryl propenal double bond reductase properties
have also been obtained from Arabidopsis thaliana
(Kim et al., manuscript in preparation) with members
capable of reducing both phenylpropanoid monomers

(hydroxycinnamic acids, hydroxycinnamyl aldehydes
and hydroxycinnamyl alcohols) to afford the corres-
ponding 7,8 double bond reduced substances, as well
as also acting on 85’ lignans, such as dehydrodicon-
iferyl aldehyde (91).

In situ hybridization of APDBR has been conduc-
ted in young P. taeda stem tissues at two development
stages, i.e. in the meristematic region and the woody
tissue of a 1 year-old stem, with digoxigenin-labeled
antisense and sense (control) RNA probes being syn-
thesized. It was thus found that APDBR was primarily
localized in both the axial and ray parenchyma cells,
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and to a lesser extent in the cambial regions (Kasahara
et al., 2004).

From a physiological perspective, various di-
hydrophenylpropanoid monomeric and dimeric com-
pounds have been shown to be present in the Pinaceae,
e.g. Picea glauca, as part of defense response (Kraus
and Spiteller, 1997). They are also converted into
various oligomeric forms, such as leptolepisol A (96)
in Larix leptolepis (Sakakibara et al., 1987). Thus,
their generation is not part of lignin assembly (used
for sapwood formation) but instead they are part of
the heartwood defense chemical armoury (Sakakibara
et al., 1987); additionally, in P. glauca their forma-
tion is inducible, e.g. by the gall aphid Adelges abietis
(Kraus and Spiteller, 1997).

8-5' linked allylphenol lignans

As indicated earlier, Aristolochia pubescens accumu-
lates the lignans (+)-licarin A (80) and the two diols
81 and 82a/b (Nascimento and Lopes, 1999), and syn-
thetic processes have been developed to obtain (+)-
and (—)-licarin A ester derivatives 97/98 in enantio-
merically pure form (Nascimento et al., 2000). Work is
currently underway to define the enzymology/protein
chemistry involved in both their coupling reactions
and in their downstream metabolic conversions.

8-2' linked lignans

The lignans frans-blechnic acid (16) and trans-brainic
(17) acids are two 8-2" linked metabolites found
in the Pteridophytes, specifically Blechnum orientale
(Wada et al., 1992) and Blechnum spicant (Davin
et al., 2003; Wang et al., 2001). Radiolabeling ad-
ministration experiments using B. spicant fronds, with
potential precursors, L- [U-14C]Phe, L-[U-14C]Tyr, [2-

14Cacetate, [9-'*C] cinnamate (99) and [8-'4C]-p-
coumarate (100), revealed that all (except for [U-14C)-
Tyr and [2-'*C]-acetate) were individually incorpor-
ated into caffeic acid (1), 5—O-—caffeoyl shikimate
(101), (—)-trans-blechnic acid (16) and (—)-trans-
brainic acid (17), respectively (Davin et al., 2003;
Wang et al., 2001). These initial studies were both con-
firmed and extended following the individual uptake
and metabolism of [1-'3C], [2-13C] and [3-!3C]Phe
to B. spicant fronds over a 5 day period, which es-
tablished intact incorporation into lignans, (—)-brainic
acid (17) (Figure 23) and (—)-blechnic acid (16) (data
not shown). In each case, the lignan of interest was
isolated and subjected to '3C NMR spectroscopic
analysis.

Figure 23A shows the natural abundance '3C
NMR spectrum of (—)-brainic acid (17), whereas
Figure 23B-D display the spectra showing enhanced
resonances at 9,9’ (Figure 23B), 8-8' (Figure 23C) and
7,7" (Figure 23D), thereby demonstrating intact incor-
poration of the various [13C]labeled Phe precursors.
While the corresponding gene(s), proteins/enzymes
involved in (—)-blechnic (16)/(—)-brainic (17) acid
formation have not yet been isolated, a mechanism
involving stereoselective coupling of caffeic acid (1)
can be provisionally proposed (Figure 24). Ongoing
work is underway to delineate the precise biochemical
processes operative and which control stereoselective
hydroxycinnamic acid coupling.

Concluding remarks

While much is now known about lignan biosynthesis
(particularly of the 8-8 and 8-5' linked compounds),



much remains to be determined. This includes de-
fining mechanistic questions regarding the action of
dirigent proteins (i.e. in terms of binding, orientation
and coupling), as well as in establishing further the
molecular basis of enantioselectivity of downstream
enzymatic steps in lignin metabolism. Much also re-
mains to be done in clarifying the nature of additional
biochemical transformations to complex lignan mo-
lecules, such as podophyllotoxin (26), leptolepisol A
(96), plicatic acid (20) and so forth; these will be
the subject of future work, as will defining further
the mechanisms of macromolecular assembly of lignin
and suberin biopolymers.
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