
1.23 Lignans (Neolignans) and Allyl/Propenyl Phenols:
Biogenesis, Structural Biology, and Biological/Human Health
Considerations
Daniel G. Vassão, Kye-Won Kim, Laurence B. Davin, and Norman G. Lewis, Washington State
University, Pullman, WA, USA

ª 2010 Elsevier Ltd. All rights reserved.

1.23.1 Introduction 817

1.23.2 Definition and Nomenclature 818

1.23.2.1 Allyl-/Propenylphenols 818

1.23.2.2 Inconsistencies in Current Nomenclature of Lignans and Neolignans 818

1.23.3 Chemotaxonomical Diversity: Evolutionary Considerations 821

1.23.3.1 Allyl-/Propenylphenols and Their Derivatives 821

1.23.3.1.1 Algae 821

1.23.3.1.2 Bryophytes: liverworts, hornworts, and mosses 825

1.23.3.1.3 Pteridophytes: lycophytes, horsetails, and ferns 826

1.23.3.1.4 Spermatophytes: gymnosperms and angiosperms 826

1.23.3.2 Lignans 830

1.23.3.2.1 Bryophytes: liverworts, hornworts, and mosses 830

1.23.3.2.2 Pteridophytes: lycophytes, horsetails, and ferns 833

1.23.3.2.3 Spermatophytes: gymnosperms and angiosperms 836

1.23.3.3 Evolution of Biochemical Pathways to Allyl-/Propenylphenols and Lignans:

Observations on Co-occurrence 845

1.23.4 Lignan Early Biosynthetic Steps: 8–89 Phenylpropanoid Coupling 847

1.23.4.1 Discovery of the (þ)-Pinoresinol-Forming Dirigent Protein and Encoding Gene 847

1.23.4.2 Western Red Cedar Dirigent Proteins 849

1.23.4.3 Structural and Mechanistic Studies 849

1.23.4.4 Discovery of the (�)-Pinoresinol-Forming Dirigent Protein and Encoding Gene 849

1.23.4.5 Dirigent Protein Tissue Localization and Metabolic Networks 851

1.23.4.5.1 mRNA tissue localization 851

1.23.4.5.2 Dirigent protein tissue localization and proposed proteins harboring arrays of dirigent

sites 852

1.23.4.5.3 Proposed dirigent protein metabolic networks 853

1.23.4.6 Other Examples of 8–89 Phenylpropanoid Coupling: Hydroxycinnamic Acid and Allyl-/

Propenylphenol-Derived Lignans in Liverworts and the Creosote Bush 855

1.23.5 Downstream Lignan Metabolism 856

1.23.5.1 Furofuran Lignans in Sesame 856

1.23.5.1.1 Methylenedioxy bridge formation 856

1.23.5.1.2 Glucosylation 859

1.23.5.1.3 Oxygen insertion 860

1.23.5.2 Pinoresinol/Lariciresinol Reductases and Pinoresinol Reductase 860

1.23.5.2.1 Forsythia PLR: discovery of (þ)-pinoresinol/lariciresinol reductase 860

1.23.5.2.2 Gymnosperm PLR/PLR homologs: discovery of PLR/PLR homologs of differing PLR

and pinoresinol reductase enantiospecificities 862

1.23.5.2.3 Linum species PLR: additional discovery of genes encoding (�)-PLR activity 862

1.23.5.2.4 Arabidopsis PLR homologs: Pinoresinol reductases 865

1.23.5.2.5 Tissue localization of PLRs and PRs 866

1.23.5.2.6 Structural biology studies: PLR and PLR homolog 867

815



1.23.5.3 Secoisolariciresinol Dehydrogenase 873

1.23.5.3.1 Discovery of SDH and encoding gene 873

1.23.5.3.2 Structural biology studies 874

1.23.5.4 Creosote Bush Lignan Metabolism: Enantiospecific Polyphenol Oxidase 876

1.23.5.5 Additional (Preliminary) Studies Toward Justicidin B, Hinokinin, and Podophyllotoxin/

6-Methoxypodophyllotoxin Biosynthesis 876

1.23.5.5.1 Justicidin B 876

1.23.5.5.2 Hinokinin 876

1.23.5.5.3 Podophyllotoxin/6-Methoxypodophyllotoxin 877

1.23.6 Other Phenylpropanoid Coupling Modes: 8–29, 8–39 (8–59), and 8–O–49-Linked

Lignans 878

1.23.6.1 8–29 Coupling 879

1.23.6.2 8–39 (8–59) Coupling 879

1.23.6.3 8–O–49 Coupling 880

1.23.7 Allylic (Phenylpropenal) Double Bond Reductases and Phenylcoumaran Benzylic

Ether Reductases 880

1.23.7.1 Allylic (Phenylpropenal) Double Bond Reductases: Biosynthesis of Dihydrolignans

and Dihydromonolignols 880

1.23.7.1.1 Discovery of allylic (phenylpropenal) double bond reductases and gene cloning:

Loblolly pine (Pinus taeda) 882

1.23.7.1.2 mRNA tissue localization of PtPPDBR in loblolly pine 883

1.23.7.1.3 Allylic double bond reductase homologs: eleven-membered multigene family in

Arabidopsis 883

1.23.7.1.4 Structural biology studies: Arabidopsis DBR1 884

1.23.7.2 PLR Homologs: Phenylcoumaran Benzylic Ether Reductases, Isoflavone

Reductases, and Pterocarpan Reductases 887

1.23.7.2.1 Tissue localization 888

1.23.7.2.2 Structural biology studies of PLR homologs: PCBER, IFR, and pterocarpan reductases 888

1.23.8 Norlignan Biosynthesis 889

1.23.8.1 Hinokiresinol: Discovery of Biochemical Pathway, Encoding Genes, and Enzymes 889

1.23.8.2 Agatharesinol 891

1.23.8.3 Acetylenic Norlignans 891

1.23.9 Allyl-/Propenylphenol Biosynthesis 892

1.23.9.1 Deduction of Allyl-/Propenylphenol (Monomeric and Dimeric) Biosynthetic Pathways 893

1.23.9.1.1 Radiolabel tracer studies: controversy over intact incorporation of monolignol pathway

intermediates and scientific judgment? 893

1.23.9.1.2 Intermediacy of monolignol esters in allyl-/propenylphenol biosynthesis: clues from

norlignans? 895

1.23.9.2 Allyl-/Propenylphenol Synthases 898

1.23.9.2.1 Bifunctional chavicol/eugenol and p-anol/isoeugenol synthases (CES and AIS): The

twists and turns to biochemical clarity 898

1.23.9.2.2 Chemotaxonomy, kinetic properties, and homology comparisons of CES/AIS with

PCBER, PLR, IFR (-like) annotations in the plant kingdom: caveats on incomplete

analyses 900

1.23.9.2.3 CES (AIS) structural and mechanistic studies: comparison to PLRs, PCBERs, and IFRs 903

1.23.9.2.4 Allyl-/propenylphenol downstream metabolism 904

1.23.9.3 Monolignol Acyltransferases: Incomplete Characterization and Substrate

Degeneracy 905

1.23.10 Biological Properties in Planta and in Human Usage 906

1.23.10.1 Allyl-/Propenylphenols 907

1.23.10.1.1 Antimicrobial properties 907

1.23.10.1.2 Anesthetic properties 908

816 Allylphenol and Lignan Pathways



1.23.10.1.3 Other reported activities 908

1.23.10.1.4 Effects in planta 908

1.23.10.1.5 Mutagenicity 908

1.23.10.1.6 Potential future uses as commodity chemicals/biofuels 909

1.23.10.2 Lignans 909

1.23.10.2.1 Lignans in cancer chemotherapy and cancer prevention 909

1.23.10.2.2 Antiviral lignans 913

1.23.10.2.3 Nutraceutical lignans: sesame 913

1.23.10.2.4 Antichagasic lignans 915

1.23.10.2.5 Properties in planta 915

References 916

1.23.1 Introduction

Allyl-/propenylphenols are generally volatile substances intimately associated with essential oils of scents and

flavors of flowers, herbs, and spices. Many are of great historical importance, for example, as spice constituents.

Lignans (and neolignans) are also very important natural products of vast structural diversity, these being

apparently found ubiquitously throughout the vascular plant kingdom. Many have roles in plant defense against

herbivores/pathogens, and many contribute positively to desirable heartwood properties of various woody

species, such as in enhancing durability, color, texture, and so on. Others are beneficial in foodstuffs and oils,

such as in sesame, due in part to their antioxidant properties. Some are also medicinal, such as either the

antiviral Podophyllum lignan, (�)-podophyllotoxin (1b, Figure 1), or its related derivatives widely used in

conventional cancer chemotherapy.
The primary focus herein is on the advances made in dimeric/oligomeric lignan (neolignan) and

allyl-/propenylphenol research since 1999.1 Specifically, various developments made over the past

decade are critically discussed, with regard to both metabolic pathways and the associated structural

biology, as well as what is known of their corresponding biological/health-protecting properties (both

established and potential). The addition of allyl-/propenylphenols is timely as the corresponding

biosynthetic pathways are only now coming to light.2–5 By contrast, the earlier treatise1 in

Comprehensive Natural Products Chemistry placed substantial emphasis on the pioneering work carried out

in developing the lignan field, as well as giving a critical analysis of the accumulated knowledge that has

made the more recent studies possible.

O

O
O

O

MeO

OMe

OMe

OH

(1b) (–)-PodophyllotoxinPodophyllum peltatum

Figure 1 Podophyllum peltatum and (�)-podophyllotoxin (1b). The letters a and b in compound numbers throguhout the

manuscript depict (þ)- and (�)-enantiomeric forms, respectively. Photograph from Laurence Davin, Washington State

University, USA.
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1.23.2 Definition and Nomenclature

1.23.2.1 Allyl-/Propenylphenols

Allylphenols and propenylphenols are metabolites found in many plant species, whose core (C6C3)

carbon skeleta comprise a C3 side chain attached to an aromatic ring. They are products of the

phenylpropanoid pathway (i.e., the so-called C6C3 natural products, which, in turn, are derived from

the amino acid Phe (2)). They differ from most other phenylpropanoids (e.g., monolignols, hydro-

xycinnamaldehydes, hydroxycinnamic acids, and their downstream products) by lacking an

oxygenated functionality at the terminal carbon (C9) of the side-chain. Additionally, they differ

among themselves in the placement and/or absence of the double bond. The allylphenols have a

C8–C9 terminal double bond (e.g., methylchavicol (3, estragole or 4-allylanisole) and eugenol (4)),

whereas propenylphenols have it at C7–C8, conjugated with the aromatic ring (e.g., anethole (5) and

isoeugenol (6)). In general, the carbon skeleton is intactly maintained as that originating from Phe

(2),2 except for the so-called pseudoisoeugenols (e.g., 7 or 8). The latter results from a presumed

NIH shift of the side-chain,6 with some pseudoisoeugenols undergoing further functional modification

such as epoxide formation.

CO2H

NH2

(2) Phenylalanine

OMe OH

OMe

OMe OH

OMe

(3) Methylchavicol (4) Eugenol

(5) Anethole (6) Isoeugenol

1
2

3
4

5

6

7
8

9

OH

OMe

(7) 2-Allyl-4-methoxyphenol

OH

OMe

(8) Pseudoisoeugenol

1

23

1.23.2.2 Inconsistencies in Current Nomenclature of Lignans and Neolignans

The structurally diverse lignans (and neolignans) encompass an extensive array of distinct carbon skeleta.1 All

are presumed derived from coupling of phenylpropanoid (C6C3) units to afford dimers or higher oligomers,

linked through C–C and/or C–O interunit bonds. In contrast to the more abundant (by weight) polymeric

lignins,7–9 the lignans (and neolignans) do not have any known essential cell wall structural biopolymeric role(s)

in the vascular apparatus.
Since the late nineteenth or early twentieth century, numerous dimeric/oligomeric phenylpropanoids have

been isolated from various plant species. A number of these were given trivial names indicative of botanical

origin, for example, (�)-guaiaretic acid (9b) from Guaiacum officinale resin,10–12 (�)-matairesinol (10b) from the

Matai tree (Podocarpus spicatus),13 (þ)-sesamin (11a) from Sesamum indicum,14,15 and (�)-olivil (12b) from the

olive tree (Olea europaea).16–18
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In 1937, Haworth19 introduced the term lignane, later shortened to lignan, to define various dimeric phenylpro-
panoids that were considered to result from regiospecific (8–89) coupling of two C6C3 molecules to afford different

compounds such as (þ)- and (�)-pinoresinols (13a and 13b). A large number of other dimeric phenylpropanoids

(and/or higher oligomers thereof) could not be classified according to this definition, and the term neolignan was

thus introduced later by Gottlieb20 to encompass other coupling modes, for example, the 8–59-linked (�)-

dehydrodiconiferyl alcohols (14a/b). This neolignan classification was subsequently further modified21 to next

include only phenylpropanoid dimers presumably derived from coupling of allyl-/propenylphenols (i.e., phenyl-

propanoid monomers lacking C9 oxygenation), such as magnolol (15) and (þ)-conocarpan (16a). Curiously, current

IUPAC lignan nomenclature22 still utilizes the original definitions of both Haworth and Gottlieb in attempts to

distinguish between lignans and neolignans, that is, based solely on the differences in interunit linkage type. Using

such nomenclature, the lignans would thus be exclusively 8–89-linked, whereas the neolignans would encompass all

other linkage types. To add further to this complexity, the term oxyneolignan was also coined to define ether-linked

structures, for example, isomagnolol (17).23
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(16a) (+)-Conocarpan
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8
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(17) Isomagnolol
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In our view, however, the continued usage of the terms lignans, neolignans, and oxyneolignans results in
serious nomenclature inconsistencies. Two examples serve to illustrate this point (Figure 2). The sesquilignan

(�)-saucerneol D (18b) from Saururus chinensis24 and the dilignan (þ)-lappaol F (19a) from Arctium lappa25,26

contain both lignan and neolignan interunit linkages according to the definitions of Haworth19 and Gottlieb,20

and are thus neither one nor the other.
Therefore, it is continued1 to propose that the original definition of ‘lignan’ be expanded to encompass all of

the lignans, neolignans, and oxyneolignans, regardless of presumed monomeric composition (i.e., irrespective of

whether the functionalities present are apparently either monolignol, hydroxycinnamaldehyde, hydroxycin-

namic acid, or allyl-/propenylphenol-like). In this way, all of these natural products can be more conveniently

characterized as lignans that would differ only through linkage type(s).
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Figure 2 Sesquilignans. (�)-Saucerneol D (18b) from Saururus chinensis and (þ)-lappaol F (19a) from Arctium lappa.
Photograph of S. chinensis by Henri Moore, Washington State University USA. Photograph of A. lappa by Dr. Toshiaki

Umezawa, Kyoto University, Japan.
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1.23.3 Chemotaxonomical Diversity: Evolutionary Considerations

To provide an evolutionary and chemotaxonomical perspective of the occurrence of allyl-/propenylphenols
and lignans, the three major land plant groups27,28 are considered individually, as well as algae. The former
include the bryophytes27 (nonvascular land plants, including liverworts, hornworts, and mosses) (Figure 3); the
pteridophytes27 (seedless vascular land plants, i.e., lycophytes, horsetails, and all ferns) (Figure 3); and the
spermatophytes28 (seed-bearing vascular land plants: gymnosperms (cycads, conifers, ginkgos, and gnetophytes)
and angiosperms, Figure 4).

1.23.3.1 Allyl-/Propenylphenols and Their Derivatives

Allyl-/propenylphenols appear to have a fairly broad, albeit not uniform, chemotaxonomic distribution
throughout the plant kingdom. In terms of structural diversity, the most commonly reported aromatic
ring substitution patterns are those of hydroxylation/methoxylation. To our knowledge, there are no
reports of any other heteroatoms (e.g., N, S) being present in allyl-/propenylphenols from plants. The
C4 position is typically oxygenated, with further hydroxylation/methoxylation most frequently (but not
exclusively) occurring at ortho positions (C3/C5) to the C4 oxygenated group. The most common plant
allyl-/propenylphenols appear to be eugenol (4)/isoeugenol (6) and the O-methylated derivatives of
chavicol (20)/p-anol (21), that is, methylchavicol (3)/anethole (5), based on current literature searches.
Other aromatic ring modifications often reported include either the formation of methylenedioxy
bridges, as in safrole (22)/isosafrole (24) and myristicin (23)/isomyristicin (25), or less commonly
other hydroxylation/methoxylation substitution patterns, such as at C2 and C6 (ortho to the C3

side-chain). These can be exemplified by allyl/propenyl-2,4,6-trimethoxybenzenes (26/27), 2-allyl-
4,5-dimethoxyphenol (28), asarones (29–31), asaricin (32)/carpacin (33), croweacin (34)/isocroweacin
(35), apiol (36)/isoapiol (37), dillapiol (38)/isodillapiol (39), and nothoapiol (40)/isonothoapiol (41). As
previously mentioned above, the pseudoisoeugenols in Pimpinella spp. lack the p-oxygenation observed
in these compound classes, having instead a 2,5-dioxy substitution as a consequence of side-chain
migration,6 for example, 2-allyl-4-methoxyphenol (7) and pseudoisoeugenol (8).

(22) R = H, Safrole
(23) R = OMe, Myristicin

O
O

R

(24) R = H, Isosafrole
(25) R = OMe, Isomyristicin

O
O

R

OH
(20) R = H, Chavicol

OH
(21) R = H, p-Anol

1.23.3.1.1 Algae

Sporadic, albeit somewhat preliminary, reports have been made of allyl-/propenylphenol occurrence in brown
(Spatoglossum variabile),29 red (Jania rubens30 and Hypnea musciformis31), as well as green (Enteromorpha compressa,31

Caulerpa racemosa,32 and Codium tomentosum32) algae. The reported occurrence of very small amounts of apiol (36)
and nothoapiol (40) in the brown alga (S. variabile)29 growing on shoreline sublittoral rock near Karachi,
Pakistan, would benefit from additional biochemical proof, preferably through the analysis of this alga grown
under controlled laboratory growth conditions. Although the chemical identification in the study29 is not in
doubt, the possibility that apiol (36) and nothoapiol (40) may have been absorbed from other detritus at the
shoreline or in the waters, or might have resulted from contaminant plant material being collected and analyzed
at the same time, needs to be fully eliminated. A similar consideration can be given to preliminary reports of
volatile constituents containing traces of eugenol (4) and isoeugenol (6) in the green (E. compressa) and red
(H. musciformis) algae,31 as well as that of anethole (5) in two green algae (C. racemosa and C. tomentosum)32 and a
red alga (J. rubens).30
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Marchantiomorpha (liverworts)

Anthocerotophyta (hornworts)

Bryophyta (mosses)

Horneophytopsida

Aglaophyton major

Rhyniopsida

Pertica varia

Ferns

Equisetopsida (horsetails,
                        sphenophytes)

Cladoxylopsida

Psilophyton dawsonii

Eophyllophyton bellum

Lycopsida (lycophytes)

Spermatopsida

Protopityales

Archaeopteridales

Aneurophytales

Marchantia polymorpha (liverwort)

Equisetum hyemale
(horsetail)

Dicranum (moss)

Pteridium aquilinum
(fern)

Anthoceros and Phaeoceros (hornworts)

Selaginella kraussiana
(lycophyte)

Figure 3 The tree of life: Embryophytes.27 Extinct plant lineages are shown in gray, while extant lineages are in blue.

Photographs of Marchantia polymorpha, Dicranum sp., Selaginella kraussiana, Equisetum hyemale, and Pteridium
aquilinum by Henri Moore, Washington State University, USA. Photograph of Anthoceros and Phaeoceros, copyright

Charles F. Delwiche, University of Maryland, USA.
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Cycas revoluta (Cycad)

Araucaria araucana (Conifer)

Ginkgo biloba 

Larrea tridentata (Angiosperm) Gnetum gnemon (Gnetales)

Calamopityceae

Hydraspermaceae

Conifers

Callistophytaceae

Cycads

Medullosaceae

Lyginopteridaceae

Ginkgos

Czekanowskiaceae

Cordaitopsida

Glossopteridaceae

Peltaspermaceae

Corystospermaceae

Caytoniaceae

Angiosperms

Gnetales

Bennettitales

Pentoxylales

Spermatopsida

Figure 4 The tree of life: Spermatopsida.28 Extinct plant lineages are shown in gray, while extant lineages are in blue.

Photographs of Cycas revoluta, Gnetum gnemon, and Larrea tridentata by Henri Moore, Washington State University, USA, of
Araucaria araucana (monkey puzzle tree) by Laurence Davin, Washington State University, USA, and of Ginkgo biloba by

Daniel Vassãc, Washington State University, USA.
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Their formation by algae is both of interest and of question because, to our knowledge, there is yet
no compelling evidence of either algal genes or protein/enzymes encoding the full phenylpropanoid

pathway to the monolignols and/or allyl-/propenylphenols as noted earlier (but see Chapter 6.01).7

Currently, only phenylalanine ammonia lyase activity, the entry point in the phenylpropanoid pathway,

has been described in one alga.33 Furthermore, an in silico search for putative phenylpropanoid pathway

genes in the recently sequenced green alga, Chlamydomonas reinhardtii,34 was considered unsuccessful,

that is, for those genes with homology to the corresponding gymnosperm/angiosperm genes, only

fragments of low homology/identity were obtained (S.-J. Kim, unpublished results). This again,

suggests, at least in this particular case, that the phenylpropanoid pathway was absent. Thus, if these

allyl-/propenylphenol metabolites are indeed formed by such organisms (e.g., C. racemosa, C. tomentosum,

E. compressa, H. musciformis, J. rubens, and S. variabile), this would be of considerable scientific and

evolutionary significance. Accordingly, this needs to be confirmed further through more in-depth

biochemical studies under controlled laboratory conditions.
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1.23.3.1.2 Bryophytes: liverworts, hornworts, and mosses

The liverworts (Marchantiophyta) are typically considered to be the most basal of the nonvascular land plants.
They have the oldest fossil record among the bryophytes (see Figure 3) and apparently date back more than
475 My.35 They are estimated to contain �4500–5000 extant species.36,37 By contrast, hornworts
(Anthocerotophyta) contain the fewest species among the bryophytes (�300),38 and their evolutionary relation-
ship to vascular land plants appears to be uncertain. The hypothesis that hornworts are more basal than
liverworts has been supported39 as well as rejected40 in recent years; their oldest fossil record is from the late
Cretaceous (�70–90 Ma), long after when they are considered to have appeared.41 The phytochemistry of
hornworts is, however, largely unexplored. Mosses, on the contrary, are thought to have emerged up to
�360 Ma (early Carboniferous)42 and are considered the largest group of bryophytes, totaling �10 000
species.43

To our knowledge, the only few reports of monomeric allyl-/propenylphenols to date in bryophytes are
from liverworts, and mostly come from a series of papers from the Asakawa laboratory from 1979 to 1985.44–47

These studies described the GC–MS identification of eugenol (4) and/or methyleugenol (42) in five liverwort
species, Anthelia julacea, Conocephalum conicum, Frullania davurica, Marchesinia brachiata, and Marchesinia mackaii

(Figure 5). Additionally, �-asarone (29) was reported in an unidentified Jamaican liverwort,48 and, more
recently, �-/�-/�-asarones (30/31/29), (E/Z)-methylisoeugenols (43/44), and methyleugenol (42) were
described in M. mackaii as well.49 Interestingly, in the latter case, both allylphenols (29,42) and propenylphenols
(30,31,43,44) were observed, with propenylphenols apparently being relatively more abundant.

Some of the allylphenols were also reported as being major volatiles in the liverwort species investigated, for
example, methyleugenol (42) in M. mackaii,45 and were thus proposed to be able to possibly serve as

(42) Methyleugenol

Frullania davurica

OMe

OMe

OMe

OMe

OMe

OMe

(43) (E)-Methylisoeugenol (44) (Z)-Methylisoeugenol

OH

OMe

(4) Eugenol

Conocephalum conicumAnthelia julacea

Figure 5 Allyl-/propenylphenols in liverworts, Anthelia julacea, Conocephalum conicum, and Frullania davurica.

Photographs from Professor Yoshinori Asakawa, Tokushima Bunri University, Japan.
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chemotaxonomic markers.47 These reports are of interest as they suggest a very early (evolutionary) elabora-
tion of both the phenylpropanoid pathway and the allyl-/propenylphenol-forming enzymatic machinery in
land plants. Conversely, neither hornworts nor mosses have been reported to accumulate monomeric allyl-/
propenylphenols.

1.23.3.1.3 Pteridophytes: lycophytes, horsetails, and ferns

There are very few reports of monomeric allyl-/propenylphenols so far in other (vascular) basal plants. They
apparently have not been detected in either lycophytes (the earliest extant vascular plant species, which are
thought to have emerged �420 Ma, in the late Silurian)50 or ferns (see Figure 3). Anethole (5) has, however,
been reported to occur in trace amounts (as identified by its retention index, mass spectrum, and coinjection
with an authentic standard) in horsetail (Equisetum arvense, Equisetopsida).51 As for the algae, this needs to be
further biochemically established, that is, as to whether this is a true natural product formed by this species in

vivo or a minor contaminant.

1.23.3.1.4 Spermatophytes: gymnosperms and angiosperms

1.23.3.1.4(i) Gymnosperms Cycads are often considered to be the most basal extant group of seed plants,
with a fossil record dating back to the late Carboniferous (�300 Ma, Figure 4); nevertheless, the true
evolutionary relationship between gymnosperm groups is at present still not certain.52–54 There are �300
species of cycads, distributed mainly through tropical and subtropical areas,55 but their phytochemistry is not
well explored. Nevertheless, the presence of both allyl- and propenylphenol derivatives in the volatiles from
male and female cones of one cycad, Cycas revoluta,56 appears to be on a firmer footing relative to the algae and
horsetail reports above. Based on GC–MS analysis, together with comparison of the corresponding authentic
standards, methylchavicol (3) was established as the primary component (�67–93%) of its volatiles, together
with smaller amounts of anethole (5) and methyleugenol (42). To date, however, this is the only cycad known
reportedly producing this class of natural products.

Conifers (Pinophyta) are thought to have emerged as early as the late Carboniferous (�310 Ma),57,58 and
now comprise �630 extant species.59 An initial review of the literature8 suggested the absence of allyl-/
propenylphenols proper in pine and hemlock (as well as poplar), except for numerous accounts of eugenol (4)/
isoeugenol (6) being detected following pyrolysis GC–MS of presumed lignin-containing conifer tissues, for
example, see Faix et al.60 and Camarero et al.61 Such moieties are considered generated by the pyrolysis of
monolignol-derived metabolites, including polymeric lignins.

A recent, more in-depth, analysis using the specific structures for searching rather than compound names
gave a somewhat different perspective. This resulted in the identification of a relatively small number of papers
reporting complex mixtures of various essential oils and oleoresins obtained from either needles, bark, wood, or
wounded stem tissue of nine pine (Pinus),62–72 one spruce (Picea),65 one Tasmanian conifer (Lagarostrobos

franklinii),73 and three juniper (Juniperus)74 species. Buried within the tables in these studies, in addition to
the plethora of mono-, sesqui-, and diterpenes, various allyl-/propenylphenols were detected in low to trace
amounts, for example, methylchavicol (3) in seven of nine pine species examined,62–64,66–70,72 with Pinus taeda69

and Pinus ponderosa72 also having methyleugenol (42). Three of these pines (P. brutia,71 P. contorta,62 and
P. sylvestris65) as well as spruce (Picea abies)65 reportedly also contained anethole (5), with methyleugenol (42)
and (E)-methylisoeugenol (43) being detected in P. brutia71 as well. In addition, the oil of L. franklinii wood was
shown to contain 42, 43, and elemicin (45).73 Anethole (5) was also detected in J. brevifolia, and
(E)-methylisoeugenol (43) in Juniperus formosana and Juniperus rigida, whereas seven other juniper species
apparently contained no allyl-/propenylphenols.74 These data would thus suggest that both allyl- and
propenylphenols can be present in these organisms. However, when the essential oil yields were taken into
account, the overall amounts of these allyl-/propenylphenols were very low, that is, ranging from 0.002 to
0.06% of dry weight.

The detection of these substances, at trace to very low levels in the essential oil fractions, raises some
interesting questions as to whether they are true gymnospermous natural products or, albeit less likely, result
from other effects of an encroaching predator/pathogen, for example, through insect or pathogen attack with
conversion of plant-derived monolignol-/lignin-derived components, resulting in release of trace amounts of
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such substances. Such reports emphasize the need, however, for a full biochemical clarification to better
understand the true chemotaxonomical significance of such observations.

Currently, there are no reports of allyl-/propenylphenols in either the Gnetales (which are thought to have
emerged�270 Ma)75 or in Ginkgo biloba (the single remaining extant species of the Ginkgoaceae family, which is
considered to have emerged at least�170 Ma, see Figure 4).76 Taken together, the evolutionary significance of
this apparently scattered chemotaxonomy in the gymnosperms is, at present, not well understood.

1.23.3.1.4(ii) Angiosperms Angiosperms are the most widespread and diverse group of plants, having
emerged �125 Ma77 (upper Jurassic, Figure 4) and are considered to comprise �260 000 extant species.78

They are divided into two major groups based on the number of seed embryonic leaves (cotyledons): the
monocotyledons (�50–60 000 species, which contain most of the agriculturally cultivated plants) and the more
abundant dicotyledons (�200 000 species). With a larger and better-studied number of species, the most
frequent report of allyl-/propenylphenols and their derivatives are in the angiosperms. This includes the
presence of allylphenols in various monocotyledons, such as eugenol (4)/methyleugenol (42) in Lolium perenne

and Bromus hordeaceus (Poaceae) essential oils,79 methyleugenol (42), 2-allyl-4,5-dimethoxyphenol (28), and
�-asarone (29) in the fragrance of the fruit fly orchid Bulbophyllum cheiri.80 Other angiosperm orders where
allyl-/propenylphenols have frequently been detected include the Apiales, Asterales, Lamiales, Laurales,
Magnoliales, Malpighiales, Myrtales, Piperales, Rosales, and Sapindales. Allyl-/propenylphenols are often
substantial contributors to the flavors of culinary spices, adding considerably to their taste/aroma; methylcha-
vicol (3) and methyleugenol (42) are, for example, present as main components in the essential oil of tarragon
(Artemisia dracunculus)81,82 in the Asteraceae, whereas eugenol (4) constitutes up to 89% of the oil of cloves
(Syzygium aromaticum, syn. Eugenia aromaticum or Eugenia caryophyllata, of the Myrtaceae) (Figure 6).83–86

The Piperaceae also accumulate a rich variety of specialized metabolites, including both allyl- and
propenylphenols in several different chemotypes of Piper marginatum. These chemotypes reportedly accumu-
late as their main allyl-/propenylphenols either safrole (22), myristicin (23), (E)-isoosmorhizole (47), (E/Z)-
isoosmorhizole (47/48), and anethole (5), or (�/�)-asarones (30/31) and exalatacin (49),87 whereas the
relatively uncommon hydroxychavicol (50) was found in Piper betel.88 Myristicin (23) and elemicin (45) are
also the main phenolic component of the oils of nutmeg (Figure 6) and mace (the seed and aril of fruits from
Myristica spp., respectively), this being accompanied by methyleugenol (42), safrole (22), and (E)-methylisoeu-
genol (43).89–93 Interestingly, although present in much smaller amounts, isoeugenol (6) and a methoxylated
eugenol (of undetermined position) were also observed as glycosides.94

OMe
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MeO

(49) Exalatacin
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OMeMeO
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The allyl-/propenylphenols are perhaps best known, however, to accumulate (to various levels) in the herbs
of the Apiaceae. This includes anethole (5) and methylchavicol (3) in fennel (Foeniculum vulgare)95 and anise
(Pimpinella anisum),96 to more highly substituted metabolites such as isoelemicin (46) and asaricin (32) in
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Ligusticum mutellina;97 to myristicin (23) in dill (Anethum graveolens)98 and parsley (Petroselinum crispum);99 to apiol

(36) in parsley99 and celery (Apium graveolens);100 and to dillapiol (38) in dill98 and fennel101 (Figure 6). The

Lamiaceae species produce some of these natural products as well; for example, basil (Ocimum basilicum)

OH
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Figure 6 Aroma-contributing molecules in various spices. Photographs by Henri Moore, Washington State University, USA.
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varieties accumulate methylchavicol (3), eugenol (4), and methyleugenol (42),102,103 and different varieties of
Perilla frutescens have been found to produce, among other compounds, methyleugenol (42), elemicin (45),
isoelemicin (46), myristicin (23), dillapiol (38), and �-asarone (31).104

The pseudoisoeugenols, by contrast, appear to have a much more restricted chemotaxonomic distribution.
They have been found mainly in the order Apiales, that is, in 22 Pimpinella species,105,106 as well as in Ferula

szowitsiana,107 Prangos pabularia,108 Scaligeria tripartita,109 and Tordylium ketenoglui,110 with P. anisum being the
most extensively studied. Pseudoisoeugenols have also been reported to occur in Hypericum perforatum111

(Clusiaceae) and Origanum� adanense112 (Lamiaceae). Of the species examined so far, the most common
pseudoisoeugenols reported are pseudoisoeugenyl-2-methylbutyrate (51), epoxypseudoisoeugenyl 2-methyl-
butyrate (52, 52a, EPB), and epoxypseudoisoeugenyl tiglate (53a/b), respectively.

The formation of the epoxide functionality (e.g., in epoxypseudoisoeugenols 52–54) gives rise to two
stereochemical centers, which are, in most reports, not determined in terms of absolute configuration.
Nevertheless, based on the relatively small number of structures with assigned configurations, the stereo-
chemistry of the side-chain epoxide formation has been reported as R,R (e.g., 52a), S,S (e.g., 53a), and S,R (e.g.,
53b).113,114 Interestingly, more than one stereoisomer has also been observed in some plant species. (For
example, P. major reportedly contains both S,S- and S,R-epoxypseudoisoeugenyl tiglate (53a and 53b), as well
as R,R-epoxypseudoisoeugenyl 2-methylbutyrate (52a) in its roots, whereas Pimpinella diversifolia contains both
the R,R and S,S epoxides of diesterified pseudoisoeugenols (54a and 54b)).113,114
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Taken together, the detection of allyl-/propenylphenols in the breadth of plant species examined so far
raises interesting questions about how these pathways evolved, and whether these are examples of either
convergent or divergent evolution (or both). If the provisional reports of algal allyl-/propenylphenols are
correct, then elaboration of their biosynthetic pathways potentially preceded land plant colonization, with this
being either sustained or reemerging in the liverworts and the other vascular plant species. However, this needs
to be unequivocally established. The apparent lack of uniformity in allyl-/propenylphenol formation (and in
known general phenylpropanoid metabolism as well) through extant plant lineages, though, might suggest a
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convergent evolutive process as perhaps more likely. That is, the formation of allyl-/propenylphenols might

have appeared several times through plant evolution. These processes will only be better understood when the

putative allyl-/propenylphenolic biosynthetic processes of algae, as well as those of nonvascular and early

vascular plants are better studied, including that of phenylpropanoid pathway gene evolution.

1.23.3.2 Lignans

Lignans are known to be present in a large number of plant families, ranging from nonvascular plants such as the

liverworts and hornworts, to ferns (in the pteridophytes), to the spermatophytes, but not, to our knowledge, in

either the green algae or mosses. As discussed above (Section 1.23.3.1), with the exception of the entry step

(phenylalanine ammonia lyase),33 neither the enzymes nor the encoding genes of the phenylpropanoid pathway

have been reported in algae. The sequenced genome of the moss, Physcomitrella patens,115 on the contrary, appears

to have genes of relatively high similarity (i.e., from 67 to �86%) to most (if not all) of the corresponding

Arabidopsis thaliana genes of the phenylpropanoid pathway proper,8 from phenylalanine ammonia lyase to

cinnamyl alcohol dehydrogenase. However, with the exception of 4-coumarate:CoA ligase,116 their enzyme

activities have not yet been established. To add to the possible complexity of the chemotaxonomy/structural

diversity of lignans, a red alga-associated actinomycete bacterial species (Nocardia sp.) reportedly produces the 8–

89-linked arylnaphthalene lignan justicidin B (55),117 whereas a biosynthetic pathway to form caffeic acid (56) was

described in another actinomycete (Saccharothrix espanaensis).118 The former is the first report of any lignan in

bacteria and, although unprecedented, demands further biochemical confirmation. If correct, it would represent

the most basal elaboration of a lignan-forming pathway from an evolutionary perspective.

1.23.3.2.1 Bryophytes: liverworts, hornworts, and mosses

The chemotaxonomical comparison of basal plant lignan occurrence (i.e., in liverworts and hornworts) is of

interest, since it possibly provides additional insight regarding the evolution of the phenylpropanoid pathway

and of lignan biosynthesis. With one exception, the liverworts analyzed so far have been found to accumulate

several 8–89-linked arylnaphthalene and aryldihydronaphthalene lignans (or derivatives thereof), as well as

norlignans. These can be provisionally envisaged as caffeic acid (56)-derived, for example, those from Pellia

epiphylla (57b–60b),119,120 Lepidozia incurvata (57), Chiloscyphus polyanthos (57),121 Lophocolea heterophylla (57b),122

Jamesoniella autumnalis (61, 62a–64a),122,123 Lepicolea ochroleuca (65b–67b),124 Bazzania trilobata (57b, 68b,

trilobatins A–K (69b, 71b–80b), 70b, and the 59–50-dimer of 57b (81b)),125,126 as well as the putative

norlignans from L. incurvata (82, 83), C. polyanthos (82, 84), Jungermannia exsertifolia (82, 85),121 J. autumnalis

(86, 87),123 and B. trilobata (82).125 Typically, they have aryldihydronaphthalene skeleta (e.g., 57–60, 65, 69–80)

with, in a few instances, the pendant aryl group having undergone fission at either the C2–C3 positions

resulting in lactone formation as proposed by Tazaki et al. 123 (e.g., in 62–64, 86, 87), or at C3–C4 in 68.

Interestingly, all of these metabolites contain (or contained) catechol groups, as well as having dicarboxylic acid

(or ester-linked) moieties at carbons C9 and C99, i.e., there is no apparent methylation of the phenolic groups in

these species. A few structures also lack a terminal carboxyl group at C9, thereby providing entry into

norlignans (e.g., 82–87). Relative to our first chemotaxonomic analysis,1 the lignans (65–81) present in

L. ochroleuca124 and B. trilobata,125,126 as well as the norlignans 82–85121,125 represent new structures.
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Of the lignans in different liverwort species, epiphyllic acid (57) and jamesopyrone (62) appear to be two of
the most commonly found. Using chiral column chromatography, it was shown that enantiomerically pure (�)-

epiphyllic acid (57b) accumulates in Calypogeia azurea, L. heterophylla, and Aneura pinguis, whereas the (þ)-enan-

tiomer 57a is found in Haplomitrium mnioides, J. autumnalis, and Marsupella emarginata; (þ)-jamesopyrone

(62a) also accumulated in the latter two species. In other liverwort species, both enantiomers of

epiphyllic acid are reported, with one being in enantiomeric excess (e.e.) over the other, that is, the

(�)-enantiomer 57b in >90% e.e. in Bazzania yoshinagana and Heteroscyphus planus, and the (þ)-enantio-

mer 57a in >80% e.e. in Diplophyllum taxifolium.127

Of particular interest also is the report of a presumed allyl-/propenylphenol-derived lignan, (�)-licarin A
(88b) in Jackiella javanica.128 This differs from the previously described liverwort allylphenols (Section

1.23.3.1.2) in having the pendant double bond conjugated with the aromatic ring. The appearance of a C9/

C99 deoxygenated lignan in this early land plant group is thus again of considerable evolutionary and

biosynthetic interest, as it suggests further that pathway elaboration was an early feature in land plant

colonization.
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To our knowledge, the only reports of lignans in hornworts are those of the 8–79-linked (þ)-megacerotonic
acid (89a) and the 8–79-linked, 99-O-esterified (þ)-anthocerotonic acid (90a) present in the hornworts
Megaceros flagellaris,129,130 Dendroceros japonicus,130 Notothylas temperata,130 Phaeoceros laevis,130 and Anthoceros

punctatus,129,130 respectively. Both are optically active, with the respective (þ)-enantiomers being in excess.
As before, for the majority of lignans reported in liverworts, these metabolites have highly oxygenated C9 and
C99 end-group moieties and catechol groups (lacking O-methylation). Although both lignans are 8–79-linked,
(þ)-megacerotonic acid (89a) also has a lactone functionality, whereas (þ)-anthocerotonic acid (90a) has a
cyclobutane ring.
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Mosses, on the contrary, have not been reported to accumulate lignans (or, as discussed above, allyl-/
propenylphenols), thus differing from the other bryophytes. Their presumed absence in mosses is also of
unknown overall significance in evolutionary terms, but underscores the differences in elaboration of various
branches of phenylpropanoid metabolism during land plant colonization by early nonvascular plants.

1.23.3.2.2 Pteridophytes: lycophytes, horsetails, and ferns

There appears to be very few reports of lignans in the basal vascular plant species so far, although there is
considerable structural variety. To date, it is known that the lycophyte Selaginella doederleinii accumulates the
presumed coniferyl alcohol (91)-derived (þ)-matairesinol (10a), (þ)-nortrachelogenin (92a, wikstromol) and
the glucoside of (�)-nortrachelogenin (92b), (�)-nortracheloside (93b), as well as the presumed sinapyl
alcohol (94)-derived 8–89-linked (�)-epi-syringaresinol (95b, lirioresinol), and (�)-syringaresinol (96b, lirior-
esinol B).131 These findings are in agreement with other studies that established the presence of sinapyl alcohol
(94)-derived lignins in Selaginella.132,133 Additionally, two syringyl-like lignan derivatives (i.e., both O-glyco-
sylated and with side-chains containing one and two less carbons, respectively) were also reported to occur in
two other Selaginella species, namely the 8–59-linked tamariscinoside C (97) from Selaginella tamariscina134 and
(�)-moellenoside A (98b) from Selaginella moellendorffii.135 In general, however, sinapyl alcohol (94) moieties are
considered to have evolved mainly in the angiosperms.136
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Some examples of reported lignans in fern species are the putatively hydroxycinnamic acid-derived metabolites.
This includes the 8–29-linked (�)-blechnic acid (99b) (and its C7 and C8 epimers, 100b and 101b, respectively) as
well as its shikimate derivative (�)-brainic acid (102b), which have been isolated from several Blechnaceae fern
species (Figure 7).137,138 These lignans thus share some commonalities with those described aforehand in liverworts
and hornworts, that is, with regard to the presence of catechol and carboxylic acid moieties. However, the 8–29

linkage is quite distinct from the mostly 8–89-linked aryldihydronaphthalenes in nonvascular lignans.
Other fern lignans can be presumed coniferyl alcohol (91)-derived,1 that is, the two glucosides of (þ)-

dihydrodehydrodiconiferyl alcohol (103a) and (þ)-lariciresinol (105a), namely, 104b and 106b from the fern
Pteris vittata (Pteridaceae),139 with these being 8–59- and 8–89-linked, respectively. In addition to their different
linkage modes, these lignans are noteworthy in having a (saturated) propanol side-chain in 103a and 104b, as
well as for the O-glucoside derivatization found in both 104b and 106b.

Didymochlaena truncatula (Dryopteridaceae) contains yet a third structural type, in terms of putative biosyn-
thetic origin. In addition to (�)-nortrachelogenin ((�)-wikstromol (92b)) being present, this fern also contains
the interesting 5–O–49- and 5–O–29-linked partially dearomatized lignans (þ)-didymochlaenone A (107) and
(�)-didymochlaenone B (108).140 Both lignans are optically active, and both bear an allylphenol-like side-chain
functionalization. These natural products are of particular interest since phenoxy radical–radical coupling
has (provisionally) occurred at the C5 position, which presumably initially harbored a methoxyl group.
Also noteworthy is the presence of methylenedioxy groups, which were previously considered to have evolved
later in the gymnosperm lignans,141 as well as the oxygenation at C29 to form the conjugated enone moiety
of 107 and 108 and the 5–O–29 interunit linkage of 108.
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Figure 7 Lignans in Blechnum spicant (pteridophyte). Photograph by Henri Moore, Washington State University, USA.
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The fern lignans discussed above can thus be classified in three quite distinct groups based on their
side-chain functionalities (i.e., whether containing carboxylic acid, alcohol, or allyl/propenyl moieties).
Fern lignans thus appear to have an increased structural diversity relative to those present in earlier
groups, including the degree of oxygenation of their side-chain moieties, the linkage modes between
monomeric precursors, and glycosylation. No lignans have apparently yet been described in other early
vascular plant groups, including the horsetails in which, as discussed before in Section 1.23.3.1.3, only the
propenylphenol 5 has been reported to accumulate in trace amounts. Nevertheless, as discussed in the
next section, this increased structural diversity trend becomes even more evident in gymnosperm and
angiosperm lignans.

1.23.3.2.3 Spermatophytes: gymnosperms and angiosperms

1.23.3.2.3(i) Gymnosperms The distribution of various lignan/norlignan skeleta throughout the gym-
nosperms is not uniform in terms of structural types, with none so far reported in the cycads.
As described earlier (Section 1.23.3.1.4), however, allyl-/propenylphenols have been found in at least
one cycad, C. revoluta.56

The evolution of the different gymnosperm plant groups was, nevertheless, overall accompanied by
a vast increase in the structural variety of both lignans and norlignans, with more than a hundred
different structures now reported.142 Although often particularly abundant in conifer heartwood143 and
knots,144 they have also been isolated from trees at all developmental stages, and from all different
tissues, such as bark, roots, needles, cones, and so on. Most lignans are 8–89-linked,142 giving rise to
carbon skeleta classified as either furofurans (e.g., (�)-sesamin (11b) in Juniperus thurifera, Figure 8);145

tetrahydrofurans (e.g., shonanin (109) in Calocedrus formosana146 and P. taeda cell cultures);147 dibenzyl-
butyrolactones (e.g., (�)-matairesinol (10b) in P. spicatus);13 dibenzylbutanes (e.g., (�)-
secoisolariciresinol (110b) in P. spicatus);148,149 arylnaphthalenes (e.g., junaphthoic acid (111) in
Juniperus sabina),150 or aryltetrahydronaphthalenes (e.g., (�)-plicatic acid (112b) in Thuja plicata151–153

and (�)-�-conidendrin (113b) in Tsuga heterophylla).154,155 As aforementioned, some of these skeleta are
also present in more basal plant groups, for example, arylnaphthalenes, which are abundant in
liverworts, as well as furofurans and dibenzylbutyrolactones, which have been reported to occur in
ferns.

Generally, gymnosperm lignans have either guaiacyl-like aryl groups, that is, coniferyl alcohol
(91)-like, such as in shonanin (109), (�)-secoisolariciresinol (110b), and (�)-�-conidendrin (113b),
or infrequently have 3,4-methylenedioxy bridges, such as with (�)-sesamin (11b). Interestingly, some
species can accumulate lignans where the C5 carbon is hydroxylated (e.g., (�)-plicatic acid (112b) and
its derivatives in T. plicata), with junaphthoic acid (111) having the analogous position additionally
O-methylated. Although the majority of gymnosperm lignans have hydroxymethyl-like side-chain
functionalities (i.e., either as alcohols/ethers or as products presumably derived from further metabo-
lism, such as those affording lactones), there are also a few examples of methyl (i.e., C9- and/or C99-
deoxygenated) end groups in some conifer lignans, for example, junaphthoic acid (111) in J. sabina.
Indeed, although it is also tempting to speculate that these C9- and/or C99-deoxygenated lignans are
allyl-/propenylphenol-derived, this needs to be established biochemically as other possibilities could
exist.

Most 8–89-linked lignans exist as dimers, although higher oligomers have been reported, with the
largest documented so far being the (�)-plicatic acid (112b)-derived lignans of MW �10 000 Da in
T. plicata.156 As for the other plant classes described earlier, many of the conifer lignans are either
optically pure or highly enriched in one enantiomeric form, for example, 7-hydroxymatairesinol (114) is
present as �85% of the whole lignan mixture in P. abies knots, but where the (�)-7S- and (�)-7R-forms
are in a ratio of 32:1.157

Lignans with 8–59 and 8–O–49 linkages are also frequently reported, for example, (�)-dehydrodi-
coniferyl alcohols (14a/b) and guaiacylglycerol 8–O–49 coniferyl alcohol ether (115) in P. taeda cell
cultures.147 Other metabolic modifications often observed include those leading to saturated propanol
side-chains, for example, (�)-dihydrodehydrodiconiferyl alcohol (103b) in Juniperus chinensis,158
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(þ)-cedrusin (116a) in Cedrus deodara159 and T. heterophylla,155 as well as 117 in J. chinensis.158

The additionally reduced (i.e., cleaved 7–O–49 linkage) peracetylated lignan 118 is also found in

Cryptomeria japonica.160 Side-chain reduction apparently occurs on phenylpropanoid monomers as well,

with dihydromonolignols such as dihydroconiferyl alcohol (119) and its O-glucoside (120) being present

in Picea glauca knots.161 The 8–59-linked dihydrofuran lignans, (�)-dehydrodiconiferyl alcohols (14a/b),

are thought to be central precursors of (�)-dihydrodehydrodiconiferyl alcohols (103a/b) and (�)-

cedrusins (116a/b): Pinus taeda cell cultures have been shown to regiospecifically O-demethylate the

C39 of both dehydrodiconiferyl alcohols (14a/b) and dihydrodehydrodiconiferyl alcohols (103a/b).1

In combination with side-chain reductions, these reactions afforded (�)-cedrusins (116a/b) as a product

in these cell cultures.1
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Figure 8 Different classes of 8–89-linked lignans.
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Loss of a terminal carbon at C9 affords norlignans.142,162 Most of the true gymnosperm norlignans are
8–79-linked dibenzylpentanes (C6C5C6) and are notable components of the Cupressaceae, Araucariaceae,

and Taxodiaceae, but are apparently absent from the Pinaceae, Podocarpaceae, and other conifers.142,162

These are exemplified by agatharesinol (121) in Agathis australis (Araucariaceae),163,164 Sequoia sempervi-

rens,165 and Sequoiadendron gigantea,165 as well as (�)-cryptoresinol (122b)166 and (�)-(E)-hinokiresinol

(123b) in C. japonica.167,168 They are structurally quite distinct from the arylnaphthalene norlignans

found in the more basal plants mentioned earlier (Section 1.23.3.2.1). Although 121–123 only have

monooxygenated phenyl groups, other 8–79-linked dibenzylpentane norlignans can have catechol,

dimethoxyaryl, and trimethoxyaryl moieties, for example, sequirin B (124) in S. sempervirens, and

permethyl-sequirin E (125) and permethyl-sequirin G (126) in S. gigantea.165 Other 8–79-linked

norlignans include the structurally rare spiro-lignan (�)-athrotaxin (127b) from Athrotaxis selaginoides169

and Metasequoia glyptostroboides,170 as well as the presumed product of (�)-hydroxyathrotaxin (128b)

rearrangement, the cycloheptadiene lignan metasequirin B (129), from M. glyptostroboides.171 Additional

linkage modes present in conifer norlignans are less common, for example, sequirin D (130) in

S. sempervirens165 and the 7–79-linked norlignan 131 in Araucaria angustifolia.172
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There are only few reports of lignans in Gnetales, most of which are of 8–89-linked compounds, for
example, (þ)-syringaresinol (96a) in Gnetum gnemon roots;173 (�)-syringaresinols (96a/b) in Ephedra

alata;174 (þ)-lariciresinol (105a), (þ)-isolariciresinol (133a), and their 9-acetate derivatives 132a and

134a in Ephedra viridis;175 as well as the 8–39-linked spermine diamides, ephedradines A (135), B (136),

and C (137) in mao-kon, the crude drug from Ephedra roots.176–178 The latter are rare examples

of N-containing lignan compounds. Ginkgo biloba, on the contrary, has been reported to accumulate

the 8–89-linked (þ)-sesamin (11a) in both its heartwood179 and leaves.180 As noted earlier,

allyl-/propenylphenols have not been reported in either of the latter two gymnosperm families.
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Additionally, in many highly valued woody species, nonstructural lignans and less frequently norlignans can
be deposited in their heartwoods, for example, (�)-plicatic acid (112) and its derivatives, which can constitute
up to 20% of its dry weight in T. plicata,156 and which are in part responsible for the wood’s durability and
texture. Other heartwood-accumulating lignans/norlignans include 7-hydroxymatairesinol (114) and (�)-�-
conidendrin (113b) in T. heterophylla,154 and others such as 116, 122–124 in C. japonica,166,167 all of which
significantly contribute to their heartwood properties. It is also of interest that all three of these species are
long-living gymnosperms: Thuja plicata, native to the northwestern United States and southwestern Canada,
and C. japonica, native to Japan and China, can have lifespans in excess of 3000 years, whereas T. heterophylla, a
native to the west coast of North America, has specimens as old as 1200 years.

Therefore, the emergence of gymnosperms, in particular the conifers, apparently gave rise to a great
increase in the number and variety of lignan and norlignan structures. Although the number of the
reports so far may potentially result from a bias of phytochemical studies toward higher plants that are
often important wood resources, the gymnosperm lignin structures are ostensibly structurally more varied,
that is, in terms of linkage modes, oxygenation patterns of both aromatic groups and side chains, as well
as further modifications such as those giving rise to dihydrophenylpropanoids and norlignans. This
structural diversity is further expanded within the angiosperms, as described below.

1.23.3.2.3(ii) Angiosperms The emergence of the angiosperms was also accompanied by another massive
increase in lignan and (less commonly) norlignan skeletal types, albeit with most of the common structures
observed in the gymnosperms being retained in the angiosperms. Of the lignans/norlignans reported to date,
however, most are found in the woody and nonwoody dicotyledons, with only a few examples in the
monocotyledons. Many contain new skeletal types and many are again optically active.

As for the gymnosperms, the terminal groups (C9/C99) of the angiosperm lignans are frequently modified,
that is, with these having lactone/ether (e.g., 138a, (�)-padocin (139b)), hydroxymethyl (e.g., 139b,
(�)-balanophonin (140b)), aldehyde (e.g., 140b), and carboxylic acid (e.g., 5–59-dehydrodiferulic acid (141))
groups, as well as others lacking an oxygenated functionality at C9/C99 (e.g., 142b–151).181,182 Note, however,
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that 5–59-dehydrodiferulic acid (141) can be viewed as a lignan artifact of sorts, since it is presumed to be

derived from cell wall polymeric carbohydrates containing feruloyl moieties in close proximity (which can

undergo radical–radical coupling), and indeed it is only released upon alkali treatment of cell walls.183,184

Although aromatic ring substitution patterns in many of the angiosperm lignans are guaiacyl-like
(e.g.. 139b–141, 144b, including those with methylenedioxy groups such as 138a, 146b), numerous

hydroxyphenyl (e.g., 150b) and trihydroxylated phenyl ring(s) (e.g., 145a, 147b, 152a) lignans have also

been reported. Additional interesting features are those of relatively rare skeletal types, such as the 7–19-

linked (þ)-peperomin A (152a),185 the 1–29-linked (�)-eupomatilone 6 (153b),186 and the 7–19-linked (þ)-

iso-ocobullenone (154a).187
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The 8–89 linkage mode, however, overall remains the most frequent in terms of the number of examples of
reported structures. These can be again classified as furofurans (e.g., (þ)-sesamin (11a) from S. indicum);14,15

tetrahydrofurans (e.g., (�)-olivil (12b) from O. europaea);16–18 dibenzylbutanes (e.g., (�)-guaiaretic acid (9b)

from G. officinale);10–12 dibenzylbutyrolactones (e.g., (�)-matairesinol (10b) in Forsythia intermedia);188

aryletrahydronaphthalene derivatives (e.g., (�)-podophyllotoxin (1b) from Podophyllum spp.);189 dibenzocy-

clooctadienes (e.g., (þ)-schizandrin (145a) from Schizandra chinensis);190 cyclobutanes (e.g., (�)-endiandrin A
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(144b) in Endiandra anthropophagorum);191 as well as other more uncommon structures, such as the polycyclic
(�)-sauchinone (146b) from S. chinensis192 and (�)-padocin (139b) from Haplophyllum cappadocicum.193

Among other coupling modes reported in angiosperms, these include 8–59- (e.g., 140b);194 8–19- (e.g.,
147b);195 8–79- (e.g., 148);21 7–19- (e.g., 149);196 8–O–49- (e.g., 150b);197 and benzodioxocin- (e.g., 151)198

linked lignans. Such diverse skeletal types further underscore the varied biochemical processes operative in
angiosperms, most of which still remain to be elucidated (see Section 1.23.4). Other structural features of
interest are the presumed rearrangement products, such as 152a and 153b, formed through putative migration
of aryl substituents, or that of 154a through ring expansion.
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Additionally, the 8–59-linked (þ)-icariside E4 (155a) and the 8–O–49-linked (�)-nymphaeoside A (156b)
found in Nymphaea odorata have saturated side-chains.199 This is a biochemical signature previously observed for
some of the lignans in ferns and gymnosperms. The dibenzocyclooctadiene 8–89-linked lignans present in Sc.

chinensis (e.g., (þ)-schizandrin (145a) and gomisins A–C (157a–159b))190,200 are of an apparently unique
skeletal type, however, presumably being formed from a linear 8–89-linked diarylbutane lignan through aryl
radical–radical coupling.
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There are also more than 100 distinct lignans201 isolated and characterized from the genus Piper alone, which
contains �700 species including Piper nigrum, the source of black and white peppers. Many of these lignans

contain common structural motifs, such as the 8–89-linked furofurans (e.g., (þ)-aschantin (160a)), the tetra-

hydrofurans (e.g., (þ)-calopiptin (161a)), and the diarylbutanes (both linear and cyclic, e.g.,

(�)-dihydrocubebin (162b) and heterotropan (163), respectively). However, there are also examples of other

linkage types such as 8–39 (e.g., (þ)-conocarpan (16a) and schmiditin (164)), 8–19 (e.g., (þ)-burchellin (165a)

and presumed rearrangement products, such as kadsurenin H (166)), as well as 8–O–49 (e.g., polysyphorin

(167)), and 8–29/39 (e.g., isofutoquinol A (168)).
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As noted before,1 only a few monocotyledons are known to accumulate lignans, such as the aryl cyclobutanes, the
dihydroxytruxillic/truxinic acids (169/170) in cereals and grasses.202,203 Nevertheless, these, as well as 144b
and 163, may not be necessarily formed through enzymatic catalysis, but perhaps instead as 2,2-photochemical
adducts.202–204 Bamboo (Phyllostachys edulis) stems, on the contrary, accumulate, in addition to the 8–89-linked
aryltetrahydronaphthalene lyoniresinol (171), the two dilignans phyllostadimers A (172b) and B (173a).205

Although all three bamboo lignans contain syringyl-like aromatic moieties, the latter two are 89–80-linked dimers
but containing the previously unknown 79–O–9/8–O–99 linkages.
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In contrast to the lignans, there are relatively few examples of natural products considered as norlignans in
angiosperms. They are, however, most often found in the Asparagales, for example, the 8–79-linked (þ)-(Z)-
hinokiresinol (174a) that occurs in Asparagus spp.,206,207 and in its (�)-form (174b) in Anemarrhena asphode-

loides,208 as well as the glycosides 175–177 in Hypoxis spp., which are derived from the (þ)-enantiomer
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174a.209,210 The rare acetylenic norlignans compounds, asparenydiol (178), asparenyol (179), and asparenyn (180)
also occur in Asparagus spp.,211 as well as rooperol (181) glycoside, hypoxoside (182) in Hypoxis spp.,212 and
nyasicoside (183) in Curculigo capitulata.213 Of particular interest is the oxygen insertion forming metabolites 178–
180.

Additional presumed norlignans present in other orders are either 8–89- or 8–39-linked. These include the
tetrahydrofuran cestrumoside (184) in Cestrum diurnum (Solanales),214 the benzofuran machicendiol (185) in
Machilus glaucescens (Laurales),215 and the arylnaphthalene vitrofolal A (186) in Vitex rotundifolia (Lamiales).216

Aromatic substitution patterns in the norlignans are again diverse, with hydroxyphenyl and guaiacyl moieties
(and their O-methyl and methylenedioxy derivatives) apparently more common. Side-chain functionalities are
also varied, being either hydroxymethyl, aldehydic, or deoxygenated.
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1.23.3.3 Evolution of Biochemical Pathways to Allyl-/Propenylphenols and Lignans:
Observations on Co-occurrence

The diversity and distribution of lignans and norlignans from the most basal plants through to the spermato-
phytes (gymnosperms and angiosperms), allied to their possible absence in mosses, horsetails, and cycads, seem
to indicate that their formation was a feature that may also have appeared multiple times during plant
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evolution. That is, with their formation being part of a convergent, and not necessarily divergent, biochemical
evolutionary process. This is consistent with the phylogenetic/evolutionary ‘scattering’ of the allyl-/prope-
nylphenols discussed aforehand. Nevertheless, such considerations are at present merely speculative, and
underscore the need for a much more thorough (bio)chemical understanding of lignan-forming processes
through the diverse extant plant lineages.

Interestingly, the relative levels of accumulation of lignans, norlignans, and their putative monomeric
precursors vary markedly among species. In the case of allyl-/propenylphenols, for example, only a small
amount of the lignan, dehydrodieugenol (187) (�0.0016% dry wt), accumulates in clove,217 whereas there is up
to �89% of eugenol (4) in the essential oil.86 Piper regnellii, by contrast, accumulates similar amounts
(�1.5–1.6% dry wt) of both allyl-/propenylphenols (23, 36, 38) and the presumed allyl-/propenylphenol-
derived lignans (16a, 188–193, Figure 9).218 On the contrary, the creosote bush (Larrea tridentata) apparently
accumulates no significant amount of monomeric allyl-/propenylphenols, but yet can have �10% nordihy-
droguaiaretic acid (NDGA) (143) (dry wt) as one of its lignans in the leaves.219 Biochemical explanations
for such variability need to be fully understood in future.
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Figure 9 Lignans in Piper regnellii. Photographs by Laurence B. Davin, Washington State University, USA.
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1.23.4 Lignan Early Biosynthetic Steps: 8–89 Phenylpropanoid Coupling

The previously discussed chemotaxonomical distribution of allyl-/propenylphenols, lignans, and norlignans
resulted in two major observations: The first was that of the still incomplete understanding as to the extent of
elaboration of the phenylpropanoid pathway throughout the plant kingdom, with provisional evidence suggest-
ing some algae may have entire biochemical pathways to the allyl-/propenylphenols. The second was that of
the enormous structural diversity of the lignans and norlignans, in terms of skeletal types occurring in the major
land plant groups. Such observations and reports thus underscored the need to obtain a full biochemical
understanding of the various proteins, enzymes, and genes involved in their specific pathways. Progress made
so far in this is described below.

1.23.4.1 Discovery of the (þ)-Pinoresinol-Forming Dirigent Protein and Encoding Gene

In the course of discovering how lignan formation occurs biochemically in different plant species, our earlier
metabolic studies220–226 established that pinoresinol (13) was the central precursor of various 8–89-linked
lignans, that is, leading to the formation of furofuran (e.g., sesamin (11)), tetrahydrofuran (e.g., lariciresinol
(105)), dibenzylbutane (e.g., secoisolariciresinol (110)), dibenzylbutyrolactone (e.g., matairesinol (10)), and
aryltetrahydronaphthalene (e.g., (�)-6-methoxypodophyllotoxin (194b, Figure 10) and (�)-plicatic acid
(112b)), depending on the species. Additionally, secoisolariciresinol (110) and matairesinol (10) were deduced
to be intermediates in the biosynthesis of the aryltetrahydronaphthalene (e.g., 194b)226 and, by extension, the
arylnaphthalene lignans.

Forsythia shrubs (Oleaceae) were key to the discovery of many of these biochemical processes.
Forsythia species accumulate various 8–89-linked lignans in differing amounts: Specifically, F. suspensa contains
(þ)-pinoresinol (13a), (þ)-phillyrin (195a), and (þ)-phillygenin (196a),227 whereas (�)-matairesinol (10b),
(�)-arctigenin (197b), and (�)-arctiin (198b) are present in Forsythia viridissima,227 with F. intermedia

accumulating all of the above (Figure 11).188

The genus Forsythia was named after the Scottish botanist, William Forsyth (1737–1804). All but one of the
known native species originates from northeastern Asia: Japan (F. japonica), Korea (F. ovata, F. saxatilis, F. koreana,

and F. densiflora), and China (F. giraldina, F. likiangensis, F. mandschurica, F. mira, F. suspensa, and F. viridissima).
One, F. europaea, is, however, endemic to Europe.228 Other cultivars have been developed from these species,
and F. intermedia was considered to be a hybrid between F. suspensa and F. viridissima based on the lignans
isolated.188 A recent phylogenetic study based on chloroplast DNA variation though suggests this not to be the
case: F. intermedia does not group with either F. suspensa or F. viridissima, but forms a clade with F. koreana,
F. mandschurica, and F. saxatilis.228

Initially, presumed F. suspensa stem cell wall residue preparations were demonstrated to engender stereo-
selective coupling of coniferyl alcohol (91) to afford (þ)-pinoresinol (13a).229 Subsequent solubilization and
fractionation of the crude cell wall protein extract ultimately led to the isolation of a (þ)-pinoresinol-forming
dirigent protein (DP) named from the Latin dirigere, to guide or align.230 This protein influenced the outcome of
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(194b) (–)-6-MethoxypodophyllotoxinLinum flavum

Figure 10 (�)-6-Methoxypodophyllotoxin (194b) in Linum flavum. Photograph by Laurence B. Davin, Washington State

University, USA.
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coniferyl alcohol (91) radical–radical coupling reactions in the presence of an external one-electron oxidizing
agent (such as laccase, ammonium peroxydisulfate, FMN). SDS–PAGE indicated a DP monomeric size of
�26–27 kDa.230 In the absence of the DP, however, coniferyl alcohol (91) gave rise only to racemic mixtures of
(�)-pinoresinols (13a/b), (�)-dehydrodiconiferyl alcohols (14a/b), and (�)-erythro/threo guaiacylglycerol 8–
O–49 coniferyl alcohol ethers (115a/b) due to nonregiospecific coupling. The (þ)-pinoresinol-forming DP was
next established to engender the formation of (þ)-pinoresinol (13a) in a concentration-dependent manner, that
is, higher DP concentrations in vitro led to a larger e.e. of (þ)-pinoresinol (13a), instead of the other possible
dimeric products.231 Interestingly, the monomers used by the (þ)-pinoresinol-forming DP did not appear to be
seamlessly interchangeable, since neither p-coumaryl (199) nor sinapyl (94) alcohols afforded stereoselectively
coupled products in in vitro assays.230

OH

OH
(199) p-Coumaryl alcohol

After amino acid sequencing, the corresponding (þ)-pinoresinol-forming DP gene (Fi_DP1) was isolated
from an F. intermedia cDNA library of young green stems using a PCR-amplified DNA probe. Analysis of the
cloned gene (encoding an �18.3-kDa predicted protein) suggested that the protein was glycosylated by
posttranslational modification and contained a secretory system signal peptide.232

Heterologous expression of the corresponding Fi_DP1 protein was then next performed in a eukaryotic
system (baculovirus-infected Drosophila cells) and, distinct from the native protein, three bands of DP
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Figure 11 Lignans in Forsythia intermedia. Photograph by Laurence B. Davin, Washington State University, USA.
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recombinant protein were visible by SDS–PAGE analysis. This indicated the presence of differentially
glycosylated peptides, with these ranging from �22 to 26 kDa.232 Nevertheless, the recombinant DP was
capable of engendering stereoselective coupling of coniferyl alcohol (91), in the presence of an one-electron
oxidase/oxidant, to afford (þ)-pinoresinol (13a).

1.23.4.2 Western Red Cedar Dirigent Proteins

As noted earlier, western red cedar (T. plicata) differentially accumulates various 8–89-linked (�)-plicatic
acid (112b)-derived (poly) lignans in its tissues, such as needles, stem, and bark, that are considered to
be derived from (þ)-pinoresinol (13a). This differential deposition of lignans in different tissues, which
is particularly notable during the transition of its sapwood into heartwood, suggested the existence of
distinct metabolic networks involving DPs in various tissues, that is, thereby orchestrating differential
expression of the orthologous genes in monolignol radical–radical coupling and downstream metabolism.
As a prelude to deciphering the biochemical pathway to (�)-plicatic acid (112b) in T. plicata, it was thus
established that there were nine DP genes (Tp_DP1–9) having 72–99.5% identity to each other.233 As for
the Forsythia DP, they encoded proteins of 180–183 amino acids with each having a predicted molecular
mass of �20 kDa including the signal peptide. Several of these DPs (e.g., Tp_DP5 and Tp_DP8) were
demonstrated in vitro to engender stereoselective coupling of coniferyl alcohol (91) to afford (þ)-
pinoresinol (13a), in the presence of an one-electron oxidase, indicative of the existence of a multigene
family.233

1.23.4.3 Structural and Mechanistic Studies

The Forsythia DP exists apparently in dimeric form, based on the observations made using MALDI-TOF and
ESI–MS, analytical ultracentrifugation, sedimentation velocity, and sedimentation equilibrium techni-
ques.234 It also had a propensity to further aggregate into �12–18-mers, although this was prevented at
increased NaCl concentrations. Additionally, application of circular dichroism (CD) demonstrated that the
DP consisted mainly of �-sheet (35–42%) and loop (40–47%) secondary structures (Figure 12(a)), this being
further supported by in silico modeling of the DP secondary structure (e.g., using PSIRED235 and
Folding@home (http://folding.stanford.edu)) (Figure 12(b)). Based on subsequent kinetic data and model-
ing, a steady-state kinetic model for the action of F. intermedia DP was proposed (Figure 12(c)), whereby the
actual binding/coupling substrate was postulated to be a coniferyl alcohol (91)-derived free radical in
solution (CA�).231 In this proposed model, each DP monomer competes for binding of a CA� with an apparent
Km of about 10 nmol l�1 relative to other diffusion-limited reactions (e.g., which would lead instead to the
formation of racemic lignans). Upon binding of each CA� to each monomeric DP (and possibly relative
stabilization of the radical intermediate), the resulting proteinaceous dimeric complex is orientated in such a
way that the two radicals approach each other from their si–si faces, thereby accounting for the stereo-
selectivity observed (Figure 13(a)).

1.23.4.4 Discovery of the (�)-Pinoresinol-Forming Dirigent Protein and Encoding Gene

Although Forsythia and Thuja spp. produce and utilize (þ)-pinoresinol (13a), other species, for example,
Daphne tangutica236 and A. thaliana,237 can accumulate the opposite (�)-enantiomer (13b) and/or downstream
metabolites thereof. Indeed, A. thaliana contains a recently characterized DP homolog that preferentially
forms (�)-pinoresinol (13b) from coniferyl alcohol (91) in vitro, again in the presence of a one-electron
oxidase/oxidant (K. W. Kim, unpublished results). The corresponding At_DP gene encodes for a 21.4-kDa
peptide (187 amino acids), and this finding now establishes the existence of distinct (þ)- and (�)-pinoresinol
(13a and 13b)-forming DPs. Analogous to the Forsythia DP, generation of (�)-pinoresinol (13b) from
coniferyl alcohol (91) is DP concentration-dependent. As before, the (�)-pinoresinol (13b)-forming DP
does not affect substrate oxidation/coupling rates, and the protein lacks a catalytically active redox center.
In this case, however, the two CA� approach each other from their re–re faces (Figure 13(b)), thereby
affording (�)-pinoresinol (13b) rather than the (þ)-enantiomeric form (13a). It will next be of interest to
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establish fully the structural basis for the differential formation of (þ)- and (�)-pinoresinols (13a and 13b).

(þ) and (�)-Pinoresinol-forming DPs both share high amino acid sequence homology with each other (i.e.,

�54% identity,�70% similarity, not including the signal peptide), perhaps suggesting that only a few amino

acids are involved in defining the different stereoselectivities in the active site(s).
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Figure 12 (a) CD spectrum of F. intermedia (þ)-pinoresinol-forming DP. An expected fit (red) to the observed CD spectrum

(purple) is shown for a protein with secondary structural components of 40–47% loop, 35–42% �-sheet, 9–14% turn,

and 5–12% �-helix. Adapted with permission from S. C. Halls; N. G. Lewis Biochemistry 2002, 41, 9455–9461. Copyright 2002

American Chemical Society. (b) Predicted secondary structure of F. intermedia (þ)-pinoresinol-forming DP using
PSIRED server.235 Yellow cylinder ¼ �-helix, green arrow ¼ �-strand and red bar ¼ coil. (c) Proposed kinetic model for

(þ)-pinoresinol-forming DP.231 Abbreviations: CA, coniferyl alcohol (91); CA�, coniferyl alcohol radical; DP, dirigent protein;

DPCA�, dirigent protein–coniferyl alcohol radical complex; DPQ, dirigent protein quinone–methide intermediate complex;

kox, rate constant of coniferyl alcohol (91) oxidation; k1, rate constant of coniferyl alcohol radical (CA�) binding to DP, k2,
rate constant of second coniferyl alcohol radical (CA�) binding to the DPCA� complex; k3, rate constant of release of

(þ)-pinoresinol (13b) from DP; k�1 and k�3 are the corresponding reverse rate constants to k1 and k3, respectively.

Reproduced with permission from S. C. Halls; L. B. Davin; D. M. Kramer; N. G. Lewis, Biochemistry 2004, 43, 2587–2595.
Copyright 2004 American Chemical Society.
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1.23.4.5 Dirigent Protein Tissue Localization and Metabolic Networks

1.23.4.5.1 mRNA tissue localization

Using in situ mRNA hybridization techniques, tissue-specific expression of the (þ)-pinoresinol-forming DP
gene was examined in F. intermedia:238,239 Tissue-printing hybridization of fresh cross-sections of stems, petioles,

and roots indicated that DP mRNAs were expressed in the vascular cambium regions of all tissues examined.
In situ hybridization further confirmed the presence of DP mRNAs in the stem vascular cambium regions

(Figures 14(a) and 14(c)), as well as in the ray parenchyma cells adjacent to lignified tracheary elements in the

youngest development stage examined (first internode, Figure 14(b)), that is, indicating sites of their lignan
biosynthetic processes.239

Localization of DP gene transcripts was also investigated in western red cedar (Figure 15) using a
single generic riboprobe to localize mRNA transcripts for all nine DP isovariants240 (see Section 1.23.4.2).

In sapwood, DP transcripts were detected in radial ray parenchyma cells (Figure 15(c)) and in vascular
cambium; they were also detected in developing cells of cork cambium (Figure 15(a)).240 Of particular

interest, no hybridization was observed in the heartwood region under the conditions employed. By
contrast, using the same technique, 18S rRNA transcripts (control) were detected in radial parenchyma

cells of apparently preformed heartwood, as well as in all the other tissues where the DP was detected (not

shown). Taken together, this was a most interesting finding. It demonstrated that the radial ray parenchyma
cells were directly involved in the heartwood biosynthetic processes, which ultimately afforded the (�)-

plicatic acid (112b)-derived lignans, and that other yet unknown biochemical processes were still occurring
in the heartwood itself.
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Figure 13 Stereoselective coupling of coniferyl alcohol (91) in presence of (a) (þ)-pinoresinol- and (b) (�)-pinoresinol-
forming dirigent proteins (DPs).
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Heartwood tissue properties and the metabolites therein also provide generally a means of readily distin-
guishing between various woody plants. Thus, this ray parenchyma involvement provides additional insight
into how this massive extrusion process occurs, and which is partially responsible for the often metabolite-
specific heartwood formation. This may be of particular utility in understanding how the complex biochemical
process involved in heartwood generation can be biotechnologically manipulated.

1.23.4.5.2 Dirigent protein tissue localization and proposed proteins harboring arrays

of dirigent sites

Dirigent protein and proteins containing presumed arrays of dirigent sites (monolignol radical-binding sites)
were also localized at the tissue and subcellular levels in F. intermedia using polyclonal antibodies raised against
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Figure 15 Detection of dirigent protein gene expression in young stem tissues of western red cedar by in situ hybridization.

Hybridization of antisense probe for dirigent protein was detected in transverse sections by the blue color reaction in cells of

cork cambium (a) and radial parenchyma (c) in young stem tissue (sapwood). A RNA probe of the sense strand of the dirigent
transcript was used as a negative control (b, d). Abbreviations: cc, cork cambium; p, phellem; pd, phelloderm; rd, resin

deposits; rp, radial parenchyma; x, xylem. Bars: 30mm (a–d). Reproduced from A. M. Patten; L. B. Davin; N. G. Lewis,

Phytochemistry 2008, 69, 3032–3037. Copyright 2008, with permission from Elsevier.
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Figure 14 In situ hybridization of Forsythia intermedia DP mRNA with digoxigenin-labeled riboprobes in the first internode (a

and b) and mature 10th internode (c). p, pith; rp, radial parenchyma; sx, secondary xylem; vc, vascular cambium. Bars:

150mm (a), 25mm (b), and 50mm (c). Reproduced from V. Burlat; M. Kwon; L. B. Davin; N. G. Lewis, Phytochemistry 2001, 57,

883–897. Copyright 2001, with permission from Elsevier.

852 Allylphenol and Lignan Pathways



the DP.239,241 Overall, the patterns were quite similar to those for DP mRNA localization.239 In the stems,
labeling was localized to the vascular cambium region and young developing xylem, as well as in the cortex
outer layers. As stem maturation proceeded, however, the label became restricted to the vascular cambium
region (cambium and secondary phloem). Labeling was also mainly restricted to the cambial layers, secondary
phloem, and the developing xylem in mature petioles, and to the pericycle layers/vascular tissues of the stele in
the roots.

These observations were indicative of the cell/tissue types involved in lignan biosynthesis. Interestingly,
high-resolution transmission electron microscopy also showed that in the stems, labeling was associated with
the S1 sublayer and compound middle lamella of vessels, ray cells, and fibers, as well as to a lesser extent in their
S3 sublayer. This latter set of observations is provisionally considered as indicative of detection of initiation
sites for lignification, that is, sites harboring proteins containing arrays of presumed dirigent sites (see Chapters
5.01–5.21).

1.23.4.5.3 Proposed dirigent protein metabolic networks

There is additional evidence for the presence of DP metabolic networks in various plant species, such as
western red cedar, spruce (Picea sp.), and Arabidopsis. This is contemplated even though only a relatively small
number of DPs so far in their multigene families appear to be involved in stereoselective coupling to afford
either (þ)- or (�)-pinoresinols (13a or 13b).

1.23.4.5.3(i) Western red cedar For western red cedar, the overall patterns of temporal and spatial expres-
sion of the nine DP isovariants (Tp_DP1–9) discussed previously above (Section 1.23.4.2) were analyzed by
real-time (RT)-PCR and promoter analysis using the �-glucuronidase (GUS)-reporter gene in Arabidopsis.242

Each DP ortholog was expressed differentially in individual organs, tissues, and cells at all stages of plant
growth and development, indicative of the presence of a metabolic gene network. For example, Tp_DP5 was
only associated with the hypocotyl–root transition zone and the developing shoot meristem at 7–12 days old
(Figure 16(a)), with Tp_DP8 being strongly expressed throughout the vasculature (Figure 16(b)). In contrast,
Tp_DP2 was trichome- and root-specific (Figures 16(c) and 16(d)). Differential expression patterns were also
more pronounced in the reproductive tissues. For instance, Tp_DP1 and Tp_DP8 had distinct expression
profiles in the flowers, that is intense GUS staining in the stamen filament, none in the anther (Tp_DP1,

(b)

(d)

(e) (f)

(c)

(a)

Figure 16 Histochemical localization of GUS activity in selected transgenic Arabidopsis plant lines containing various

western red cedar DP promoter::GUS fusions.242 (a) TpDP5gp::GUS. (b) TpDP8gp::GUS. (c and d) TpDP2gp::GUS. (e)
TpDP1gp::GUS. (f) TpDP8gp::GUS. Reproduced from M. K. Kim; J.-H. Jeon; L. B. Davin; N. G. Lewis, Phytochemistry 2002,

61, 311–322. Copyright 2002, with permission from Elsevier.
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Figure 16(e)), whereas Tp_DP8 expression was weak in the stamen filament and strong in the pollen grain
(Figure 16(f)), as well as in the silique valves (lignifying area, not shown).

As noted earlier, both Tp_DP5 and Tp_DP8 were able to help confer stereoselective coupling of coniferyl
alcohol (91) to afford (þ)-pinoresinol (13a), a precursor of (�)-plicatic acid (112b). Taken together, these data
thus further suggest the existence of distinct metabolic networks involved in the regulation of lignan deposition
in this species.

1.23.4.5.3(ii) Picea species Additional support for the existence of DP multigene families was established
from the analysis of both expressed sequence tags (ESTs) and full-length cDNAs from three spruce species
(Picea sitchensis, P. glauca, and P. glauca� engelmannii), which resulted in the detection of 35 DP and DP-like
cDNAs.243,244 Identities between their predicted amino acid sequences ranged from 99.5 to 17.6%, with
predicted molecular masses from �17.4 to 21.7 kDa. Phylogenetic analyses showed that they clustered in
three subfamilies (DP-a, DP-b, and DP-f), with each gene differentially expressed throughout the tissues
analyzed (i.e., shoots, roots, cortex, phloem, cambium, xylem, and embryos). Although the DP-a group also
clusters with known (þ)-pinoresinol-forming DPs, both these and the others (DP-b and DP-f) currently have
no established biochemical functions in all three species.

Nevertheless, a 16.7 k cDNA microarray with 30 ESTs representing at least 22 distinct DP/DP-like genes
was used to examine expression profiles under several stress conditions. These included, among others, methyl
jasmonate application, wounding, and weevil (Pissodes strobi) stem-boring herbivory attacks (alone and in
combination), as well as in wood and apex development. Interestingly, upon analysis of the expression profiles,
most of the DP/DP-like array elements clustered in accordance with their phylogenetic subfamilies (i.e., DP-a,
DP-b, and DP-f). DP-a genes were apparently strongly induced in bark upon either wounding or weevil
herbivory (with moderate to weak induction after other treatments). DP-b genes, on the contrary, were induced
only weakly (if at all) upon stress treatments. By contrast, DP-f genes gave a more scattered induction/
downregulation pattern upon stress treatments, perhaps indicative of more specialized individual functions.
The transcript profiles so obtained thus suggest that spruce DP/DP-like genes, especially those from the DP-a
subfamily, could play a significant role in constitutive and induced phenolic defense mechanisms against stem-
boring insects. Others were speculated to be involved in defense against either pathogens and/or defoliating
herbivores, or wounding, or in the formation of compression wood, or perhaps associated with tissue develop-
ment; however, as indicated above, all of their precise biochemical roles and physiological functions speculated
above243,244 await elucidation.

1.23.4.5.3(iii) Arabidopsis There are also 16 isovariants of dirigent proteins harboring consensus regions
involved in monolignol radical (and possibly other natural products) binding sites in A. thaliana. To date, three
are known to be able to engender stereoselective coupling of coniferyl alcohol (91) in vitro in this species.
Nevertheless, all 16 Arabidopsis isovariants were cloned (At5g42510, At5g42500, At5g49040, At2g21110,
At1g64160, At4g23690, At3g13650, At3g13662, At2g39430, At2g28670, At1g22900, At4g11180, At4g11190,
At4g11210, At4g38700, At4g13580), with corresponding promoters isolated and used to obtain transformed
GUS-DIR/GFP-DIR Arabidopsis lines (K. W. Kim, unpublished results). The results obtained are again suggestive
of the presence of a comprehensive (cell- and tissue-specific) network with each dirigent gene (homolog)
having an unique pattern of expression ‘in the vascular apparatus’. This, therefore, provides further potential
insight into the presence of (partially overlapping) metabolic networks controlling various aspects of phenoxy
radical coupling. For example, eleven of the sixteen genes (see At_DP5, 8, and 10, Figures 17(a)–17(e)) were
expressed in the lignifying leaf vasculature, two at the base of lignifying leaf trichomes (see At_DP3, Figures
17(f) and 17(g)), four in the lignifying leaf hydathodes (vasculature) (see At_DP10, Figures 17(h) and 17(i)),
twelve in the lignifying abscission zone of the siliques (e.g., At_DP2, Figure 17(j)), and twelve were differen-
tially expressed in lignifying regions of the stem vasculature (i.e., protoxylem, vascular cambium, xylary and
interfascicular fibers, etc (see At_DP1, 8, 12, and 13, Figures 17(k)–17(n))). These findings were thus in good
agreement with those previously obtained using the DP nine-membered multigene found in western red
cedar242 (discussed above).
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1.23.4.6 Other Examples of 8–89 Phenylpropanoid Coupling: Hydroxycinnamic Acid
and Allyl-/Propenylphenol-Derived Lignans in Liverworts and the Creosote Bush

Examples of putative DPs engendering the formation of other types of 8–89-linked lignans have also been
suggested. These include the liverworts, J. autumnalis and L. heterophylla, whose intact cell cultures were shown
to be able to metabolize [8-2H]-caffeic acid (56) into either (þ)-epiphyllic acid (57a) or its (�)-enantiomer
(57b),122 respectively, depending on the species. In J. autumnalis, the (þ)-[8-2H]-epiphyllic acid (57a) so
formed can then be further metabolized to afford (þ)-jamesopyrone (62a) and scapaniapyrone (87).122 In either
species, the corresponding chiral products that accumulate (i.e., (þ)-jamesopyrone (62a) in J. autumnalis and
(�)-epiphyllic acid (57b) in L. heterophylla) were enantiomerically pure, as determined by chiral HPLC
analyses. On the contrary, incubation of caffeic acid (56) and H2O2 with cell-free extracts of both liverworts
in vitro led only to the formation of racemic epiphyllic acid (57a/b). Thus, although the process controlling the
proposed stereoselective coupling has not yet been detected; it is provisionally considered to involve DP
control.122 However, this still remains to be established.

As indicated above, 8–89-regiospecific coupling also exclusively occurs during the formation of the 9–99-
deoxygenated lignans in the creosote bush (L. tridentata, Zygophyllaceae, Figure 18). This is a desert shrub of
1–3 m height, which is of increasing interest as a medicinal plant (discussed in Section 1.23.10.2). It has also long
been used in Native American traditional medicine for treating more than 50 different ailments, including
kidney and gall-bladder stones. Its most abundant lignan, NDGA (143), accumulates up to �5–10% of the
leaves’ dry weight, and is considered to be the creosote bush’s main bioactive principle.245 Many other 9–99-
deoxygenated lignans have also been detected in this species, the structurally simplest being the tetrahydro-
furans (�)-larreatricin (200b), (�)-89-epi-larreatricin (201b), meso-3,39-didemethoxynectandrin B (202), and
(�)-3,39-didemethoxyverrucosins (203a/b).246,247 Aryltetrahydronaphthalene lignans, such as norisoguaiacin
(204), are also present, and apparently have the same C8/C89 configurations as larreatricin (200).

The 8–89-linked lignans are thought to be derived from allyl-/propenylphenol-coupling products, for
example, from p-anol (21) to afford initially (�)-larreatricins (200a/b) and its possible tetrahydrofuran ring
diastereoisomers (201–203) with subsequent downstream metabolism then occurring (to generate NDGA
(143), etc.). However, p-anol (21), when incubated in vitro with oxidases/laccases, generates a range of
nonregiospecific coupling products. This, by contrast, does not occur in vivo in Larrea, suggesting the
involvement of DP (or DP-like) proteinaceous control.

(a) (b) (c) (d) (e)

(j)(i)(h)(g)

(f)

(k) (l) (m) (n)

Figure 17 Selected patterns of expression of the 16-membered DP isovariant family using the GUS reporter gene.

Cotyledons and leaf tissues at 3 weeks growth for At_DP5 (a, b) and At_DP10 (c, d) and leaf tissues at 4 weeks development
for At_DP8 (e). Labeling is seen at the base of the trichomes for At_DP3 (f, g), in the leaf hydathodes for At_DP10 (h, i), in the

silique abscission zone for At_DP2 (j) at 5 weeks growth, as well as in the lignifying regions of the stem vasculature for At_DP1

(k), 8 (l), 12 (m), and 13 (n) (Kye-Won Kim, unpublished results).
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1.23.5 Downstream Lignan Metabolism

1.23.5.1 Furofuran Lignans in Sesame

1.23.5.1.1 Methylenedioxy bridge formation

Sesame (S. indicum), in addition to coconut, is one of the two oldest oilseed plants used by humanity,248 with
records dating back to about 6000 years.249 The seed is highly valued as a source of oil, as well as for its
antioxidant lignans.250–252 There are contradictory reports though on the sesame plant origin: According to De
Candolle,253 it originated from the Sunda Isles in the Malay archipelago, following which it was introduced into
India and the Euphrates valley to Egypt 2000 or 3000 years ago. Other records also suggest that it originated in
the savanna of Central Africa and then spread to Egypt, India, the Middle East, and China.249

Sesame seed lignans are all 8–89-linked and can contain either one or two methylenedioxy bridges
(Figures 19 and 20). Sesame lignans can also be readily separated into those that are lipid-soluble, including
(þ)-sesamin (11a), (þ)-piperitol (205a), and (þ)-sesamolin (210a),250,251 and those that are water-soluble, for
example, (þ)-sesaminol 2-O-mono- (207a), 2-O-di- (208a), and 2-O-tri- (209a) glucosides,254 respectively.
Of these, however, 11a and 209a are the most abundant lipid- and water-soluble lignans.255,256 (þ)-Sesamolin
(210a) is of additional interest because of the unusual acetal oxygen insertion between the furanofuran group
and the aryl moiety.

Sesame seedpods develop at different stages along the stems, with the oldest being closest to the base
(Figure 20); the biosynthesis of its lignans is also developmentally regulated with seedpod development.1,225

For example, at different developmental stages of the pods of 8-week-old plants, two interesting observations
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Figure 18 Various lignans in the creosote bush (Larrea tridentata). Photograph by Henri Moore, Washington State

University, USA.
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were previously made.225 First, when (�)-[3,39-O14CH3]-pinoresinols (13a/b) were administered to intact

seeds, only the (þ)-antipode (13a) was metabolized into the sesame lignans 11a, 205a, and 210a, but not

the corresponding enantiomer 13b (Figure 19). Second, the relative efficacy of the incorporation of

(þ)-[3,39-O14CH3]-pinoresinol (13a) into 11a, 205a, and 210a varied with seed maturation stage.225

These findings were extended using microsomal preparations from the first and second stages of seedpod
maturation. When incubated with (�)-[3,39-O14CH3] pinoresinols (13a/b), only (þ)-[3-O14CH2, 39-O14CH3]-

piperitol (205a) was formed when NADPH (1 mmol l�1) was present. The corresponding (�)-enantiomer

(205b), however, was not biosynthesized. This O2-requiring, NADPH-dependent, cytochrome P-450 was thus

subsequently named (þ)-piperitol synthase.225 Interestingly, although (þ)-sesamin (11a) was not formed under

the assay conditions used, incubation of (þ)-piperitol (205a) as above resulted in its formation.1 This, therefore,

suggested the involvement of a second cytochrome P-450. In any event, these data established that both

methylenedioxy bridges of sesame seed lignans resulted from cytochrome P-450-catalyzed transformations,225

as had already been noted in alkaloid biosynthesis.257
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Figure 19 Proposed biosynthetic pathway to sesame (Sesamum indicum) lignans.
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Having thus established the overall enzymology and enantiospecificity of these transformations, subsequent
cloning of a gene named CYP81Q1 from a cDNA library obtained from sesame seed actively synthesizing

sesamin (11a)258 confirmed and further extended our original findings.225 The corresponding protein,

CYP81Q1, was heterologously expressed in yeast, with the resulting microsomal preparation individually

incubated with (þ)-pinoresinol (13a) and (þ)-piperitol (205a) in the presence of NADPH. (Apparently, the

corresponding (�)-enantiomers 13b and 205b were not, however, tested.) In agreement with our findings,

(þ)-sesamin (11a) was formed upon incubation with (þ)-piperitol (205a), although it was also formed when

(þ)-pinoresinol (13a) was used as a substrate (Figure 19). This suggested that the CYP81Q1 was bi- and not

monofunctional, and the name was expanded to (þ)-piperitol/(þ)-sesamin synthase (PSS) to indicate the

bifunctional nature. Again, these data apparently confirmed our findings225 of the enantiospecificity of

methylenedioxy bridge formation and that a cytochrome P-450 was involved.
Identification of the reaction products was confirmed by LC–MS with m/z of 374 (MþNH4

þ) and 372
(MþNH4

þ) for 205a and 11a, respectively. Apparent Km values were determined, using the yeast microsomal

fraction, these being 10.2 and 11.7 mmol l�1 for (þ)-pinoresinol (13a) and (þ)-piperitol (205a), respectively. No

other kinetic data were, however, reported. (þ)-Sesamolinol (211a) was also not converted into (þ)-sesamolin

(210a) when incubated with this microsomal preparation,258 perhaps suggesting the involvement of another

cytochrome P-450 for the formation of its methylenedioxy bridge.
Two other CYP81Q1 homologous genes, CYP81Q2 and CYP81Q3, were also isolated from the related species,

Sesamum radiatum and Sesamum alatum, respectively. These were of interest since the seeds of the former

accumulate (þ)-sesamin (11a), whereas those of the latter do not. After individual heterologous expression

in yeast, microsomal preparations were again obtained. (þ)-Piperitol (205a) and (þ)-sesamin (11a) were

formed when (þ)-pinoresinol (13a) and NADPH were incubated with CYP81Q2, but not when CYP81Q3

was used.258 This finding provisionally explains the absence of (þ)-sesamin (11a) in S. alatum.
The report that CYP81Q1 apparently catalyzes dual methylenedioxy bridge formation is, however, in

contrast to other cytochrome P-450’s in alkaloid metabolism. The latter apparently only catalyze a single

methylenedioxy bridge-forming reaction,257,259 for example, the recently characterized CYP719A2 converted
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Figure 20 (þ)-Sesamolin (210a), (þ)-sesamolinol (211a), and sesame (S. indicum). Photographs by Laurence B. Davin,

Washington State University, USA.
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S-cheilanthifoline (212) into S-stylopine (213) (Figure 21(a)), but not S-scoulerine (214, Figure 21(b)) into
S-cheilanthifoline (212)259 as demonstrated using crude microsomal preparations from Eschscholzia

californica.257

It will be of interest in the future to resolve the ternary structure of this cytochrome P-450. This will
hopefully provide further insight into the basis of its catalytic mechanism, and how substrate specificity is
controlled, that is, including as to whether (þ)-piperitol (205a) is first synthesized then released (or not) from
the CYP81Q1 active site. If the former occurs (i.e., with product released from the active site), this may explain
why the previous studies only detected (þ)-piperitol (205a) formation when (þ)-pinoresinol (13a) was
incubated with a sesame seed microsomal preparation. That is, the released (þ)-piperitol (205a) might have
been too low in concentration in the assays to compete with the relatively large amounts of (þ)-pinoresinol
(13a) present under saturating conditions.

1.23.5.1.2 Glucosylation

UDP-glucose glucosyltransferases (UGT) presumed to be involved in the formation of (þ)-sesaminol 2-O-
triglucoside (209a), the most abundant water-soluble lignan in sesame seeds,255,256 have also been
characterized.260 They were obtained by screening the sesame seed cDNA library with probes containing
a well-conserved UGT sequence. After two rounds of screening, 10 clones were obtained, with each
heterologously expressed in Escherichia coli as His-tag fusion proteins This resulted in the characterization
of UGT71A9 and UGT94D1, which catalyzed the conversion of (þ)-sesaminol (206a) into (þ)-sesaminol
2-O-�-D-glucoside (207a), and the latter into (þ)-sesaminol 2-O-�-D-glucosyl (1! 6)-O-�-D-glucoside
(208a) (Figure 19). In both cases, LC–MS confirmed identity of the reaction products: In the reaction
catalyzed by UGT71A9, the product had a m/z 555.1450 [MþNa]þ indicating that one glucose had been
added to (þ)-sesaminol (206a), which has a calculated mass of m/z 393.1 [MþNa]þ. In the reaction
catalyzed by UGT94D1, by contrast, the enzymatically formed product 208a had a m/z 717.2000
[MþNa]þ. The identity of both products was confirmed by 1H, 13C, and 2D-NMR spectroscopic
analyses.

Kinetic parameters were determined for both glucosyltransferases. For UGT71A9, apparent Km values were
6.32 and 41.0 mmol l�1 for (þ)-sesaminol (206a) and UDP-glucose, respectively, with a kcat/Km value of
196 000 mol�1 l s�1 (for 206a). For UGT94D1, Km values were 77.0 and 228.0 mmol l�1 for (þ)-sesaminol
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Figure 21 Methylenedioxy bridge formation in isoquinoline alkaloids. (a) Formation of (S)-stylopine (213) from (S)
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2-O-�-D-glucoside (207a) and UDP-glucose, respectively, but with a much lower kcat/Km of 11 700 mol�1 l s�1

(for 207a). The UGT catalyzing the final �1! 2 glucosylation to form (þ)-sesaminol 2-O-triglucoside (209a,
Figure 19) from 208a was, however, not identified.

As for CYP81Q1, two homologs of UGT71A9, UGT71A8, and UGT71A10 were cloned by RT-PCR from S.

alatum and S. radiatum, respectively. The encoding proteins showed 98 and 91% similarity to UGT71A9. When
the corresponding recombinant proteins were heterologously expressed in E. coli, both were able to enzyma-
tically convert (þ)-sesaminol (206b) into (þ)-sesaminol 2-O-�-D-glucoside (207a), suggesting that this
glucosyltransferase is conserved in the Sesame genome.

1.23.5.1.3 Oxygen insertion

The insertion of oxygen to form the acetal bridge between the furanofuran group and the aryl moiety during
(þ)-sesamolin (210a) formation still remains to be clarified,261 as the precise sequence of oxygenation and
methylenedioxy bridge formation is unknown. Interestingly, (þ)-pinoresinol (13a), (þ)-piperitol (205a), or,
less likely, (þ)-sesamin (11a) could all potentially serve as substrates for the oxygen insertion step. However,
radiolabeled precursor administration experiments225,262 did not resolve among these possibilities, and the
enzyme participating in acetal bridge formation has not yet been identified.

(þ)-Sesamolin (210a) is known to be rearranged into (þ)-sesaminol (206a), however, during sesame oil
processing.252 This reaction is acid-catalyzed, with the acetal bridge being cleaved to afford the presumed
intermediate oxonium ion and sesamol (215), which can then undergo nucleophilic attack (Figure 22(a)).
In the presence of even a trace amount of water, however, both samin (216) and sesamol (215) are instead
formed (Figure 22(b)).252 Although the enzymatic formation of (þ)-sesamolin (210a) has not yet been
characterized, a possible mechanism for acetal bridge formation might involve rearrangement of (þ)-sesaminol
(206a) to afford (þ)-sesamolin (210a) (Figure 23).

1.23.5.2 Pinoresinol/Lariciresinol Reductases and Pinoresinol Reductase

Discovery of genes encoding either (þ)- or (�)-pinoresinol-forming DPs began to bring the much needed
clarification to hitherto enigmatic differences in optical activities of various lignans from different plant
species. This section thus focuses next on the discovery of pinoresinol/lariciresinol reductases (PLRs),263,264

which catalyze conversions of pinoresinol (13) into either lariciresinol (105), secoisolariciresinol (110), or
both. This includes discussion of their quite distinct enantiospecificities in various plant species, as well as
progress made toward establishment of the operative biochemical mechanisms and the presumed involve-
ment of enzyme-bound intermediary quinone methides. These studies also led to the discovery of related
reductases, the ‘provisionally’ annotated phenylcoumaran benzylic ether reductases265 (PCBERs, see Section
1.23.7.2), as well as the biochemical mechanisms/3D structures of PCBER and the related isoflavone
reductases (IFRs).266

Partly due to serendipity, other PLR-related genes were also isolated in our investigations in 1999, but
which instead encoded enzymes affording entry into the allyl-/propenylphenol pathways, for example,
chavicol/eugenol synthases (CES).2–4,267,268 Deduction of the allyl-/propenylphenol biochemical pathway
came, however, from both delineation of PLR biochemical mechanisms and mechanistic considerations of
substrate-to-product relationships in norlignan (E/Z-hinokiresinol (123/174)) biosynthesis (see Section 1.23.8).
As far as PLRs proper are concerned though, most work has been carried out with Forsythia, western red cedar,
Linum sp., and A. thaliana as summarized below.

1.23.5.2.1 Forsythia PLR: discovery of (þ)-pinoresinol/lariciresinol reductase

The first-known PLR, discovered in F. intermedia,263,269 catalyzes the sequential NADPH-dependent
enantioselective conversion of (þ)-pinoresinol (13a) into (þ)-lariciresinol (105a), and then the latter
into (�)-secoisolariciresinol (110b), respectively (Figure 24).269 It was purified to apparent homogeneity
and its measured kinetic parameters demonstrated that it efficiently reduced both substrates with apparent
Km, Vmax, and kcat/Km values for 13a and 105a of 27/121 mmol l�1, 4.5/7.0 pkatmg�1 protein, and 5800/
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2000 mol�1 l s�1,263 respectively. Kinetic data were thus reasonably consistent with enzyme turnover data
for others in the general phenylpropanoid pathway to the monolignols 91, 94, and 199.7 The correspond-
ing cDNA PLR_Fi1 was subsequently cloned,263 with this encoding a polypeptide of 312 amino acids
having a calculated molecular mass of 34.9 kDa.

1.23.5.2.2 Gymnosperm PLR/PLR homologs: discovery of PLR/PLR homologs of differing

PLR and pinoresinol reductase enantiospecificities
PLR and/or PLR homolog cDNAs were also isolated from both western red cedar and western hemlock, that is,
PLR_Tp1–PLR_Tp4 and PLR_Th1/PLR_Th2, respectively, with the corresponding proteins having �52–61%
identity and �66–79% similarity to PLR_Fi1.264

When heterologously expressed in E. coli, the western red cedar PLR_Tp2 as well as the PLR_Tp1 homolog
(sharing >70% identity) gave recombinant proteins of very different enantiospecificities. As for the Forsythia

PLR_Fi1, PLR_Tp2 efficiently converted (þ)-pinoresinol (13a) into (�)-secoisolariciresinol (110b) using
(þ)-lariciresinol (105a). However, interestingly, PLR_Tp2 was also able to slowly reduce (�)-pinoresinol
(13b) into (�)-lariciresinol (105b), albeit with the latter not further metabolized (Figure 24). This was
indicative of distinct PLR and pinoresinol reductase (PR) activities, depending on the enantiomer present
in vitro.

In contrast, the homolog PLR_Tp1 less efficiently catalyzed the NADPH-dependent conversion of (�)-
pinoresinol (13b) into (�)-lariciresinol (105b), as well as (�)-lariciresinol (105b) into (þ)-secoisolariciresinol
(110a). (þ)-Pinoresinol (13a) was also slowly converted into (þ)-105a, but this was also not metabolized
further (Figure 24). Moreover, kinetic analyses carried out using 13a, 13b, 105a, and 105b individually
indicated that PLR_Tp2 was overall �150-fold more catalytically efficient relative to the PLR_Tp1 homo-
log.270 This was consistent with the proposed role of PLR_Tp2 in (�)-plicatic acid (112b) biosynthesis.

1.23.5.2.3 Linum species PLR: additional discovery of genes encoding (�)-PLR activity

The genus Linum in the family Linaceae consists of about 230 species,271 which can be divided into six sections
based on morphological characters:272 Linum, Dasylinum, Linastrum, Cathartolinum, Syllinum, and Cliococca. Of the
Linum species, flax (L. usitatissimum, ‘the most useful’ in Latin273) is the most common, which is grown for both
its fibers (linen) and its seeds (oil and lignans). Indeed, it was apparently one of the first domesticated plants
where the cultivation most likely began in the Fertile Crescent within the valleys of the Tigris and Euphrates
some 8000 years ago.274

Flaxseed contains various ester-linked oligomers of the 8–89-linked secoisolariciresinol diglucoside (SDG,
217, Figure 25), which are covalently attached to hydroxymethyl glutaryl moieties (HMG, 218),275,276 such as
the lignan 219. SDG (217)/HMG (218)-containing flaxseed lignans have become somewhat better understood
structurally in recent years, with several new features described. Although the macromolecular backbone is
composed mainly of SDG (217) moieties ester-linked to HMG (218) molecules as indicated above,275,276 the
flavonoid herbacetin diglucoside (HDG, 220) has been reported as a backbone component (estimated to be
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Figure 23 Putative rearrangement resulting in oxygen insertion to afford (þ)-sesamolin (210a) from (þ)-sesaminol (206a).
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�10� lower in amount than that of SDG (217)).277 The average flaxseed lignan ‘macromolecule’ was also

recently provisionally estimated to contain �3–5276,278 (but varying between 1 and 7)278 SDG (217) and/or

HDG (220) backbone units. Both p-coumaric and ferulic acid glucosides (221, 222) are considered possibly to

be linked as well,279 but apparently as terminal (i.e., end) groups, with a negative correlation being noted

between their amounts and the average length of the macromolecular chain.278 The SDG (217) released from

these conjugates upon alkali treatment mainly contains the (þ)-secoisolariciresinol (110a) enantiomer, with the

ratio of (þ) (110a) to (�) (110b) being �99:1.275

Interestingly, at full flower development, flax floral tissues reportedly also accumulate other 8–89

dibenzylbutyrolactone lignans, such as (�)-hinokinin (223b), (�)-bursehernin (224b), (�)-yatein (225b),

(�)-E-anhydropodorhizol (226b), (�)-matairesinol dimethyl ether (227b), and (�)-thujaplicatin trimethyl

ether (228b).280,281
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In terms of enzymology, PLRs of differing enantiospecificities have been very preliminarily characterized
in four Linum species, that is, L. usitatissimum (PLR_Lu282–284 and PLR_Lu1285), L. album (PLR_La1),285

L. corymbulosum (PLR_Lc1),286 and L. perenne (PLR_Lp1);287 these are of �60–74% identity and �78–87%
similarity to PLR_Fi1, respectively. Of these, PLR_Lu282–284 and PLR_Lu1285 were individually expressed
heterologously in E. coli. and both catalyzed the conversion of (�)-pinoresinol (13b) into (�)-lariciresinol
(105b) and, in one instance, of the latter into (þ)-secoisolariciresinol (110a) as well. These data thus begin to
provide a biochemical explanation for the predominance of the (þ)-secoisolariciresinol (110a) enantiomer in
flaxseed.

The other recombinant PLRs examined from L. album (PLR_La1)285 and L. corymbulosum (PLR_Lc1)286

apparently, also converted (þ)-pinoresinol (13a) into (�)-secoisolariciresinol (110b), as described above for
the Forsythia (PLR_Fi1) and western red cedar (PLR_Tp2) PLRs (Figure 24). These Linum PLRs, however,
have not been subjected to detailed kinetic parameter characterization, and thus their relative enzymatic
efficacies are as yet unknown. Nevertheless, the reported enantiospecific properties of the PLRs are consistent
with the known optical activities of the isolated lignans: L. album accumulates (�)-podophyllotoxin (1b), (�)-6-
methoxypodophyllotoxin (194b), and their derivatives thereof,288 whereas (�)-hinokinin (223b)289 is found in
L. corymbulosum.

On the contrary, a report of a PLR from L. perenne, which accumulates justicidin B (55),290 gave
contradictory findings.287 In assays carried out with (�)-pinoresinols (13a/b) in the presence of NADPH
and increasing amounts of the recombinant PLR_Lp1, the enzyme reportedly preferentially utilized (þ)-
pinoresinol (13a) for the first reduction and (�)-lariciresinol (105b) for the next287 (Figure 24). Such
preliminary studies need, however, to be followed up with more conclusive and comprehensive kinetic
parameter determinations. Accordingly, to establish the actual substrate specificities, pure enantiomeric
substrates need to be used, that is, 13a, 13b, 105a, and 105b, rather than using racemic mixtures.

1.23.5.2.4 Arabidopsis PLR homologs: Pinoresinol reductases

Following �-glucosidase treatment of wild-type A. thaliana roots, small amounts of (�)-lariciresinol (105b) in
�88% e.e. were released.237 To begin to provide clarification to this enantiomeric preponderance, two
Arabidopsis PLR cDNAs (AtPrR1 and AtPrR2) were obtained, whose corresponding proteins had �59% identity
and 75–78% similarity to PLR_Fi1. When incubated with (�)-pinoresinols (13a/b) in vitro, the recombinant
AtPrR2 generated (�)-lariciresinol (105b) in 96% e.e., whereas AtPrR1 afforded both enantiomers 105a/b with
�6% e.e. of the (þ)-antipode 105a (Figure 24). Interestingly, AtPrR1 was more catalytically efficient in in vitro

assays, with a kcat/Km �11–16 times higher for (�)-pinoresinols (13a/b) (12 800 and 19 000 mol�1 l s�1 for 13a
and 13b, respectively) than that of AtPrR2 for (�)-pinoresinol (13b) (1170 mol�1 l s�1). On the contrary, the
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predominance of (�)-lariciresinol (105b) in vivo was more in apparent agreement with the catalytic properties
of AtPrR2.

To better understand the role of each gene in the formation of (�)-lariciresinol (105b), T-DNA insertion
mutants were obtained, with homozygous lines further selected (i.e., atprr1-1 and atprr1-2 for AtPrR1, and atprr2

for AtPrR2). A double mutant, atprr1-1 atprr2, was also generated. There was a significant increase (1.6–1.8�) in
lariciresinol (105) content in the roots of the single mutants as compared to that of the wild-type line, with (�)-
lariciresinol (105b) from atprr1 and atprr2 mutants having an e.e. of 94–96 and 82%, respectively. By contrast,
lariciresinol (105) was not detectable in the double mutant atprr1-1 atprr2. Instead, it accumulated a relatively
large amount of (�)-pinoresinol (13b) in 74% e.e. (�11 times WT levels of (�)-lariciresinols (105a/b)), this
being in agreement with the preponderance of the upstream DP-mediated (�)-pinoresinol (13b) formation as
previously discussed (Section 1.23.4.4).

1.23.5.2.5 Tissue localization of PLRs and PRs

Various studies have begun to establish tissue-specific spatial and temporal patterns of gene expression of both
PLRs and PRs. These findings have also provided the required comparative insight with those of pinoresinol-
forming DPs as well.

1.23.5.2.5(i) In situ hybridization of Forsythia PLR: Comparison with DP gene expression PLR_Fi1
localization in F. intermedia tissues was carried out using in situ hybridization.291 As for the (þ)-pinoresinol-
forming DP, the strongest signal intensity was observed in the stems, as compared to leaves, petioles, and roots.
For the stem tissues, the early development stage (first internode) gave labeling in the vascular cambium and
primary phloem, respectively (Figure 26(a)), then later (i.e., from second to twentieth internode) in both ray
parenchyma cells (Figure 26(b)) and vessels adjacent to ray parenchyma (twentieth internode, Figure 26(c)),
in addition to the vascular cambium. For the roots, petioles, and leaves, PLR gene expression was only
associated with meristematic tissues.291

When compared with (þ)-pinoresinol-forming DP gene expression in F. intermedia, both PLR and DP
mRNA expression were overall co-localized in the cambial regions (Figures 14 and 26). The DP mRNAs were
also observed in ray parenchyma cells of the first stem internode stage (Figure 14(b)), whereas, by contrast,
PLR mRNAs, were noted in these same cell types at later stages (Figures 26(b) and 26(c)).238,239 In western red
cedar, however, the (þ)-pinoresinol-forming DP gene expression was evident in both cambial regions, as well
as ray parenchyma cells (Figures 15(a) and 15(c)). Taken together, both the PLR and the DP thus appear to be
restricted to the same cell types, although whether there are more subtle temporal differences in their
individual gene expression patterns cannot be gauged at this time.
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Figure 26 PLR_Fi1 mRNA accumulation in F. intermedia stems at different developmental stages as shown by in situ

hybridization. (a) First stem internode. (b) Second stem internode. (c) Twentieth stem internode. PLR_Fi1 mRNA strongly

accumulated in the vascular cambium regions (vc) (a–c), the ray parenchyma cells (rp) (b and c) and in the vessels (v) adjacent
to the ray parenchyma cells (c). Abbreviations: pp, primary phloem; rp, radial parenchyma; sp, secondary phloem; sx,

secondary xylem; v, vessel; vc, vascular cambium. Bars: 100 mm (a), 60mm (b), and 300mm (c). Reproduced from M. Kwon;

L. B. Davin; N. G. Lewis, Phytochemistry 2001, 57, 899–914. Copyright 2001, with permission from Elsevier.
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1.23.5.2.5(ii) Flax PLR gene expression Spatiotemporal expression of PLR in flax was also investigated
using both semiquantitative RT-PCR and GUS reporter gene (using the PLR_Lu promoter) strategies.292 The
RT-PCR analyses indicated that PLR_Lu expression occurred in the seed coats at all five developmental stages
(10, 16, 20, 24, and 35 days after flowering, respectively), with the highest level being observed at stage 3 of seed
maturation. GUS staining was carried out on both vegetative and reproductive organs. As expected, strong
tissue-specific expression occurred in developing seeds, but not in stems, leaves, and roots (which do not
accumulate SDG-derived lignans to any considerable extent). Gene expression was mainly localized to the seed
coat (Figure 27, seeds shown at stage 3 of maturation), but was not detectable in the embryo (Figures 27(b) and
27(c)). The seed coat is the known site of accumulation of SDG-HMG lignans, such as 219.293

1.23.5.2.5(iii) AtPrR localization in Arabidopsis Quantitative RT-PCR analyses have also been used to
study expression levels of both AtPrR1 and 2 genes in Arabidopsis, with both reportedly expressed at similar
levels in the root tissues, and to a lesser extent, in stems.237

1.23.5.2.6 Structural biology studies: PLR and PLR homolog

Comprehensive structural biology studies of both PLR and a PLR homolog have provided the much needed
insight into their overall catalytic mechanisms, as well as that of the PLR-related proteins (PCBERs, IFRs, and
CESs, discussed later). The PLR and PLR homolog studies include establishing stereospecificity of hydride
transfer resulting in an inversion of product configuration; evidence for presumed involvement of enzyme-
bound quinone methide intermediates; and progress made toward an understanding of the biochemical basis for
distinct enantiospecificities.

1.23.5.2.6(i) Stereospecificity of hydride transfer with resulting inversion of product

configuration Forsythia PLR is a type A reductase, as established when using [4R-3H]- and [4S-3H]-
NADPH as cofactor; only the pro-R hydrogen on the nicotinamide ring of NADPH was abstracted and
transferred to form both (þ)-lariciresinol (105a) and (�)-secoisolariciresinol (110b), respectively
(Figure 28). Moreover, the incoming hydride also took up the pro-R position in the corresponding products.
For example, when (�)-pinoresinols (13a/b) and (�)-lariciresinols (105a/b) were incubated with the Forsythia

PLR in the presence of [4R-2H]-NADPH, the enzymatic products were established to be (þ)-[79R-2H]-
lariciresinol (105a) and (�)-[7R,79R-2H]-secoisolariciresinol (110b), respectively. Furthermore, using (�)-
[7,79-2H2]-pinoresinols (13a/b) and [7,79-2H3]-lariciresinols (105a/b) as substrates and unlabeled NADPH,
NMR spectroscopic analyses of the resulting enzymatic products 105a and 110b also demonstrated that the
incoming hydride took up the pro-R position in the corresponding substrate (Figures 29(b) and 29(d); the
corresponding 1H-NMR spectra of unlabelled 105 and 110 are shown for comparison in Figures 29(a) and
29(c)). From these observations, it was demonstrated that an ‘inversion’ of configuration had occurred at C7 for
(þ)-lariciresinol (105a) and at C7/C79 for (�)-secoisolariciresinol (110b), with the presumed intermediate(s)
being the enzyme-bound quinone methide(s) (Figure 28).269

(c)(b) (d)(a)

Figure 27 Histochemical localization of GUS in flax (L. usitatissimum) containing the PLR_Lu promoter. Cross-sections
of: (a) Flaxseed capsule. (b and c) Seed showing seed-coat stained and unstained embryo. (d) Seed-coat. Bars represent

1 mm. Reproduced with permission from C. Hano; I. Martin; O. Fliniaux; B. Legrand; L. Gutierrez; R. R. J. Arroo; F. Mesnard;

F. Lamblin; E. Lainé, Planta 2006, 224, 1291–1301. Figure 4n–4q. Copyright 2006.
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1.23.5.2.6(ii) Structural biology/substrate versatility studies Based on sequence similarities (and, as dis-
cussed later, structural features as well), PLRs are classified within the somewhat diverse short-chain
dehydrogenase/reductase (SDR) superfamily.266 In general, most SDRs are about 250 amino acid residues in
length, and share many structural similarities, for example, a conserved N-terminal nucleotide cofactor-binding
sequence motif (GXXGXG, the so-called Rossman fold), and a conserved catalytic Lys residue. SDRs, in
general, are able to process a wide range of substrates and may have as little as only 15–30% sequence identity.
However, typically, their tertiary structures/folding patterns are quite similar.294

Of those involved in phenylpropanoid metabolism, the T. plicata PLR (PLR_Tp1) homolog (apo-form), as
well as the modeled PLR_Tp2, were the first to have their X-ray crystal structures determined (at 2.5 Å
resolution for PLR_Tp1, Figure 30(a)).266 Both are dimers as demonstrated by sedimentation equilibrium
experiments (with PLR_Tp1), which gave an apparent molecular mass of 69.9� 0.4 kDa, whereas MALDI-
TOF analysis gave a distinct monomer at 35 096 m/z, as well as a broad less intense dimer centered at �70 099
m/z.266 PLR_Tp2 and the PLR_Tp1 homologs have two functional domains, a conserved nucleotide cofactor-
binding N-terminal domain and a presumed substrate-binding C-terminal domain, with a deep cavity between
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Figure 28 Stereospecificity of hydride transfer during F. intermedia PLR catalysis resulting in proposed formation

of quinone methide intermediate from (þ)-pinoresinol (13a) and inversion of product configuration for (þ)-lariciresinol (105a)

and (�)-secoisolariciresinol (110b). Adapted from A. Chu; A. Dinkova; L. B. Davin; D. L. Bedgar; N. G. Lewis, J. Biol. Chem.
1993, 268, 27026–27033.
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them. The highly conserved catalytic lysine residue (Lys138) was present in the active site and presumed to be
involved in catalysis, this being further established by site-directed mutagenesis,266 where, for example, the
K138A mutant of PLR_Tp1 had its PLR activity abolished.

Substrate/cofactor docking in silico suggested that Lys138 was in close proximity to the phenolic group of
the substrate. Lys138 was thus considered to act as a general base to initiate catalysis, abstracting the phenolic
proton of pinoresinol (13) to facilitate the formation of the putative quinone methide intermediate269

(Figure 31(a)). Hydride addition (from NADPH) at C7 then occurs to afford the first product, lariciresinol
(105), which is envisaged to leave the active site, and then bind again through the phenolic moiety (attached to
the remaining furan group), adjacent to Lys138. A second round of catalysis can then proceed, with the
presumed intermediacy of a second quinone methide as before, and hydride addition at C79 affording
secoisolariciresinol (110). Quinone methide intermediacy was further supported by substrate versatility studies,
where ligballinol (238), medioresinol (239), and syringaresinol (96) were processed as substrates, whereas
sesamin (11) was not; that is, there was an apparent requirement for a free phenolic group in the substrate
thereby enabling quinone methide formation as had been proposed earlier in 1993.269
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Figure 29 Partial 1H NMR spectra of lariciresinol (105) and secoisolariciresinol (110) showing regions for C79/C8/C8

and C7/C79/C9 proton resonances, respectively. (a) Synthetic (�)-lariciresinols (105a/b). (b) Enzymatically synthesized
(þ)-[7,79 S-2H2]lariciresinol (105a) obtained following incubation of PLR_Fi1 with (�)-[7,79 2H2]pinoresinols (13a/b).

(c) Synthetic (�)-secoisolariciresinols (110a/b). (d) Enzymatically synthesized (�)-[7,79 S-2H3]secoisolariciresinol (110a)

obtained following incubation of PLR_Fi1 with (�)-[7,79 S-2H3]lariciresinols (105a/b). Redrawn from A. Chu; A. Dinkova; L. B.
Davin; D. L. Bedgar; N. G. Lewis, J. Biol. Chem. 1993, 268, 27026–27033.
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1.23.5.2.6(iii) PLR and PLR homolog enantiospecificity In general, PLR_Tp2 and PLR_Tp1 display
opposite preferences with regard to substrate enantiomeric forms. From comparison of both structures,

various potential (candidate) residues present in the corresponding active sites were considered as

possibly involved in stipulation of the distinct enantiospecificities observed, that is, Phe164, Ser167,

Val268, and Leu272 in PLR_Tp1, and Leu164, Gly167, Gly267, and Phe271 in PLR_Tp2. To investi-

gate the question of differential enantiospecificity, site-directed mutagenesis of some of these residues (in

both enzymes) was performed, with mutants obtained indeed displaying altered overall enantiospecifi-

cities.270 Interestingly, the G267V PLR_Tp2 mutant protein was almost inactive (<5% of wild-type

PLR_Tp2 activity) with regard to its activity toward (þ)- and (�)-pinoresinols (13a and 13b), whereas

the V268G PLR_Tp1 mutant protein had its enantiospecificity almost completely reversed. However,

this was achieved mainly by abolishing the ability to process (�)-pinoresinol (13b). Thus, the overall

underlying reasons for distinct enantiospecificities are beginning to be understood.

Figure 30 Schematic outlines of the dimeric forms of (a) Thuja plicata PLR_Tp1, (b) Pinus taeda PCBER_Pt1, (c) Medicago

sativa IFR_Ms1, and (d) Ocimum basilicum EGS depicted in ribbon form by alignment of their twofold axes.
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1.23.5.3 Secoisolariciresinol Dehydrogenase

In many plant species, secoisolariciresinol dehydrogenase (SDH) catalyzes the conversion of secoisolaricir-

esinol (110) to matairesinol (10). The latter is, in turn, a central intermediate to numerous 8–89-linked lignans,

such as the aforementioned (�)-podophyllotoxin (1b) and (�)-plicatic acid (112b).

1.23.5.3.1 Discovery of SDH and encoding gene

Using F. intermedia cell-free extracts, radiotracer/stable isotope studies initially established that (�)-secoisolar-

iciresinol (110b) was enantiospecifically converted into (�)-matairesinol (10b) in the presence of NADþ;220,222

the (þ)-enantiomer (110a) was not utilized. This was unambiguously established by the incubation of both (�)-

[9,99-3H]- and (�)-[Ar-2H]-secoisolariciresinols (110a/b) to afford (�)-[9-3H]- and (�)-[Ar-2H]-matairesinol

(10b), respectively. The resulting secoisolariciresinol dehydrogenase (SDH) was also purified (>6000-fold)

from F. intermedia stems, the encoding gene (SDH_Fi321) cloned, and fully functional recombinant protein

expressed in E. coli;295 the corresponding 831-bp cDNA encoded a 277-amino acid protein. Using recombinant

SDH_Fi321, catalysis was observed to occur via intermediacy of (�)-lactol (240b) (Figure 32), indicative of

the bifunctional nature of the SDH-catalyzed transformation. Interestingly, however, (�)-lactol (240b) inter-

mediacy was not detected though when assaying the native F. intermedia SDH.
Additionally, an SDH gene (SDH_Pp7) was isolated from the (�)-podophyllotoxin (1b)-containing species,

Podophyllum peltatum. Following the heterologous recombinant protein expression of the presumed native SDH

in E. coli, and purification to apparent homogeneity, the kinetic parameters (Km and Vmax values) were

determined using (�)-lactol (240b) as the substrate. The apparent Km, Vmax, and kcat/Km values of 160.2,

118 pkatmg�1 protein, and 23 600 mol�1 l s�1 obtained were also consistent with kinetic data for the general

phenylpropanoid pathway enzymes to the monolignols.7

NMR spectroscopic analyses were also employed to establish the stereospecificity of hydride transfer from
(�)-secoisolariciresinol (110b) to [4-2H]-NADþ, and whether this occurred at C-4 of either the pro-R position,

the pro-S position, or both.296 To investigate this further, enzymatic syntheses of both [4R-2H]- and [4S-2H]-

NADH were carried out, as well as that of [4-2H]-NADþ.296 Analysis of [4R-2H]- and [4S-2H]-NADH by 1H

(Figures 33(b) and 33(c)) and heteronuclear multiple-quantum correlation (HMQC)-NMR spectroscopy, and

comparison with natural-abundance NADH (Figure 33(a)), enabled the 4S-proton to be assigned to � 2.65 ppm

and the 4R-proton to � 2.77 ppm.
Further NMR studies of the [4-2H]-NADH generated during dehydrogenation of (�)-secoisolariciresinol

(110b) by SDH established the stereochemistry of hydride transfer. Following incubation of (�)-secoisolar-

iciresinols (110a/b) with partially purified SDH in the presence of [4-2H]-NADþ, the enzymatically generated

(deuterated) NADH was purified and analyzed by 1H- (Figure 33(d)) and HMQC- (not shown) NMR

spectroscopy. The broad doublet signal observed at � 2.63 ppm (J4S�5 3.0 Hz, Figure 33(d)), in addition to

lack of geminal coupling, established the deuterium to be in the 4R position. Thus, the hydride abstracted from

(�)-secoisolariciresinol (110b) and/or (�)-lactol (240b) was added to the pro-S position of [4-2H]-NADþ,

affording [4R-2H]-NADH, thereby establishing SDH as a type B dehydrogenase.
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Figure 32 Reaction catalyzed by secoisolariciresinol dehydrogenase (SDH).
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1.23.5.3.2 Structural biology studies
SDH belongs to the short-chain dehydrogenase (SDR) superfamily. P. peltatum SDH (SDH_Pp7) crystal

structures were obtained in apo-form, as well as their binary and ternary complexes using NADþ and

NADþ/(�)-matairesinol (10b), at 1.6, 2.8, and 2.0 Å resolution, respectively.297 In solution, SDH exists

as a homotetramer (as determined by size-exclusion chromatography and multiangle laser light scatter-

ing), with each subunit having a single �,� domain structure. In its active site, the SDR-conserved

Ser153–Tyr167–Lys171 (the so-called catalytic triad) can apparently function, in combination with the

ribose 29-OH of the cofactor, as a putative proton-relay system (Figures 34(a)–34(c)). These residues

are considered responsible for cofactor binding, with Tyr167 also placed in close proximity to the

alcohol functionality of (�)-secoisolariciresinol (110b) upon binding. Participation of the proposed

catalytic triad was further supported by site-directed mutagenesis of residues Tyr167 and Lys171 to

Ala, which abolished catalytic activity, and Ser153 to Ala, which displayed modest activity.296

The entropically favored NADþ binding is provisionally considered to be further stabilized by hydrogen
bonding between the cofactor ribose 29- and 39-OH groups and Tyr167 and Lys171, respectively

(Figure 34(b)). This, in turn, would favor Tyr167 deprotonation to afford the corresponding phenolate

(which is further stabilized by the neighboring Ser153 hydroxyl group). Tyr167 is thus considered to function

2.62.72.8

C4HR
C4HS(a)

(b)

(c)

(d)

ppm

Figure 33 Partial 1H NMR spectra of NADH showing spectroscopic regions for 4S and 4R protons at C4 of the

dihydropyridine ring. (a) Natural-abundance NADH. (b) [4S-2H]-NADH. (c) [4R-2H]-NADH. (d) Enzymatically synthesized

[4R-2H]-NADH with SDH_Pp7 following incubation with (�)-secoisolariciresinols (110a/b) and [4-2H]-NADþ. Reproduced
from S. G. A. Moinuddin; B. Youn; D. L. Bedgar; M. A. Costa; G. L. Helms; C. Kang; L. B. Davin; N. G. Lewis, Org. Biomol.

Chem. 2006, 4, 808–816. Copyright 2006, with permission from the Royal Society of Chemistry.
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as a general catalytic base, abstracting (or perhaps more accurately influencing the local electronic environment

of) the alcohol proton of (�)-secoisolariciresinol (110b), thereby facilitating intramolecular cyclization to form

(�)-lactol (240b), via concerted transfer of the C9-hydride to the pro-S position of NADþ. The NADH thus

formed is released from the active site, with a second round of catalysis involving a similar process with (�)-

lactol (240b), resulting in formation of the lactone product, (�)-matairesinol (10b), with concomitant hydride

transfer to NADþ as before.

Figure 34 (a) Ternary complex of SDH_Pp7 with NADþ and (�)-matairesinol (10b). (b) The Tyr167 phenolic and

Lys171-protonated amino groups are hydrogen-bonded to 29- and 39-OH of NADH, respectively. (c) Structures of the

substrate-binding pocket of SDH_Pp7 in ternary complex as a stereoview. The catalyt are shown in blue triad residues,
Ser153, Tyr167, and Lys171.
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1.23.5.4 Creosote Bush Lignan Metabolism: Enantiospecific Polyphenol Oxidase

As summarized earlier, the creosote bush (L. tridentata) accumulates only 8–89-linked lignans, such as NDGA
(143). The latter is presumed to form via regiospecific 8–89 coupling of the monomeric precursors, affording
larreatricin (200) and/or other coupled forms (201–203) as possible biosynthetic pathway intermediates. In this
context, (þ)-larreatricin (200a) (but not its (�)-antipode (200b)) was enantiospecifically hydroxylated in vitro

by an L. tridentata polyphenol oxidase (PPO, Figure 35),298 this being in agreement with the observed 92% e.e.
of (�)-larreatricin (200b) in planta.247 Additional reductive steps can thus be envisaged to afford NDGA (143).

The native protein catalyzing C39/C3 hydroxylation was purified (�1700-fold) to apparent homogeneity to
afford, via SDS–PAGE analysis, an �43-kDa protein band. Using the purified PPO from L. tridentata twigs,
hydroxylation at C39 was favored, affording (þ)-39-hydroxylarreatricin (241a) in an �7:1 ratio relative to the
C3-hydroxylated (þ)-3-hydroxylarreatricin (242a).298 Peptide fragments from trypsin digestion of the isolated
protein were analyzed by microcapillary reversed-phase-HPLC nanoelectrospray tandem MS (�LC-MS/MS),
and gave sequences homologous to conserved PPO motifs. The corresponding gene was obtained from a cDNA
library, which encoded an �66-kDa protein. The higher predicted molecular weight (66 kDa vs �43 kDa) was
indicative of posttranslational processing, a feature common to PPOs, this being further confirmed by
comparison of deduced and observed amino acid sequences. Of particular note was the presence of five
histidine residues, His188, 197, 319, 323, and 353, which are considered involved in the binding of the copper
atoms. Larreatricin-39-hydroxylase is the first characterized example of an enantiospecific PPO.

1.23.5.5 Additional (Preliminary) Studies Toward Justicidin B, Hinokinin,
and Podophyllotoxin/6-Methoxypodophyllotoxin Biosynthesis

1.23.5.5.1 Justicidin B

The achiral justicidin B (55) described earlier was first reported in Justicia procumbens,299 and is also found in a
number of Linum species.290,300–306 To begin to establish whether L. perenne PLR (PLR_Lp1, see Section
1.23.5.2.3) was involved in justicidin B (55) biosynthesis, shoot cultures were transformed with Agrobacterium

rhizogenes containing a vector with an RNAi construct for the silencing of the PLR_Lp1 gene.287 From the hairy
roots later obtained (six independent lines and control lines with and without empty constructs), justicidin B
(55) levels were reduced to �24% of control levels, this presumably resulting from the PLR_Lp1 mRNA levels
being partly suppressed. These data are thus provisionally consistent with our earlier projections1 that
pinoresinol (13) serves as a common obligatory intermediate to arylnaphthalenes and so on, via the action of
PLR and other downstream enzymes.

1.23.5.5.2 Hinokinin
(�)-Hinokinin (223b), which can accumulate in L. corymbulosum suspension cultures, differs from (�)-matair-
esinol (10b) via two methylenedioxy bridge additions. Bayindir et al.286 proposed two possible pathways for its
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Figure 35 Reaction catalyzed by enantiospecific PPO, larreatricin-39-hydroxylase, from the creosote bush.
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formation: One from secoisolariciresinol (110) with further modification, and a second (more unlikely one)
from sesamin (11) involving a reductase catalyzing an analogous conversion to that of PLR. L. corymbulosum

shoots were transformed with A. rhizogenes harboring the construct (plr-Lc1-ihpRNAi) for silencing of PLR_Lc1

(see Section 1.23.5.2.3) to generate hairy root cultures as above. The resulting transformed cultures were unable
to produce (�)-hinokinin (223b). No metabolic profiling was, however, reported to indicate whether any
upstream metabolites accumulated, such as (þ)-pinoresinol (13a). Nevertheless, these data were provisionally
consistent with the common intermediacy of PLR and pinoresinol (13) for the biosynthesis of dibenzylbutyro-
lactones, such as 223b, as previously proposed.1

1.23.5.5.3 Podophyllotoxin/6-Methoxypodophyllotoxin

As indicated in the previous sections, (�)-podophyllotoxin (1b) is found in Podophyllum species, and with its
derivative, (�)-6-methoxypodophyllotoxin (194b), is also present in some Linum species. Using Linum flavum

roots that accumulate 194b, the pathway from (þ)-pinoresinol (13a) to (�)-matairesinol (10b) was shown to be
operative.226 It was also established, using mass spectral analyses, that following the uptake of matairesinol (10)
by L. flavum root tissue, and its further metabolism for 6 h, conversion to 7-hydroxymatairesinol (114)
occurred.226 Moreover, when [7-3H]-7-hydroxymatairesinol (114) was also administered to L. flavum roots,
and allowed to be metabolized for 6 h, the radiolabel was incorporated into (�)-6-methoxypodophyllotoxin
(194b), suggesting 114 as a pathway intermediate.

In an apparent contrast to the above results,226 it has been suggested that (�)-deoxypodophyllotoxin (243b)
might serve instead as a common precursor to both (�)-podophyllotoxin (1b) and (�)-6-methoxypodophyllo-
toxin (194b), respectively.307 A presumed deoxypodophyllotoxin 6-hydroxylase was preliminarily
characterized from a crude microsomal preparation obtained from L. flavum cell suspension cultures: It was
able to catalyze the formation of (�)-�-peltatin A (244b) from (�)-deoxypodophyllotoxin (243b),308 with
apparent Km values of 20 and 36 mmol l�1 for 243b and NADPH, respectively (as determined from crude
microsomal preparations). In addition, another crude microsomal preparation from L. album cell suspension
culture was able to convert (�)-deoxypodophyllotoxin (243b) into (�)-�-peltatin A (244b) in the presence of
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NADPH (with apparent Km values of 3 and 41 mmol l�1 for 243b and NADPH, respectively).288 No other

kinetic data were, however, obtained.
In any event, the complete pathway to 1b/194b still remains to be elucidated, that is, in terms of the various

hydroxylations, O-methylation, and methylenedioxy bridge-forming steps, as well as for aryltetrahydro-

naphthalene ring formation.
Additionally, a presumed �-peltatin 6-O-methyltransferase was preliminarily detected in cell suspension

cultures of Linum nodiflorum, which converted �-peltatin A (244b) into �-peltatin A methylether (245b).

Apparent Km values were estimated (using proteins recovered after (NH4)2SO4 precipitation) as 40 and

15 mmol l�1 for 244b and S-adenosyl methionine, respectively. Neither matairesinol (10), nor pinoresinol

(13), nor podophyllotoxin (1), apparently served as substrates.307 To date, however, none of these enzymes has

been purified and/or the encoding genes cloned.

1.23.6 Other Phenylpropanoid Coupling Modes: 8–29, 8–39 (8–59),
and 8–O–49-Linked Lignans

Although many additional coupling modes in lignans are evident (see Section 1.23.3.2) from the different

skeletal types and optical activities reported, most studies have thus far focused mainly on the formation of the

8–89-linked lignans. Nevertheless, the generation of other optically active skeletal types can be envisaged to

occur through DP-assisted coupling of two radical intermediates, although whether they are derived from

monolignols, allylphenols, or hydroxycinnamic acids, and/or combinations thereof to generate different linkage

modes is currently unknown.
Interestingly, DP participation has been reported as involved in the formation of the toxic chiral (atropi-

someric) (þ)-gossypol (247a),309 a terpenoid derived from the coupling of the achiral precursor hemigossypol

(246) in moco cotton (Gossypium hirsutum L. var. marie galante) flower petals. The optical activity in this case

results from restricted rotation around the C–C biphenyl linkage (Figure 37). When laccase/O2 were added to

partially purified and presumed DP-enriched fractions from flower petals, the e.e. of product formation

increased to �65% (from being 59% without laccase/O2), with the overall amounts of (þ)-gossypol (247a)

also increased. This contrasts with one-electron oxidation of hemigossypol (246) in vitro, which produces only

the racemic products (�)-247a/b. These data, therefore, suggest involvement of DPs beyond the phenylpro-

panoid pathway, albeit still utilizing phenolic substrates.

OH

HO

HO

H O

OHHO

HO
H

O

HO OH

OH
H

O

(246) Hemigossypol

(247a) (+)-Gossypol

1e− oxidant
"DP"

OH

HO

HO

H O
OH

OH

OH

HO

(247a/b) (±)-Gossypols

1e− oxidant

(a)

(b)

Figure 37 Stereoselective and non-stereoselective formation of gossypol (247) from hemigossypol (246).

(a) Stereoselective: presence of an 1e� oxidant and a putative dirigent protein (DP) in cotton flower petals to afford
(þ)-gossypol (247a).309 (b) Non-stereoselective: presence of 1e� oxidant affording (�)-gossypols (247a/b).
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Some of the other coupling modes described earlier in the chemotaxonomical analysis of lignans have been
preliminarily investigated from a biochemical perspective, as summarized below.

1.23.6.1 8–29 Coupling

The optically active 8–29-linked lignans, (�)-(Z/E)-blechnic acids (248b/99b), and its derivative (�)-E-
brainic acid (102b), in the fern Blechnum spicant were demonstrated to be derived from labeled [U-14C]-,
[1-13C]-, [2-13C]-, and [3-13C]-Phe (2), as well as [9-14C]-cinnamic (249), [8-14C]- and [8-13C]-p-coumaric
(250), and [8-13C]-caffeic (56) acids in vivo.138 Based on the incorporation data obtained, (�)-Z-blechnic
acid (248b) was apparently the initial coupling product (Figure 38), with further metabolism affording both
(�)-E-blechnic acid (99b) and (�)-E-brainic acid (102b). The proteins/enzymes involved in these transforma-
tions, as well as the corresponding encoding genes, have not yet been reported. One possible is that they involve
either DP- or DP-like-mediated conversions.

1.23.6.2 8–39 (8–59) Coupling

In Piper regnellii, the 8–39-linked lignans (þ)-conocarpan (16a) and (�)-epi-conocarpan (188b), as well as fully
conjugated derivatives such as 191, accumulate in the leaf and root tissues.310 Of these, (þ)-conocarpan (16a)
formation was envisaged in preliminary studies to result through 8–39 regio- and stereoselective coupling of
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two p-anol (21) moieties (Figure 39). While of interest, these preliminary studies have not yet established the
nature of the proteins and enzymes involved. Again, how this either compares or differs with the above
DP-mediated processes will be important to determine.

1.23.6.3 8–O–49 Coupling

Eucommia ulmoides reportedly produces diastereoselectively coupled 8–O–49-linked lignans, with the stereoche-
mistries at positions 7 and 8 being of particular interest, in terms of how they are controlled. For example,
coniferyl alcohol (91) was preferentially converted into the optically active 8–O–49-linked (þ)-erythro- and (�)-
threo-guaiacylglycerol coniferyl alcohol ethers (115, in an�3:2 ratio, Figure 40) using E. ulmoides cell-free extracts
containing a presumed insoluble cell wall residue preparation in the presence of H2O2.

311 Similarly, sinapyl
alcohol (94) was apparently also metabolized to preferentially afford both (þ)-erythro- and (�)-threo-syringylgly-
cerol sinapyl alcohol ethers (252), in an�10:1 ratio.312 Furthermore, young excised E. ulmoides shoots offered both
coniferyl (91) and sinapyl (94) alcohols formed guaiacylglycerol sinapyl alcohol ether (251) in a �2.4:1 erythro/
threo ratio.313 The biochemical factor(s) controlling diastereoselective coupling, including involvement of possible
DP protein(s), await further clarification.

1.23.7 Allylic (Phenylpropenal) Double Bond Reductases and Phenylcoumaran
Benzylic Ether Reductases

1.23.7.1 Allylic (Phenylpropenal) Double Bond Reductases: Biosynthesis of Dihydrolignans
and Dihydromonolignols

As far as current chemotaxonomical information permits, the evolutionarily earliest known example of
dihydrolignans (i.e., lignans with saturated side-chains) is in the ferns (e.g., 103a and 104b in P. vittata139),
with this structural motif sporadically reoccurring in the gymnosperms and angiosperms. Metabolites with
reduced side-chains now encompass not only 8–59-linked lignans, but those that are 8–O–49-linked (e.g., 116
and 117) as well as various monomeric phenylpropanoids. That is, P. glauca shoots and galls accumulate,
among other phenolics, dihydrodehydrodiconiferyl alcohol (103) and its demethylated derivative 116, dihy-
droconiferyl alcohol (119), dihydro-p-coumaric acid (253), and dihydroferulic acid (255), as well as the
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Figure 39 Putative biosynthetic pathway to 8–39-linked (þ)-conocarpan (16a) in Piper regnellii.
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corresponding glucosides 254/256.161 While the main function of these natural products appear to be in plant
defense (see Section 1.23.10.2), dihydro-p-coumaryl aldehyde (257) was also proposed as a precursor of the
phenethylisoquinoline alkaloid, colchicine (258), in Colchicum byzantinum and Colchicum autumnale.314
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1.23.7.1.1 Discovery of allylic (phenylpropenal) double bond reductases and gene

cloning: Loblolly pine (Pinus taeda)

Biosynthetic studies to dihydrolignans and dihydromonolignols began with observations made using P. taeda

cell cultures elicited with an 8% sucrose solution. Under these conditions, which result in phenylpropanoid

pathway induction, dihydrodehydrodiconiferyl alcohol (103) was isolated from the complex mixture of soluble

phenolics accumulating in the cell bathing medium.147 Using a partially purified protein preparation from this

source, the NADPH-dependent conversion of dehydrodiconiferyl alcohol (14) into dihydrodehydrodiconiferyl

alcohol (103) was demonstrated.315,316 Ultimately, three predominant coeluting protein bands were separated

using SDS–PAGE, with trypsin digestion and peptide sequencing leading to the identification of cinnamyl

alcohol dehydrogenase (CAD), the last enzymatic step involved in monolignol biosynthesis, a fructose-bispho-

sphate aldolase, and an �39-kDa protein of undetermined function.
The full-length cDNA clone for the latter was obtained, which encoded an �38.7-kDa NADPH-dependent

protein that was subsequently expressed in E. coli, albeit mainly in an insoluble form. The reductase was,

however, unable to catalyze the NADPH-dependent side-chain reduction of either dehydrodiconiferyl (14) or

coniferyl (91) alcohols directly. Based on the earlier protein assays, which contained this protein and CAD, it

was both deduced and then established using recombinant protein that the actual substrates for the reductive

transformations in the P. taeda cell cultures were dehydrodiconiferyl aldehyde (259) and coniferyl aldehyde

(262), respectively, to afford 260 and 263 (Figure 41). The gene encoding this protein was thus named

PtPPDBR (P. taeda phenylpropenal double bond reductase).
This finding thus apparently differed from another preliminary report indicating that coniferyl aldehyde

(262) could be converted in vitro into coniferyl (91) and dihydroconiferyl (119) alcohols, in the presence of

NADPH, using a microsomal preparation from developing xylem of Pinus strobus.317 That study instead

suggested, based on the data obtained, the involvement of a cytochrome P-450.
Based on the data above, the functionally operative enzyme isolated from the P. taeda cell culture was

an NADPH-dependent phenylpropenal double bond reductase (PtPPDBR).315,316 Comprehensive kinetic

parameters could not be measured, however, due to poor expression levels of recombinant PtPPDBR.

Such data still need to be obtained, though, in order to assess its relative efficacy in the overall

phenylpropanoid pathway.
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Figure 41 Reactions catalyzed in vitro by allylic double bond reductases from loblolly pine (Pinus taeda) and Arabidopsis

thaliana.
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1.23.7.1.2 mRNA tissue localization of PtPPDBR in loblolly pine

Pinus taeda PPDBR mRNAs were also localized in various stem tissues using in situ hybridization.316 These
were detected in the vascular cambium, radial parenchyma cells of the xylem, and axial parenchyma cells of the
cortex of young (just below the apical meristem, Figure 42(a)) and more mature P. taeda stems (Figures 42(b)
and 42(c)). Localization to the vascular cambium and radial parenchyma cells thus correlated well with mRNA
localization of DP in F. intermedia and T. plicata, as well as that of PLR in F. intermedia. That is, the PtPPDBR
mRNA localization co-occurs in cell types known to be involved in lignan biosynthesis.

1.23.7.1.3 Allylic double bond reductase homologs: eleven-membered multigene family

in Arabidopsis
Based on sequence comparisons of PtPPDBR with homologs in the A. thaliana genome, a very provisional
annotation of an 11-membered alkenal double bond reductase (AtDBR) multigene family was made,318 based
on an �63/43% amino acid similarity/identity to PtPPDBR. It was, therefore, of interest to clone each of the
encoding genes, in order to obtain the corresponding recombinant proteins in E. coli and assess their potential
phenylpropenal reductase activities. Of the 11 recombinant proteins (obtained as His-tag fusion proteins),
AtDBR1, 8, and 9 were catalytically competent to reduce substrates such as p-coumaryl (261) and coniferyl
(262) aldehydes, to the corresponding (propyl) single bond derivatives, 257 and 263, with AtDBR1 and 9 also
able to reduce caffeyl aldehyde (264) to a lesser extent. Of these, AtDBR1 was further characterized with its
kinetic parameters determined for 261 and 262: The Km, kcat, and kcat/Km values were 0.53/0.41 mmol l�1,
2.82/0.43 s�1, and 5360/1060 mol�1 l s�1, respectively. None of the other tested phenylpropanoid aldehydes
(5-hydroxyconiferyl (265) and sinapyl (266) aldehydes), carboxylic acids (56, 249, 250, 267–269), alcohols
(91, 94, 199, 270, 271), or dehydrodiconiferyl aldehyde (259) served as substrates for side-chain reduction in

vitro.

CHO

OH

R1R2

CO2H

OH

R1

(250) R1, R2
 = H, p-Coumaric acid

  (56) R1
 = OH, R2

 = H, Caffeic acid
(267) R1

 = OMe, R2
 = H, Ferulic acid

(268) R1
 = OMe, R2

 = OH, 5-OH Ferulic acid
(269) R1, R2

 = OMe, Sinapic acid

R2

OH

R1

(199) R1, R2
 = H, p-Coumaryl alcohol

(270) R1
 = OH, R2

 = H, Caffeyl alcohol
  (91) R1

 = OMe, R2
 = H, Coniferyl alcohol

(271) R1
 = OMe, R2

 = OH, 5-OH Coniferyl alcohol
  (94) R1, R2

 = OMe, Sinapyl alcohol

R2

OH

(261) R1, R2
 = H, p-Coumaryl aldehyde

(264) R1
 = OH, R2

 = H, Caffeyl aldehyde
(262) R1

 = OMe, R2
 = H, Coniferyl aldehyde

(265) R1
 = OMe, R2

 = OH,  5-OH Coniferyl aldehyde
(266) R1, R2

 = OMe, Sinapyl aldehyde

Following the PtPPDBR work, AtDBR1 was later reported as able to convert 4-hydroxy-(2E)-nonenal
(4-HNE, 272) into 4-hydroxynonanal (4-HNA, 273, Figure 43) in vitro.320 However, in our hands, this occured
with much lower enzymatic efficacy (Km of 0.28 mmol l�1, kcat of 0.16 s�1, and kcat/Km of 620 mol�1 l s�1)
relative to p-coumaryl aldehyde (261).318 4-HNE (272) was considered as a potential substrate, since
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it is a well-characterized lipid peroxidation product that can induce apoptosis; reduction leads to 4-HNA (273),
which is thought to participate in 4-HNE (272) detoxification in vivo. It is important to emphasize that, while
enzymatically catalyzed conversions have been demonstrated in vitro, the true physiological substrate(s) of
AtDBR1 in Arabidopsis and its role in vivo remain uncertain. Indeed, a similar situation currently holds for all
members of this multigene family in Arabidopsis.

In summary, both PtPPDBR and AtDBR1 were demonstrated in vitro to be able to catalyze the addition of an
NADPH-derived hydride to the (side chain) double bond of a conjugated propenal (e.g., 261 and 262), but not
of the monolignols (e.g. 199, 91). Other related double bond reductases have also been described with similar
structural motif requirements. For example, Artemisia annua artemisinic aldehyde reductase can reduce the
aldehyde-conjugated �11(13) double bond of artemisinic aldehyde (274) into 275, but not that of artemisinic
alcohol (276, Figure 44(b)),321 and (þ)-pulegone reductase from Mentha piperita (amino acid identities of 42%
to PtPPDBR and 63% to AtDBR1) can convert 277 into 278 and 279322 (Figure 44(b)). The reported enzymes
thus have similar biochemical functions, in terms of requiring the substrate to have a conjugated enone system.

1.23.7.1.4 Structural biology studies: Arabidopsis DBR1

AtDBR1 is a homodimer in solution, as determined by size-exclusion chromatography, as well as by static and
dynamic multiangle light scattering.318 It is a member of the zinc-independent family of medium-chain
dehydrogenases/reductases (MDR), with a nucleotide-binding Gly-rich motif. Its closest structural homolog
in the protein database is presently 12-hydroxydehydrogenase/15-oxo-prostaglandin 13-reductase (12-HD/
PGR) from guinea pig.

Recombinant AtDBR1 was studied to establish its catalytic mode of action. In this context, crystal structures
at 2.5 – 2.8 Å resolution were obtained in apo-form, as well as binary and ternary complexes with NADPþ in the
absence and presence of either potential substrates, p-coumaryl aldehyde (261, Figure 45) or 4-HNE (272),
respectively.

Mechanistically, the highly conserved residue (Tyr260 in AtDBR1) is considered hydrogen-bonded to
the aldehyde oxygen of the substrate, and is thus thought to act as a general acid during catalysis. The
proposed catalytic mechanisms for AtDBR1318 (Figures 46(a) and 46(b)), and by extension PtPPDBR, as
well as the related HD/PGR are thus very similar.323 For AtDBR1, an enolate/carbocation intermediate
can be envisaged to be generated via double bond migration, followed by the addition of the hydride from
NADPH to the carbocation at either C7 from p-coumaryl aldehyde (261, Figure 46(a)) or C3 from 4-

Figure 42 PtPPDBR gene expression localization in P. taeda stems at different developmental stages. (a) Transversal

cross-section of meristematic region; (b and c) transversal (b) and longitudinal (c) cross sections of a young stem.
Abbreviations: ap, axial parenchyma cells; p, pith; rp, radial parenchyma cells; vc, vascular cambium. Bars: 50mm.

Reproduced from H. Kasahara; Y. Jiao; D. L. Bedgar; S.-J. Kim; A. M. Patten; Z.-Q. Xia; L. B. Davin; N. G. Lewis,

Phytochemistry 2006, 67, 1765–1780. Copyright 2006, with permission from Elsevier.
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Figure 43 Reaction catalyzed by AtDBR using HNE (272) as substrate.
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HNE (272, Figure 46(b)). Ultimately, the adjacent carbon (C8 in p-coumaryl aldehyde (261) or C2 in 4-

HNE (272)) is protonated by solvent with re-formation of the aldehydic moiety. An alternative concerted

mechanism (Figures 46(c) and 46(d)), however, cannot be ruled out. Hydride addition (to either C7 of p-

coumaryl aldehyde (261) or C3 of 4-HNE (272)) could lead directly to double bond migration and

protonation of the carbonyl oxygen with Hþ from Tyr260, to form an enol as product, which would then

undergo tautomerism to yield the aldehydes 257 or 273.

O O

HO

(274) Artemisinic aldehyde (275) Dihydroartemisinic aldehyde

(276) Artemisinic alcohol

NADPH

NADP+

O NADPH

NADP+
O O

and

(277) Pulegone (278a) (+)-Isomenthone (279b) (–)-Menthone

(a)

(c)

(b)

Figure 44 Reactions catalyzed by other NADPH-dependent double bond reductases in vitro. (a) Artemisinic aldehyde

reductase from Artemisia annua. (b) Structure of artemisinic alcohol (276). (c) (þ)-Pulegone reductase from Mentha piperita.

Figure 45 (a) Crystal structure of AtDBR1 ternary complex. (b) Stereoview of the substrate-binding pocket of AtDBR1
(viewed from the bulk solvent) in the ternary complex with NADPþ and p-coumaryl aldehyde (261). The participating residues

in the binding substrate and cofactor are shown with their residue position numbers. The residues are depicted in light blue

and yellow to represent their belonging to two different subunits.
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In summary, while these data provide good insight into the overall catalytic mechanism of allylic double
bond reductases, it must be emphasized that the actual physiological roles of the AtDBR multigene family (11

members) still remain to be fully established.
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Figure 46 Proposed mechanisms for AtDBR1-catalyzed double bond reduction of p-coumaryl aldehyde (261) (a, c) and 4-

HNE (272) (b, d). (a), (b) Hydride addition to an enolate carbocation intermediate Reproduced from B. Youn; S.-J. Kim; S. G. A.

Moinuddin; C. Lee; D. L. Bedgar; A. R. Harper; L. B. Davin; G. Lewis; C. Kang, J. Biol. Chem. 2006, 281, 40076–40088. (c), (d)
Concerted hydride addition to give the enol form of the product, with subsequent tautomerization to afford the final aldehyde.
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1.23.7.2 PLR Homologs: Phenylcoumaran Benzylic Ether Reductases, Isoflavone
Reductases, and Pterocarpan Reductases

8–59-Linked lignans (e.g., dihydrodehydrodiconiferyl alcohol triacetate (280, Figure 47(a))) can co-occur with

the phenylcoumaran benzylic ether-reduced homolog, tetrahydrodehydrodiconiferyl alcohol tetraacetate

(118) in the needles of the gymnosperm C. japonica.160 Reduction of the 7–O–49 interunit linkage can thus be

envisaged to occur through a similar biochemical process to that of PLR, that is, via presumed quinone methide

intermediacy with hydride attack at C7.
Using Forsythia PLR cDNA as a probe, a PLR homolog was obtained from a P. taeda cell suspension cDNA

library, this having �45% amino acid identity to the Forsythia PLR_Fi1. Its full-length cDNA (PCBER_Pt1),

which encoded for a 33.6-kDa protein was obtained, with the corresponding recombinant native protein expressed

in E. coli.265 This was demonstrated to catalyze in vitro the NADPH-dependent reduction of the racemic

phenylcoumaran lignans, (�)-dehydrodiconiferyl alcohols (14a/b), and (�)-dihydrodehydrodiconiferyl alcohols

(103a/b), into the corresponding racemic 7–O–49-reduced products, (�)-isodihydrodehydrodiconiferyl alcohols

(IDDC, 229a/b), and (�)-tetrahydrodehydrodiconiferyl alcohols (TDDC, 281a/b) (Figure 47(b)). The protein

was thus ‘provisionally’ named phenylcoumaran benzylic ether reductase (PCBER), to reflect the mode of
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Figure 47 (a) (�)-Dihydrodehydrodiconiferyl alcohol triacetate (280a/b) and (�)-tetrahydrodehydrodiconiferyl alcohol

tetraacetates (118a/b) from Cryptomeria japonica needles. (b) Reactions catalyzed by Pinus taeda phenylcoumaran benzylic

ether reductase, PCBER.
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catalysis detected, and was established to be a type A reductase (as for PLR and IFR). Interestingly, the
recombinant PCBER was able to reduce both enantiomers of the respective substrates tested into their racemic
products, thereby differing from PLR in terms of being regioselective, but not enantiospecific.265 Two homologs
(PCBER_Cj79 and PCBER_Cj80) were also obtained from a C. japonica leaf cDNA library using PCBER_Pt1 as a
probe, these having �83 and 87% similarity and �72 and 80% identity to PCBER_Pt1, respectively (H.
Kasahara, unpublished results).

While the recombinant PCBER product formation matched that present in P. taeda cell suspension
cultures and C. japonica, the kinetic parameters obtained made the physiological function or functions
tentative as repeatedly emphasized.8,265 That is, kinetic parameters using (�)-dehydrodiconiferyl alcohols
(14a/b) and (�)-dihydrodehydrodiconiferyl alcohols (103a/b) as potential substrates were very low for
PCBER_Pt1 with Km, Vmax, and kcat/Km values of 0.61/1.95 mmol l�1, 0.029/0.016 pkat mg�1 protein, and
1.59/0.27 mol�1 l s�1 respectively. PLR substrates, (�)-pinoresinols (13a/b), however, were not efficiently
processed by PCBER from either the P. taeda source or when using another PCBER homolog from Populus

trichocarpa.265

1.23.7.2.1 Tissue localization

Localization of the putatively annotated PCBER was carried out at the tissue and cellular levels using
polyclonal antibodies raised against both the P. taeda291 and P. trichocarpa324 enzymes. In P. taeda seedlings, it
was apparently localized in the vascular cambium/differentiating secondary xylem regions of young develop-
ing shoots (tip of seedlings, Figure 48(a)), and in fully differentiated axial and radial parenchyma cells. It was
also detected in the vascular cambium of mature woody stems (base of seedling, Figure 48(b)).291 In
P. trichocarpa, the putative PCBER was also localized in differentiating xylem, in young differentiating fibers
and ray parenchyma cells both in juvenile (greenhouse-grown poplar) and mature (field-grown tree) wood.324

Interestingly, it was considered to be the most abundant protein in P. trichocarpa secondary xylem, as demon-
strated by two-dimensional gel electrophoresis.325

These data were thus again provisionally consistent with a role for the putatively annotated PCBER in
lignan deposition, although other possibilities could not be ruled out. As repeatedly emphasized,8,265 other
substrates and functions for PCBERs also need to be considered. In this respect, there is the possibility that
PCBERs might have multiple catalytic functions (see Section 1.23.9).

1.23.7.2.2 Structural biology studies of PLR homologs: PCBER, IFR, and pterocarpan

reductases

Availability of recombinant PCBER provided an opportunity to consider its catalytic mechanism, as well as
that of the related IFR. A PCBER_Pt1 crystal structure was thus obtained in apo-form (at 2.2 Å resolution)

Figure 48 PCBER localization in P. taeda (1-year-old) seedlings. (a) PCBER in developing xylem regions of young green

shoots. (b) PCBER was mainly present in axial and radial parenchyma cells, as well as in vascular cambium regions of basal

stem sections. Abbreviations: ap, axial parenchyma; dx, developing xylem; p, pith; rp, radial parenchyma; vc, vascular

cambium. Bars: 70mm (a) and 400mm (b). Reproduced from M. Kwon; L. B. Davin; N. G. Lewis, Phytochemistry 2001, 57, 899–
914. Copyright 2001, with permission from Elsevier.
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(Figure 30(b)), and not unexpectedly was similar to those of PLR_Tp2 and PLR_Tp1 (Figure 30(a)):
PCBER_Pt1 also contained two domains separated by a cleft, with a conserved nucleotide cofactor-binding
Rossman fold motif. As before, the highly conserved Lys134 residue was present in the active site,
indicative of its conserved role during catalysis and the intermediacy of a presumed quinone methide
(Figure 31(b)).

Another related protein, the Medicago sativa isoflavone reductase (IFR_Ms1) had high sequence homology to
both PLR_Tp1 and PCBER_Pt1 (67/72% similarity and 44/55% identity). X-ray crystal structures from both
were used to model, in silico, the 3D IFR_Ms1 structure.266 Interestingly, energy minimization did not lead to
significant changes from initial structural coordinates, with the extra residues of IFR falling into disordered
loop regions. The structural features for PLR_Tp1 and PCBER_Pt1 were also evident in IFR_Ms1, for
example, a Rossman fold motif, as well as the conserved Lys144 residue in the active site. The X-ray structure
has also been confirmed by others (Figure 30(c)).326

The proposed IFR mechanism does not, however, involve a quinone methide intermediate via abstraction of
a phenolic proton (as with PLR and PCBER). On the other hand, the conjugated enone system in the substrate
(e.g., 230) can undergo hydride addition, presumably to give an enol product, which then affords the more
stable ketone tautomer (231) in solution (Figure 31(c)).

Interestingly, however, the isoflavonoid (�)-medicarpin (232b) can undergo a NADPH-dependent reduc-
tion to afford (�)-vestitol (233b) (Figure 31(d)). This reaction is catalyzed by pterocarpan reductase (PTR),
and is considered to proceed via a quinone methide intermediate (Figure 31(d)).327 All of the above reductases
(PLRs, PCBERs, IFRs, and PTRs), together with leucoanthocyanidin reductases (LACRs), apparently form a
phylogenetically and structurally related family of enzymes.

1.23.8 Norlignan Biosynthesis

While C8-decarboxylated norlignans, such as compounds 82–87 (Section 1.23.3.2.1), are found in bryophytes,
most norlignans reported so far are from gymnosperms and angiosperms. For example, the gymnosperm C.

japonica accumulates various 8–79-linked norlignans, such as (E)-hinokiresinol (123), agatharesinol (121),
cryptoresinol (122), and sequirin B (124).142 The angiosperm asparagus, Asparagus officinalis, on the contrary,
biosynthesizes the isomeric (Z)-hinokiresinol (174), as well as the presumed norlignan derivatives, the
acetylenic alkyl–phenyl ethers, asparenydiol (178) and its O-methylated derivatives, asparenyol (179) and
asparenyn (180).207,328

1.23.8.1 Hinokiresinol: Discovery of Biochemical Pathway, Encoding Genes, and Enzymes

The biosynthesis of (E/Z)-hinokiresinols (123/174) is now quite well understood, beginning with
findings from radiolabeled precursor experiments using cell-free protein extracts from both A. officinalis

and C. japonica.168,207,329,330 Initially, the hinokiresinol isomers (123/174) were considered derived from
two non-identical phenylpropanoid moieties, p-coumaryl alcohol (199) and a p-coumaroyl derivative
(i.e., CoA ester 282),329,330 with this later being extended to p-coumaryl coumarate (235) as the
presumed precursor.168 Following consideration of possible biosynthetic mechanisms from 235 to (Z)-
hinokiresinol (174) (Figure 49) initially from our laboratory2 and then the Umezawa laboratory,207 it
was envisaged that a somewhat analogous process to allyl-/propenylphenols might be occurring (see
Section 1.23.9.1).

Following initial precursor administration experiments, hinokiresinol synthase (HRS) was later purified
from A. officinalis elicitor-treated cells.207 After a six-step column chromatographic protocol, native PAGE
suggested that it had been purified to apparent homogeneity, although SDS–PAGE gave two bands at �21
and 23 kDa, respectively. Peptidase treatment, followed by HPLC purification and amino acid sequencing
of the fragments obtained, suggested that both proteins were similar, these being named HRS� and HRS�.
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The corresponding sequenced fragments were then used to obtain full-length cDNAs, with these encoding
�20.4- and 19.8-kDa proteins for HRS� and HRS�, respectively. In silico searches indicated that several
homologs in literature databases were annotated as either phloem protein 2 (PP2) or PP2-like, but with no
known physiological/biochemical function(s). Nevertheless, these form a gene superfamily of which HRSs
is part of a clade: HRS� and HRS� were also �49% identical to each other based on amino acid
sequence, and the corresponding fully functional recombinant proteins were expressed in E. coli as His-tag
proteins.

Interestingly, recombinant HRS� and HRS� when individually assayed with p-coumaryl coumarate
(235), afforded (E)-hinokiresinol (123). By contrast, A. officinalis accumulated the corresponding Z-isomer
174, and the native HRS preparation also catalyzed the formation of this isomer as well. The (Z)-isomer was,
however, produced when both HRS� and HRS� isoforms were assayed together in an 1:1 ratio. These data,
together with gel filtration analysis, suggested that A. officinalis HRS was a heterodimer of HRS� and HRS�.
Kinetic parameters for the HRS heterodimer gave an apparent Km of 0.44 mmol l�1, a Vmax of �0.075 pkat
mg�1 protein, a kcat of �1.5� 10�3 s�1, and a kcat/Km of �3400 mol l�1 s�1 for p-coumaryl coumarate (235)
(considering one active site per monomer). The kinetic data were thus also consistent with those of
monolignol-related pathway enzymes as indicated earlier.

From a mechanistic perspective, HRS catalysis (Figure 49) involves decarboxylation and 8–79 bond
formation, and requires no additional cofactors. Four mechanisms have now been proposed as possible:
an ester enolate Claisen rearrangement (Figure 49(a)); either a concerted (Figure 49(d)) or a two-step
(Figure 49(b)) molecular rearrangement; and/or an ester cleavage followed by bimolecular coupling
(Figure 49(c)).2,207 In three of these mechanisms (Figures 49(a)–49(c)), a putative quinone methide
intermediate is considered to be generated.

1.23.8.2 Agatharesinol

Agatharesinol (121) is a norlignan closely related structurally to (E)-hinokiresinol (123), differing only by the
addition of two hydroxyl groups to the pendant olefinic moiety. It is constitutively found in C. japonica

heartwood, but its formation can also be induced in sapwood tissue, since sapwood from freshly felled trees,
when allowed to stand at room temperature, slowly generates agatharesinol (121).

Somewhat surprisingly, agatharesinol (121) biosynthesis has been reported as not involving (E)-
hinokiresinol (123) as an intermediate,331 although this was not actually proven in these studies. Using
the norlignan-inducible sapwood tissue, administration of [ring-2H]-Phe (2), [ring-13C]-(E)-cinnamic acid
(249), [9-2H2]-p-coumaryl alcohol (199), and [9-2H2]-(E)-hinokiresinol (123) gave somewhat conflicting
results.331,332 While [ring-2H]-Phe (2) and [ring-13C]-(E)-cinnamic acid (249) were intactly incorporated
into agatharesinol (121), [9-2H2]-p-coumaryl alcohol (199) was only converted into
[99-2H2]-(E)-hinokiresinol (123) but not agatharesinol (121). On the other hand, uptake of [7-2H]-(E)-
hinokiresinol (123) did not afford deuterium-labeled agatharesinol (121), prompting these researchers to
conclude that a different biosynthetic pathway to (E)-hinokiresinol (123) must be operative.

This conclusion cannot, however, be made from such data: For example, both [9-2H2]-p-coumaryl alcohol
(199) and [7-2H]-(E)-hinokiresinol (123) may simply not have been efficiently translocated to the site(s) of
agatharesinol (121) biosynthesis, whereas both [ring-2H]-Phe (2) and [ring-13C]-(E)-cinnamic acid (249) were.

Interestingly, immunolocalization of agatharesinol (121) was examined in C. japonica heartwood
tissue,333 using bovine serum albumin-linked agatharesinol (121) to raise polyclonal antibodies from
rabbits.334 The antiserum so obtained detected agatharesinol (121) in ray parenchyma cells of heartwood,
as well as in inner walls of some of the adjacent tracheid cells333 (Figure 50). This finding was the first
immunolocalization study of a heartwood (norlignan) compound, even though it is well known that
lignans accumulate in such cell types.

1.23.8.3 Acetylenic Norlignans

The biosynthetic pathways to the more unusual acetylenic norlignans found in A. officinalis and Hypoxis spp. are
less well understood, although preliminary radiolabeling precursor studies have been performed. Hypoxis corms
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were established to be the main sites of hypoxoside (182) biosynthesis335 with whole plants able to incorporate

radiolabeled Phe (2), cinnamic acid (249), p-coumaric acid (250), caffeic acid (56), and acetate into hypoxoside

(182) – albeit with different efficacies.336,337 Detailed incorporation studies with stable isotope-labeled pre-

cursors in A. officinalis also established that both aromatic rings (as well as the butyne moiety) of asparenyn

(180), asparenyol (179), and asparenydiol (178) were shikimic acid-derived through Phe (2).211,338,339 A

preliminary biosynthetic sequence for their formation was proposed (but without experimental confirmation)

to involve a hinokiresinol (123/174)-like skeleton and a spiro intermediate.211 To date, no enzymes or genes

have yet been reported for their formation.

1.23.9 Allyl-/Propenylphenol Biosynthesis

As indicated earlier (Section 1.23.3.1), allyl-/propenylphenol biosynthetic pathways are present in a wide

range of plant species from algae (at least provisionally), to the hornworts and liverworts, to the ferns,

gymnosperms, and angiosperms. The apparently sporadic distribution of their occurrence, however, raises

the possibility that their biochemical pathway or pathways may have evolved independently at different

times. This section now addresses deduction of the biochemical pathway(s) to this most interesting class

of monomeric – and frequently dimeric – natural products, and some of the twists and turns that

occurred.
As previously discussed, one potential complication, at least from a chemotaxonomical perspective, is that

monomeric allyl-/propenylphenols are often found in near trace amounts. Indeed, such occurrences are

generally only reported in tabular form as very minor constituents of complex mixtures of terpenoids and

the like. This is a complication because such reports are currently more difficult to trace in the literature when

documented in this way. Nevertheless, the recent discovery of their biochemical pathways raises another

interesting issue. This is in terms of some of the enzymes involved being rather substrate versatile, and thus

perhaps able to participate in apparently unrelated (multiple) biochemical pathways. This potentially adds yet

another level of complexity to this branch of plant metabolism.

Figure 50 Immunolocalization of agatharesinol (121) in Cryptomeria japonica. (a), (b) Cross-section of heartwood tissue

treated with (a) antiagatharesinol antiserum and (b) pre-immune serum. (c) (d) Tangential section of heartwood tissue treated

with (c) antiagatharesinol antiserum and (d) pre-immune serum. Reproduced from T. Nagasaki; S. Yasuda; T. Imai,

Phytochemistry 2002, 60, 461–466. Copyright 2002, with permission from Elsevier.
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1.23.9.1 Deduction of Allyl-/Propenylphenol (Monomeric and Dimeric) Biosynthetic
Pathways

Over the past few years, the biosynthetic route leading to allyl-/propenylphenols in planta has been fully

elucidated.2–5 This settled a question that had remained unresolved for more or less five decades of enquiry,

including whether the C9 (terminal) carbon was lost or not.
Interest in allyl/propenyl biosynthetic pathways can be traced back to the chemical studies by Birch

and Slaytor in 1956.340 These researchers very briefly reported the chemical conversion of 3,4-methyle-

nedioxycinnamyl alcohol (283) into a mixture of safrole (22) and isosafrole (24) (�60% yield in an

�55:45 ratio), by action of LiAlH4 in boiling ether in the presence of AlCl3 (Lewis acid) (Figure 51(a)).

This conversion was presumed to occur via generation of a resonance-stabilized allylic carbocation

intermediate following loss of the terminal hydroxyl group, with concomitant reduction via hydride

addition. A similar conversion did not occur, however, with cinnamyl alcohol (284, Figure 51(b)),

suggesting to these researchers that a para-oxygenated aromatic ring moiety (although not necessarily a

free phenol) was needed for the displacement of the terminal hydroxyl group. A somewhat analogous

generation of a resonance-stabilized carbocation intermediate was thus initially postulated for the corre-

sponding biosynthetic processes.

1.23.9.1.1 Radiolabel tracer studies: controversy over intact incorporation of monolignol

pathway intermediates and scientific judgment?

The first biosynthetic studies toward gaining an understanding of allyl-/propenylphenol biosynthesis were

reported in the early 1960s, with Kaneko341–344 demonstrating, via a combination of radiolabeling precursor

administration and chemical degradation approaches, that [2-14C]-Phe (2), [9-14C]-p-coumaric acid (250), and

[Me-14C]-Met (285) were incorporated into anethole (5) in fennel (F. vulgare). Further demonstration of

phenylpropanoid pathway intermediates being involved was also reported by others in banana345 and

basil,346 respectively. Specifically, [9-14C]-caffeic acid (56) and [1-14C]-Phe (2) were incorporated into eugenol

(4), methyleugenol (42), 5-methoxyeugenol (287), and elemicin (45) in banana disks. Administration of double-

labeled [9-14C, OC3H3]-ferulic acid glucoside (288), as well as [9-14C, OC3H3]- and [9-14C, 3H2OH]-coniferyl

alcohol glucoside (289) in basil also gave 3H-/14C-labeled eugenol (4) and methyleugenol (42) with only minor

changes in 3H:14C ratios between administered substrates and products. Confirmation of the C9 label in the

allylphenols 4 and 42 was determined by degradation studies. These data were thus consistent with retention of

the intact phenylpropanoid skeleton into allyl-/propenylphenols.
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In further postulates to account for allyl/propenyl formation, Birch in 1963347 next proposed a mechanistic
rationale for displacement of the terminal hydroxyl group (Figure 51(c)). Based partly on comparison with

other metabolic pathways, the terminal hydroxyl group was now anticipated to require activation for more

OH

O
O

LiAlH4, Et2O

AlCl3

O
O

(22) Safrole (24) Isosafrole

and

(283) 3,4-Methylenedioxy-
         cinnamyl alcohol

(a)

OH

(284) Cinnamyl alcohol

(b)

LiAlH4, Et2O
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O

O
O

(d)
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+OPP− or
H(NADH)

H
(from NADH)
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A

A
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Figure 51 Proposed chemical and biochemical mechanisms leading to allyl-/propenylphenols. (a), (b) Chemical formation

of (a) safrole (22) and isosafrole (24) from 3,4-methylenedioxycinnamyl alcohol (283), in presence of LiAlH4 and AlCl3, and

(b) lack of reaction when cinnamyl alcohol (284) was used, as reported by Birch.340 (c) Birch’s refined biochemical mechanism

for the formation of allylphenols (R ¼ not specified), with nucleophilic (allylic) displacement of a phosphorylated group by
H� (presumed derived from NADPH).347 (d) Biochemical mechanisms proposed by Geissman and Crout,348 via either allylic

(A) or direct (B) nucleophilic displacement of pyrophosphate by H� (from NADH) to afford the corresponding allyl- or

propenylphenol, or (C) through a SN1 mechanism and delocalized carbocation intermediate with hydride reduction.
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facile displacement. This consideration was based on parallels to terpenoid biochemistry, that is, involving the
formation and metabolism of isopentenyl pyrophosphates. Accordingly, a monolignol-derived phosphate ester
derivative was envisaged, with allylic addition of a hydride leading to displacement thereby generating the
corresponding allylphenol. Geissman and Crout348 also later proposed a nucleophilic addition (of a hydride
from NADH) to a (hydroxy)cinnamyl pyrophosphate, via either direct or allylic displacement of the pyropho-
sphate group, or alternatively via an SN1 mechanism with the formation and reduction of a delocalized allylic
carbocation (Figure 51(d)).

Conversely, there were also various accounts of C9 carbon loss occurring during the formation of eugenol
(4) in both basil349,350 and cinnamon (Cinnamon zeylanicum).351 That is, during the 1970s, administration of
double-labeled Phe (2) (nonspecifically tritiated, as well as containing either 1-, 2-, or 3-14C) was carried out
using basil, with the corresponding radiolabeled forms of eugenol (4) individually isolated. A much higher
3H:14C radiolabel ratio (�20 times than that of the 3H:14C precursor) was reported for eugenol (4) when the 14C
label was in the carboxylic acid group of Phe (2). This suggested the loss of the terminal C9 carbon during
metabolism of Phe (2) into eugenol (4). Additionally, in cinnamon, the radiolabel from [1-14C]-Phe (2) was
reportedly poorly incorporated into eugenol (4, 0.003%), relative to marginally better incorporations with
either [2-14C]- or [3-14C]-Phe (2) (0.047 and 0.098%, respectively). [Me-14C]-Met (285) also allegedly led to
eugenol (4, 0.1% incorporation) radiolabeled at the C9 position (based on chemical degradation), suggesting a
methionine (285) origin for this particular carbon.

It must be emphasized that most of these radiotracer studies generally suffered from low incorporations, at
best 0.5% and most often much less than 0.1%. Such low incorporation data (i.e., <0.1%) are, however,
generally suspect. Nevertheless, in spite of the rather flimsy radiochemical data in support of C9 loss, this
pathway was still being considered by some researchers as late as 2001,352 that is, whereby an additional carbon
(presumed to be derived from S-adenosyl methionine, SAM) was considered covalently attached to a
p-coumaric acid (250) moiety to form cyclopropyl intermediate 290 (Figure 52). This putative intermediate
was then envisaged to undergo C9 decarboxylation with ring opening to directly afford the allyl/propenyl side
chains of chavicol (20) and p-anol (21). This, however, seemed an unlikely possibility from a biochemical
standpoint. Indeed, the very weak evidence for C9 loss can be considered as a question of scientific judgment,
when compared to the evidence for intact incorporation.

1.23.9.1.2 Intermediacy of monolignol esters in allyl-/propenylphenol biosynthesis: clues

from norlignans?

Our long-term interests in allyl-/propenylphenol biosynthesis encompass how the formation of both the
monomeric and dimeric natural products occurs. Accordingly, particular attention was given to plant species
such as basil, creosote bush, and various Piper spp. These distinct plant species can differentially harbor allyl-/
propenylphenols in either monomeric, dimeric, or both forms, and thus provide the means to establish any
parallels and differences for biosynthesis of the monomers and dimers. The biosynthetic pathway findings made
to date are summarized below, beginning with basil, which typically accumulates the monomeric derivatives,
methylchavicol (3) and eugenol (4).

The Thai basil variety was chosen for biosynthetic studies as it largely accumulates methylchavicol (3) in its
glandular trichomes;2 basil is not known, however, to accumulate any lignans in those cell types. Various labeled

CO2H

OH
(250) p-Coumaric acid

CO2H

OH
(290) (20) Chavicol (21) p-Anol

or

OH OH

Figure 52 Putative biochemical pathway to chavicol (20)/p-anol (21) from p-coumaric acid (250) via the unusual cyclopropyl

intermediate (290) by Gang et al.352 (No evidence for pathway exists.)
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precursor administration/incorporation experiments were thus performed using young apical basil leaves,2 which
we had established to be the most biosynthetically active in terms of producing methylchavicol (3). Specifically,
[U-14C]-Phe (2), [8-14C]-cinnamic acid (249), and [9-3H]-p-coumaryl alcohol (199), but not [U-14C]-Tyr (286),
were metabolized into methylchavicol (3) in vivo, albeit to differing levels of efficacy (�1–4% by 24 h). These data
thus again eliminated the notion of a need for C9 loss, such as via a cyclopropyl intermediate (290, Figure 52),
from further consideration as had been previously proposed.352 Using cell-free extracts, however, p-coumaryl
alcohol (199) (either unlabeled or [9-3H]-labeled) was not directly converted to afford chavicol (20) in vitro,
suggesting that additional enzymatic steps and/or then unknown cofactors were needed.

Three routes for p-coumaryl alcohol (199) transformation were next concurrently considered as being possibly
viable (Figure 53): (a) side-chain double bond reduction initially to afford dihydro-p-coumaryl alcohol (291) (i.e.,
as for the double bond reductase described above in Section 1.23.7.1), followed by dehydration; (b) O-methylation
of the phenolic group to afford p-methoxyl cinnamyl alcohol (292), with this possibly preceding deoxygenation
(as proposed in Kaneko344); and (c) activation of the side-chain hydroxyl group to afford a p-coumaryl alcohol
(199) derivative bearing a better leaving group. Routes a and b were eliminated following in vivo precursor
administration experiments, as well as using in vitro incubations with crude cell-free enzyme preparations.2

Potentially activated forms of the monolignol side-chain hydroxyl group were next examined using cell-free
extracts in vitro, for example, by coincubation of monolignols with ATP, GTP, UTP, Glc-6-phosphate, and/or
glutathione, but with no success. At about the same time, however, the monolignol ester p-coumaryl coumarate
(235) was demonstrated to serve as substrate in norlignan biosynthesis, to afford E- and Z-hinokiresinols
(123 and 174) in A. officinalis and C. japonica,168,329,330 respectively (Section 1.23.8.1). Although this conversion
apparently took place in the absence of any external cofactor, no biochemical/organic chemical mechanism was
proposed. Therefore, a possible mechanism2 was considered (Figure 54(a)) to explain the formation of
123/174, which, in turn, led to the formulation of another mechanism for allyl-/propenylphenol production
(Figure 54(b)).

(292) p-Methoxyl cinnamyl alcohol

(291) Dihydro-p-coumaryl alcohol

OH

OH

OH
Chavicol (20)

OMe
Methylchavicol (3)

OH

OH

OX

OH

aa

c

OH

OMe

b

b

(199) p-Coumaryl
alcohol

c

Figure 53 Possible biosynthetic pathways to chavicol (20) and methylchavicol (3). (X ¼ facile leaving group.)
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That is, hydride addition to a putative activated monolignol (e.g., p-coumaryl coumarate (235)) bound in the
enzyme active site could potentially lead to C9 deoxygenation through ester displacement (e.g., to afford

chavicol (20) and p-anol (21), respectively, and/or homologs thereof) (Figure 54(b)). In this way, the

(p-coumarate) ester functionality might, therefore, serve as a good leaving group, perhaps being displaced by

an incoming hydride through nucleophilic addition directly at either C7 or C9, or through an intermediary

quinone methide, as for PLR (Figure 31(a)), to form the isomeric allyl-/propenylphenols. Such a process

would, however, also require a reductive step, for example, with NADH/NADPH as cofactor.
Crude cell-free protein extracts from basil glandular trichomes were thus next demonstrated to be able to

convert p-coumaryl coumarate (235) into chavicol (20) in vitro, in the presence of either NADPH or NADH.2
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Figure 54 Possible mechanisms for conversion of p-coumaryl esters into (a) (E/Z)-hinokiresinols (123/174) and (b) chavicol
(20)/p-anol (21). (A) Concerted; (B) ester cleavage, followed by cyclization, decarboxylation, and rearomatization; (C) and (D)

ester displacement, putative quinone methide formation with subsequent reduction by hydride (from NAD(P)H), and

rearomatization to form (C) chavicol (20) and (D) p-anol (21). In (C) and (D), the acid moiety may be interchangeable.
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Additional experiments3 (Vassão, unpublished results) established that acetylated derivatives (p-coumaryl
acetate (234), coniferyl acetate (236)) were also utilized as substrates to afford chavicol (20) and eugenol (4),
respectively, that is, thereby demonstrating, at a minimum, the substrate versatile nature of these transforma-
tions. Analogous processes occurred in the creosote bush,4 as discussed below using the very same substrates
(234–236) (Figure 31). These data, therefore, resolved the nature of the biochemical pathway to this class of
molecules. Taken together, the findings demonstrated that allyl-/propenylphenol formation occurred through
a two-step process: Monolignol activation by acylation, and ester displacement by means of an NAD(P)H-
dependent conversion, presumably involves quinone methide intermediacy, as for PLR, PCBER, and so on.2

The studies did not, however, unambiguously clarify the precise chemical identity of the ester-cleaved moiety
(leaving group).

1.23.9.2 Allyl-/Propenylphenol Synthases

1.23.9.2.1 Bifunctional chavicol/eugenol and p-anol/isoeugenol synthases (CES and

AIS): The twists and turns to biochemical clarity

Subsequent identification of genes encoding chavicol/eugenol and p-anol/isoeugenol synthases (CES and AIS)
was somewhat facilitated by recognition that suppression of a transcription factor (ODORANT1) in petunia
upregulated expression of a PLR/PCBER/IFR homolog of unknown biochemical function.353 A full-length
sequence for this homolog was obtained from a petunia petal EST collection, and encoded an�36 kDa peptide
with amino acid sequence similarities/identities of �59/40% to that of PLR_Tp2 from T. plicata, �62/42% to
a PLR homolog isolated from the creosote bush in 1999, �61/41% to the P. taeda PCBER, as well as�59/37%
to an IFR from M. sativa.3

A creosote bush PLR homolog, isolated from a cDNA library obtained from leaves actively producing
allyl-/propenylphenol-derived lignans, also encoded a protein of �35 kDa, but whose biochemical function
was not initially unambiguously established when first isolated in 1999. Additionally full-length cDNA for a
basil homolog was obtained (based on the petunia PLR/PCBER/IFR homolog above) using data from a basil
trichome EST database, and which encoded a 35.6 kDa protein.3

Escherichia coli cells were then next transformed to obtain the corresponding petunia and basil recombinant
proteins, in addition to that already available for the creosote bush PLR homolog. Each was examined for its
ability to afford allyl- or propenylphenols when incubated with either p-coumaryl or coniferyl acetate/
p-coumarate esters (234–236).2–4

1.23.9.2.1(i) Creosote bush chavicol/eugenol synthase (CES) Although this ultimately represented the
second open literature report of a functional chavicol/eugenol synthase (CES), for the benefit of the
reader, this is described first. As discussed earlier in Section 1.23.5.4, it is of interest that the creosote bush
massively accumulates numerous lignans, all 8–89-linked, such as NDGA (143). However, there are no
reports of other skeletal types, including 8–59- or 8–O–49-linked lignans from this species. Nor is there any
‘substantial’ accumulation of monomeric allyl-/propenylphenols, such as chavicol (20)/eugenol (4) and
p-anol (21)/isoeugenol (6). As indicated earlier though, monomeric allyl-/propenylphenols often occur in
trace amounts in different plant species and thus may go long undetected from a chemotaxonomical
perspective.

The creosote bush PLR homolog efficiently converted, in the presence of NADH/NADPH, all of the
esters assayed to afford either chavicol (20) or eugenol (4), respectively, and thus became the first substrate
versatile chavicol/eugenol synthase (CES) to be characterized. It efficiently converted p-coumaryl couma-
rate (235), p-coumaryl acetate (234), and coniferyl acetate (236); apparent Km values of 210, 350, and
290 mmol l�1, Vmax values of 75, 200, and 190 pkatmg�1 protein, and kcat/Km of 12 000, 19 500, and
22 000 mol�1 l s�1, were obtained for substrates 235, 234, and 236, respectively (Table 1). These data
were thus comparable to the catalytic efficacies noted earlier for PLR, and for other monolignol pathway
enzymes.

On the contrary, the creosote bush CES showed at best marginal activity toward a number of other
potential substrates, including pinoresinol (13), larreatricin (200), nectandrin B (293), licarin A (88),
dehydrodiconiferyl alcohol (14), as well as the isoflavones genistein (294) and biochanin A (295), as
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previously reported.4 These data therefore demonstrated that the creosote bush CES (LtCES1) was unable

to function as an efficacious PLR, PCBER, or IFR.4 Surprisingly, a later report354 stated that the creosote

bush CES had not been assayed for PCBER activity. These researchers354 were in error with such

assertions, as this had been comprehensively examined and described,4 with compelling evidence obtained

only for CES activity (see above).
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In addition to CES, the creosote bush contains a p-anol/isoeugenol synthase, AIS (LtAIS1) with �63/43%
similarity/identity to LtCES1, which is capable of efficiently converting p-coumaryl (234, 235)/coniferyl (236)

esters to afford p-anol(21)/isoeugenol (6), respectively (S.-J. Kim, unpublished results). This demonstrated that

this organism harbors genes encoding proteins capable of forming both allyl- and propenylphenols.

1.23.9.2.1(ii) Piper regnellii This Piper species biosynthesizes both allylphenols (e.g., myristicin (23), apiol
(36), and dillapiol (38)), as well as presumed propenylphenol-derived lignans, such as (þ)-conocarpan (16a),

(�)-epi-conocarpan (188b), and eupomatenoid-6 (191).218 It was, therefore, of interest to also investigate

whether this organism was capable of biosynthesizing allyl- and/or propenylphenols in either monomeric or

dimeric form, or both. As indicated below, this has also been established: For example, two recombinant

P. regnellii enzymes, PrCES1 and PrCES2, with �82/71% similarity/identity to LtCES1, are able to efficiently

catalyze monomeric allylphenol formation efficiently in vitro (S.-J. Kim, unpublished results), thereby providing

the needed insight into the biochemical processes affording each class of metabolites (monomers and dimers)

within this organism.

Table 1 Reported kinetic properties of CES and AIS

Enzyme
function Trivial name Source Substrate Km (�M)

Vmax

(pkat�g�1 prot.) kcat (s�1)
kcat/ Km

(mol�1 l s�1)

CES LtCES14 Creosote bush 234 350 200 6.8 19 500

CES LtCES14 Creosote bush 235 210 75 2.55 12 000
CES LtCES14 Creosote bush 236 290 190 6.46 22 000

CES ObEGS13 Basil 236 5100 20 0.7 160

CES CbEGS1354 Clarkia breweri 236 93 7.3 0.26 2 800
CES CbEGS2354 C. breweri 236 311 6.9 0.25 800

CES PhEGS1354 Petunia 236 245 18.4 0.6 2 400

AIS PhIGS13 Petunia 236 1600 7 0.3 136

AIS PhIGS1354 Petunia 236 226 35.7 1.3 5 700
AIS CbIGS1354 C. breweri 236 212 27.6 0.99 4 700

AIS PaAIS1356 Anise 236 230 28.2 1.02 4 440

AIS PaAIS1356 Anise 234 135 1.9 0.07 520
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1.23.9.2.1(iii) Basil and petunia chavicol/eugenol and p-anol/isoeugenol synthases (CES and IGS): Kinetic

parameter inconsistencies The initial report3 on basil and petunia CES and AIS was unfortunately both
ultimately misleading and, in parts, in error. The basil enzyme was mistakenly restricted to being a eugenol
synthase (ObEGS1) and the petunia enzyme as an isoeugenol synthase (PhIGS1).3 This was mistakenly stated
even though the earlier basil work2 had already established that chavicol (20) formation could result from the
incubation of cell-free extracts with either p-coumaryl acetate (234) or p-coumaryl coumarate (235) and either
NADPH or NADH. It is more accurate to describe these enzymes as being, (at a minimum, substrate-versatile)
as for the creosote bush CES.4

More problematic in the original account3 was the kinetic data reported for recombinant CES/AIS from
basil/petunia. That is, the kinetic values obtained for coniferyl acetate (236) were indicative of very poor
efficacies: These had apparent Km values of 5.1 and 1.6 mmol l�1, Vmax of�20 and 7 pkat mg�1 protein, and kcat/
Km of 160 and 136 mol�1 l s�1 for the basil (ObEGS1) and petunia (PhIGS1) enzymes, respectively (Table 1).
The overall kcat/Km values for 236 were therefore lower by nearly 2 orders of magnitude than those of the
creosote bush CES (LtCES1), that is, 22 000 mol�1 l s�1 for the latter versus 160 and 136 mol�1 l s�1 for the basil
and petunia enzymes. Although cognizant at the time of the report3 that the basil/petunia kinetic data were not
compelling (relative to PLR, etc.), this was provisionally rationalized due to uncertainty of the true identity of
the actual ester form being used in vivo (i.e., p-coumarate, acetate, or some other ester).

The petunia PhIGS1 kinetic measurements were ultimately corrected by the same researchers354 upon our
prompting (see Table 1). The corrected data, without explanation/clarification and embedded within other
reports, were now somewhat closer to the creosote bush CES values (i.e., kcat/Km of 5700 vs 22 000 mol�1 l s�1,
but still being of lower efficacy by a factor of �4). This kcat/Km of 5700 mol�1 l s�1 was, however, in stark
contrast to the earlier petunia report of �136 mol�1 l s�1. Surprisingly, the corrected petunia data had a Km of
0.23 mmol l�1 (down by a factor of 7) and a Vmax increased by a factor of �5. Additionally, the Km for the basil
CES was also corrected to 0.57 mmol l�1 (also being reduced by nearly an order of magnitude). Kinetic data for
other compounds, such as p-coumaryl acetate (234) and p-coumaryl coumarate (235), were apparently not
measured, even though the basil CES (ObEGS1), in our hands, was apparently able to utilize both to form
chavicol (20) with an efficiency somewhat comparable to that toward coniferyl acetate (236) (D. G. Vassão,
unpublished data). These data thus contradict later claims355 that the basil CES was of ‘limited ability’ in terms
of being able to use p-coumaryl acetate (234) as a potential substrate, since no comparable substrate effects were
observed in our work.

1.23.9.2.1(iv) Other species Other CES/AIS homologs able to carry out monolignol ester reductions in vitro

to give either allylphenols or propenylphenols have also been preliminarily characterized in Clarkia breweri

(CbIGS1, CbEGS1, CbEGS2),354 petunia (PhEGS1),354 and anise (P. anisum, PaAIS1).356 Kinetic data for the
Clarkia CES homologs (the so-called CbEGS1 and CbEGS2) and a putative petunia CES were again lower than
those of the creosote bush CES when using coniferyl acetate (236) as substrate, that is, with kcat/Km values of
factors from �5 to more than an order of magnitude lower (Table 1). Our nomenclature of CES and AIS4 has,
however, finally begun to be adopted, that is, for the presumed Pimpinella AIS (PaAIS1).356 This protein, though,
also has a slow turnover relative to the creosote bush CES (Table 1).

1.23.9.2.2 Chemotaxonomy, kinetic properties, and homology comparisons of CES/AIS

with PCBER, PLR, IFR (-like) annotations in the plant kingdom: caveats on incomplete

analyses
The recent explosion in genomics has often facilitated the correct annotation of gene function, as well as
providing some additional insights into the existence of putative homologs (e.g., PLR-like, PCBER-like, etc.),
based on sequence comparisons and predictions.

On the contrary, as repeatedly emphasized by ourselves, such database annotations and phylogenetic
classifications must be treated with great care and caution as such analyses still represent the application of
inexact science. For instance, 17 genes were previously annotated as cinnamyl alcohol dehydrogenase (CAD)
and/or CAD-like in The A. thaliana Information Resource (TAIR) database. However, a detailed in silico

analysis established that eight of these had very low homology to bona fide CADs, and that they also lacked the
Zn catalytic center and Zn-binding signatures of CADs. Of the remaining nine NADPH-dependent proteins,
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only six were catalytically competent to reduce the cinnamyl aldehydes 261, 262, 264–266 to the correspond-
ing alcohols. Of those, only AtCAD4 and AtCAD5 were catalytically the most active,357 with both having this
physiological function in vivo.358 Another example is the Klee et al.359 reinterpretation of the presumed function
of a CAD homolog in tobacco (CAD1),360 which was apparently instead a gene involved in phenylethanol (296)
biosynthesis, as shown using tomato, etc. In short, many researchers are currently relying too heavily on
computationally derived phylogenetic analyses and on homology comparisons, both of which can often be
limited in scope and/or give misleading indications.

By contrast, the following are required to establish function: demonstration of comparable in vitro enzymatic
efficacies relative to the bona fide enzyme in question; colocalization of biochemical pathway enzyme and
substrates/products in planta; demonstration (e.g., by overexpression and/or RNAi inhibition/gene expression
suppression) that the pathway in question can be enhanced or suppressed (perhaps involving more than one
member of a multigene family). Unfortunately, this is not often done, leading to significant levels of confusion
and inaccuracies in the literature, such as in the aforementioned reports.354,356

Some additional examples will suffice for the need for circumspection, these being drawn from either CES/
AIS and/or PCBER, PLR, and IFR (homolog) comparisons.

1.23.9.2.2(i) Piper regnellii This species, as aforementioned, produces both allylphenols and 8–89-linked
phenylpropene-type dimeric lignans, that is, myristicin (23), apiol (36), and dillapiol (38), as well as (þ)-
conocarpan (16a), (�)-epi-conocarpan (188b), and eupomatenoid-6 (191).218 The P. regnellii CES (PrCES1 and
PrCES2) amino acid sequences have �82% similarity and �71% identity to that of the creosote bush CES
(LtCES1), and both currently fall within the same clade (Figure 55), as do several PCBER and PCBER-like
genes from other plant species. This additionally puts into question the true physiological role(s) of PCBER
homologs in some of these organisms, as we have repeatedly emphasized.8,265 However, P. regnellii does not
contain, to our knowledge, any 8–39-/8–59-linked lignans that have undergone 7–O–49 interunit linkage
reduction. P. regnellii CES1 and CES2 are thus unlikely to have both CES and PCBER functions in vivo, and
presumably only serve as a CES. This again underscores the limitations of only using phylogenetic analyses to
attempt to gauge potential biochemical function(s).

1.23.9.2.2(ii) Creosote bush This species, as also aforementioned, essentially exclusively accumulates 8–89-
linked lignans, but apparently not others with, for example, 8–59 linkages, and so on. Interestingly, both CES
(LtCES1 and LtCES2) and AIS (LtAIS1) genes are present in this plant, whose corresponding proteins are of
�63/43% similarity/identity to each other. Their presence, therefore, also provides a biochemical explanation
for both allyl- and propenylphenol formation in this species. Additionally, even though both CES genes cluster
relatively close to various PCBER/PCBER homologs (Figure 55), only marginal (if any) PCBER activity
could be detected for LtCES1 under the assay conditions tested.

Interestingly, the creosote bush AIS (LtAIS1) amino acid sequence also has �83/68% and �78/61%
similarity/identity to those of petunia IGS (PhIGS1) and anise AIS (PaAIS1), respectively, and all group
together separately as a subclade (Figure 55). Segregation as such may, however, not reflect independent
evolution, as the creosote bush CES and AIS also fall into different subclades. Many more bona fide plant AIS
and CES are thus needed to consider evolutionary processes than currently available.

1.23.9.2.2(iii) Basil This organism produces chavicol (20) and eugenol (4) in its glandular trichomes. The
gene encoding the basil CES (ObEGS1) currently falls into a subclade with the petunia AIS (PhlGS1), as well as
the creosote bush AIS (LtAIS1), and the Clarkia CES/AIS (CbEGS1 and CblGS1) genes. It segregates, however,
from the creosote bush CES (LtCES1 and LtCES2) (Figure 55). More information is thus also required before
any meaningful explanation can be made with regard to biochemical pathway evolution, that is, whether the
evolutionary processes leading to CES activity in different plants were of either convergent or divergent nature.

1.23.9.2.2(iv) Pinus taeda Interestingly, according to the phylogenetic depiction in Figure 55, the
PtPCBER falls into a separate clade from CES and/or AIS gene families. As indicated earlier, however,
PtPCBER was isolated from a cell line harboring 8–59-linked lignans, such as 14, 103, and 116.147 Although
cognizant of its low kinetic parameters, PtPCBER is, nevertheless, expressed in the vascular cambium/ray
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Figure 55 Current phylogenetic dendrogram of tentative consensus sequences of allyl-/prophenylphenol synthases, CES/AIS (Arabidopsis (orange), petunia (fushia), rice (light
blue), poplar (dark blue), pine (green) and spruce (black)) and Petunia hybrida AIS (PhIGS1, DQ372813) and CES (PhEGS1, EF467241), Ocimum basilicum CES (ObEGS1,

DQ372812), Clarkia breweri AIS (CbIGS1, EF467238), CES (CbEGS1 (EF467239) and CbEGS2 (EF467240)), Larrea tridentata CES (LtCES1 and LtCES2) and AIS (LtAIS1), and

Piper regnellii CES (PrCES1 and PrCES2), as well as Cicer arietinum isoflavone reductase IFR (CaIFR, Q00016), Medicago sativa IFR (MsIFR, CAA1106), Lotus japonicus

pterocarpan reductase (LjPTR1 and LjPTR2, AB265589 and AB265590), Gossypium raimondii leucoantocyanidine reductase (GrLACR, CAI56324), Medicago truncatula LACR
(MtCAI56327), Vitis vinifera LACR (VtCAI26309), Pinus taeda PCBER (PtPCBER, AAC32591), Populus trichocarpa PCBER (PopPCBER, CAA06706), Tsuga heterophylla PCBER

(ThPCBER, AAF64177), Linum strictum PCBERs (LsPCBER1 (ACA60729) and PCBER2 (ACA60730)) and Forsythia intermedia PLR (FiPLR, AAC49608), Linum usitatissimum PLR

(LuPLR, CAH60858), Thuja plicata PLR (TpPLR2, AF242504) and T. heterophylla PLR (ThPLR, AAF64184) (red). Amino acid sequences were aligned using ClustalW. To

reconstruct phylogenetic tree, maximum likelihood was carried out using Phylip 3.68.



parenchyma cells,291 this also being consistent with a lignan-related metabolic function. It needs to be
established though as to whether this protein is bifunctional, that is, having CES and/or AIS properties in

vitro and in vivo, as well as the PCBER properties already documented. As noted earlier, members of the
Pinaceae can also contain very minor amounts of allyl-/propenylphenols in their essential oils, so this (dual)
possibility must be considered.

1.23.9.2.2(v) Cryptomeria japonica This organism contains at least two PCBER genes of �85 and 72–80%
similarity and identity to that of the PtPCBER. Cryptomeria japonica is known to biosynthesize various 8–59-
linked lignans, including one with a reduced 7–O–49 interunit linkage, the tetra-acylated derivative 118.160

There are, therefore, PCBER-like enzymatic transformations also occurring in this species. On the contrary,
there is currently no chemotaxonomic evidence for the presence of allyl-/propenylphenols in C. japonica. It can
be considered that the formation of tetra-acetylated lignans, such as 118, may also involve intermediacy of
monolignol esters (e.g., 236). If correct, then the occurrence of the tetra-acetylated derivative is indicative of
only PCBER-like activities.

1.23.9.2.2(vi) Petunia CES It was quite surprising that a petunia CES (PhEGS1) was considered for its
potential/efficacy as a PCBER,354 particularly because of the following: (1) 8–59-linked lignans with 7–O–49

interunit linkage-reduced metabolites have never been reported chemotaxonomically from this species; and (2)
the gene family is not part of the clades containing PCBER and/or PCBER-like genes. Nevertheless, although
the petunia CES (PhEGS1) had marginal PCBER activity, it is well known that many enzyme classes display
varying levels of enzymatic activities with a variety of substrates that are of no physiological relevance. Thus,
the significance of comparing the petunia CES with PtPCBER was questionable, particularly since petunia
apparently does not biosynthesize both classes of metabolites.

1.23.9.2.2(vii) Clarkia CES The CbEGS2 protein was also considered as a potential PCBER,354 which in this
case provisionally falls into a CES and PCBER-like subclade (Figure 55). Its CES activity was, however, more
than an order of magnitude lower than that of the creosote bush CES (LtCES1), that is, indicative of fairly low
catalytic activity overall. Again, though, the relevance of testing this protein for PCBER activity was ques-
tionable, as, to our knowledge, Clarkia flowers are not known to produce 7–O–49-reduced 8–59-linked lignans.

1.23.9.2.3 CES (AIS) structural and mechanistic studies: comparison to PLRs, PCBERs,

and IFRs

The closest homologs to the allyl-/propenylphenol synthases are the aforementioned, comprehensively
studied, PLRs, 263,264,266,269 PCBERs,265,266 and IFRs.361,362 All, as previously indicated, are members of the
short-chain dehydrogenase/reductase (SDR) family. Of these, the PLRs and PCBERs were mainly discovered
and characterized during the 1990s. Accordingly, determination of PLR and PCBER X-ray crystal structures, as
well as that of the modeled IFR,266 provided incisive and key insights into CES/AIS catalytic function.4

In this regard, PLRs, PCBERs, IFRs, and CES/AIS all catalyze the NADPH-dependent hydride transfer to
carbons derived from a phenylpropanoid side-chain within their respective phenolic substrates. As for this
enzyme class, the creosote bush CES (LtCES1) has a nucleotide-binding Rossman motif (residues 11–17
(GxxGxxG)), as well as the corresponding conserved catalytic Lys residue (Lys133 in LtCES1). The latter
residue was mutagenized to afford the recombinant K133A mutant, which lacked catalytic activity, thereby
providing further support that Lys133 functioned as a general base during catalysis.4 Based on our previous
studies, Tyr15 and Ile16 were also predicted to interact with the NADPH pyrophosphate group, whereas
Phe155 was envisaged to be stacked against the NADPH nicotinamide group.

Taken together, these data further supported the involvement of a quinone methide as the enzyme-
bound intermediate in the CES catalytic mechanism4 (Figure 31(e)), as had already been proposed for
PLR, PCBER, and PTR (Figures 31(a), 31(b), and 31(d)). In the LtCES1 catalytic mechanism, the
Lys133 residue can be considered to abstract the phenolic proton from the substrate, thereby facilitating
the formation of the putative quinone methide intermediate, with loss of the corresponding ester
functionality as a leaving group. Addition of the incoming NAD(P)H hydride to C7 of the intermediate
for CES, with concomitant rearomatization of the phenolic ring, affords the corresponding allylphenol
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products. Analogously, hydride addition to C9 of the putative quinone methide intermediate in AIS

results in the formation of the conjugated propenylphenol product. Note, however, that in LtCES1,

various substrates (234–236) were efficiently converted into chavicol (20) and eugenol (4), indicative of

its substrate versatility.4

An X-ray crystal structure was also recently reported for the basil CES (ObEGS1), which confirmed our
findings. The basil CES was obtained in its apo-form (Figure 30(d)) at�1.8 Å, as well as complexes with either

NADPþ, NADPH, or NADPþ in combination with the inhibitor EMDF ((7S,8S)-ethyl-(7,8-methylene)-

dihydroferulate, 297).355 However, the putative (but still unproven) ‘true’ substrate coniferyl acetate (236)

could not be stably incorporated into the crystals or readily modeled into the active site of the basil CES

(ObEGS1). Nevertheless, these data thus provided additional confirmation to the above earlier study4 of CES

catalysis.
The structures so reported, as fully anticipated, closely resembled those previously described by

ourselves266 for PLR, PCBER, and IFR (Figures 30(a)–30(c)), as well as CES.4 That is, the basil CES

had a Rossman fold motif at residues 14–20 (GXXGXXG), relative to that previously reported for

LtCES1 at residues 11–17; the Tyr and Ile residues interacting with the pyrophosphate group of

NADPH were at residues 18/19, whereas the earlier study for LtCES1 had these at 15/16. Other

confirmatory findings included Phe154 (Phe155 in LtCES1), stacking against the NADPH nicotinamide

group, as well as that of Lys132 (Lys133 in LtCES1) for general base catalysis. In further confirmation of

our findings,4 mutation of Lys132 residue to afford K132A resulted in the abolition of enzymatic activity.

The X-ray data therefore confirmed our prior results from site-directed mutagenesis and modeling, as

well as several other aspects of overall structure prediction.
Furthermore, given that PLRs, PCBERs, CESs, and AISs display considerable homology, and have a

similar catalytic mechanism involving transfer of a hydride onto a phenylpropanoid-derived side chain, it

should not be too surprising to observe some degree of substrate versatility (degeneracy) among each of

the enzymes with regard to potential substrates in vitro. This would not be unexpected, as the mono-

lignol esters 234–236 are either smaller or of similar size than, for example, PLR substrates, and also

share some common structural features (e.g., a free phenolic group). That is, both sets of substrates can

potentially bind to the enzyme active site in a similar orientation and presumably undergo similar C7

hydride addition. Following the same rationale, one can therefore expect that similar versatility may be

displayed by some of the other PLR, PCBER, and IFR reductases. Conversely, CESs might not

necessarily be able to utilize the larger (and less conformationally flexible) lignans as substrates, as

their active sites might present greater steric hindrance to efficient binding.

1.23.9.2.4 Allyl-/propenylphenol downstream metabolism

Although allyl-/propenylphenols are present both as monomers, dimers, or both in many plant species,

most downstream metabolism for the monomers largely duplicates that of other conversions already

discussed for lignan biogenesis. For the monomers, downstream reactions can also precede both accu-

mulation and emission of the typically volatile compounds. In this regard, floral emission to the

atmosphere of volatiles in petunia is thought to occur passively, based on their physiological concentra-

tions and boiling points.363 The most commonly observed metabolic derivatization is O-methylation of

the phenolic groups, catalyzed by the SAM-dependent O-methyltransferases (OMTs): for example,

allyl-/propenylphenol OMTs have been isolated from C. breweri,364,365 and more recently from anise356

and basil.366 Both enzymes were shown to have strong substrate preferences for either chavicol (20) or

eugenol (4), with these activities being interchanged by mutations in single amino acid residues (F260S

in chavicol OMT, S261F in eugenol OMT).367

Other ring substitution patterns can be effectuated by the action of specific P-450 enzymes, as
previously noted for the sesame lignans225 (Section 1.23.5.1.1). These include, for the monomers, a

preliminary description of the formation of the methylenedioxy bridge in safrole (22) from eugenol

(4) in Illicium parviflorum by action of a cytochrome P-450.368 Other derivatization reactions include

phenol conjugation, for example, O-acylation.
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The most usual phenol ring substitution patterns in both the general phenylpropanoid pathway and
the allyl-/propenylphenols are the same (i.e., where carbons 3, 4, and 5 bear H, OH, or OMe

substituents, whereas carbons 2 and 6 are unsubstituted). Other more unusual patterns are present in

some plant species, as indicated in the chemotaxonomical analysis section. For the latter, these conver-

sions can result through additional (i.e., C2 and/or C6) hydroxylation/O-methylation of existing ring

substructures deriving from the phenylpropanoid pathway.
On the contrary, some unusual propenylphenols from Pimpinella spp. have the so-called pseudoisoeu-

genol carbon skeletons, for example, 8, in which the ring substitution patterns (1-propenyl-2-hydroxy-5-

methoxybenzene) deviate from the typical 4-hydroxylated patterns with the three carbon side-chain at

C1. Pseudoisoeugenol biosynthesis was initially studied in the late 1980s using isotope labeling/tracer

incorporation studies,369,370 with P. anisum cell cultures. Demonstration of an NIH shift of the propenyl

side chain during hydroxylation of anethole (5) to afford the pseudoisoeugenol skeleton was the later

demonstrated.6,371 However, the enzyme responsible for side-chain migration, as well as the remaining

enzymatic steps involved in further derivatization (e.g., epoxidation and acylation), remain still to be

described.

1.23.9.3 Monolignol Acyltransferases: Incomplete Characterization and Substrate
Degeneracy

After monolignol esters were identified as substrates for allyl-/propenylphenol synthases, an in silico

analysis of a petunia petal EST database led to the identification of a cDNA, by the Clark laboratory,372

which encoded a protein homologous to several known BAHD acyltransferases. These enzymes con-

stitute a class of acyltransferases named for the first four enzymes characterized in this class:373 benzyl

alcohol O-acetyltransferase (BEAT), anthocyanin O-hydroxycinnamoyl transferase (AHCT), anthranilate

N-hydroxycinnamoyl/benzoyltransferase (HCBT), and deacetylvindoline 4-O-acetyltransferase (DAT).

BAHD acyltransferases are known to be involved in the biosyntheses of several aroma and flavor

compounds, although amino acid identities among homologous enzymes can vary enormously, with the

petunia BAHD homolog being only 22–26% identical to benzyl alcohol/phenylethanol benzoyl transfer-

ase (BPBT) from petunia, BEAT from C. breweri, and a rose (Rosa hybrida) alcohol acyltransferase

(AAT1), respectively.
The corresponding putative acyltransferase gene was found to be expressed primarily in petal limbs, with a

circadian rhythm profile correlating well with floral volatile emission (i.e., highest amount of transcripts were

observed at night). Additionally, RNAi-induced gene silencing led to a decrease in accumulation and emission

of isoeugenol (6) (along with decreases in levels of 2-phenylethanol (296), phenylacetaldehyde (298), pheny-

lethyl acetate (299), phenylethyl benzoate (300), and benzyl acetate (301)), as well as an approximately

sevenfold increase in the amounts of coniferyl aldehyde (262). These effects, however, encompass several

different pathways.
Nevertheless, the full-length cDNA was heterologously expressed in E. coli, with the recombinant

protein assayed for acyltransferase activity in vitro. At pH 7.5, it efficiently acetylated coniferyl alcohol

(91) as its preferred substrate among the compounds tested (with apparent Km of 27.5 mmol l�1, kcat of

0.81 s�1, and kcat/Km of 29 450 mol�1 l s�1). Other test substrates such as cinnamyl alcohol (284), sinapyl

alcohol (94), octanol (302), and geraniol (303) were processed �2–4 times slower, with activities 30–60

times lower being observed using p-coumaryl alcohol (199) and 2-phenylethanol (296) at the same

substrate concentrations. At pH 6.0, the enzyme had an �2-fold higher Km for coniferyl alcohol (91)

(56.5 mmol l�1), but with a �2.5-fold higher kcat (2.05 s�1), thereby resulting in apparently a similar overall

catalytic efficiency (kcat/Km of 36 280 mol�1 l s�1). The enzyme was thus named acetyl-CoA:coniferyl

alcohol acetyltransferase (PhCAAT), although it clearly shows extensive substrate versatility. By contrast,

a basil ObCAAT enzyme has been preliminary reported to acetylate p-coumaryl alcohol (199) as its

preferred substrate in vitro, while also using caffeyl alcohol (270) and coniferyl alcohol (91) to afford p-

coumaryl acetate (234), caffeyl acetate (304), and coniferyl acetate (236), respectively.374
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Although initial studies2,3 were not conclusive about the true identity of the monolignol esters involved in
regiospecific reduction (i.e., regarding their acyl moieties), subsequent studies354,356 have essentially only tested
coniferyl esters (e.g., 234) for allyl-/propenylphenol synthesis. However, petunia also accumulates and emits
benzoyl esters and phenylethanol derivatives. Using RNAi for the so-called PhCAAT, their levels were also
adversely affected as noted above. Surprisingly, benzoyl-CoA and other potential substrates were apparently
not tested with the petunia PhCAAT that is now implicated in allyl-/propenylphenol biosynthesis. Nor were
other putative substrates, such as p-coumaroyl- and feruloyl-CoAs examined either. Alternate acyl donors were
apparently also not tested during the preliminary characterization of the basil acyltransferase.

By contrast, an in vitro biochemical characterization of an acyltransferase from L. tridentata (LtCAAT1,
having �71/57% amino acid similarity/identity to PhCAAT) is currently in progress in our laboratory, and
indicates that both acetyl-CoA and benzoyl-CoA can also serve as acyl donors with all the monolignols tested
(S.-J. Kim, unpublished results); that is, LtCAAT1 apparently forms, at least in vitro, different classes of
monolignol esters. Additionally, the acyltransferases appear to efficiently process different monolignols as
acyl acceptors, for example, p-coumaryl (199), caffeyl (270), coniferyl (91), 5-hydroxyconiferyl (271), and
sinapyl (94) alcohols. Given the observed substrate versatilities being noted, it is thus considered that the
depiction of a ‘true’ in vivo substrate (e.g., coniferyl alcohol (91) and acetyl-CoA) lacks experimental rigor.

1.23.10 Biological Properties in Planta and in Human Usage

Allyl-/propenylphenols, lignans, and to a lesser extent, norlignans are of increasing scientific interest, not only
for their utility by humans, but also for their important roles in planta. These are now considered in terms of
those that have established properties and uses, followed by those whose bioactivities are of a more preliminary

906 Allylphenol and Lignan Pathways



character. In many of the latter cases, these represent promising avenues of research. On the contrary, more
often than naught their potentially interesting pharmacological findings are seldom pursued further. In other
instances, some of their properties are only effective at very high dose levels/concentrations that would
generally preclude utility as medicinals. Such limitations in current natural compound pharmacological studies
should thus be kept in mind during the coming subsections.

1.23.10.1 Allyl-/Propenylphenols

1.23.10.1.1 Antimicrobial properties

The most common allylphenol in Nature, eugenol (4), has been long used in cloves for its antimicrobial
properties, both in food preparations and as a constituent of dental resins. Indeed, for millennia, humanity has
used allyl-/propenylphenol-containing spices to protect foods against microbial spoilage. This is because spices
were, in addition to salting and drying, the main means of food preservation, especially in warmer climates (i.e.,
in tropical and equatorial regions), where bacterial growth and contamination are frequently more favored.375

Furthermore, plants growing in such warmer/more humid climates are typically challenged with numerous
and diverse microbial pathogens, and the formation of their chemical defense compounds (e.g., allyl-/prope-
nylphenols, terpenoids, alkaloids) presumably helps withstand such attacks. Other allyl-/propenylphenols (e.g.,
methylchavicol (3) and anethole (5)) also have antimicrobial properties, and plants accumulating them (e.g.,
tarragon, anise, and fennel) are cultivated and used as herbs and spices. Humanity has long treasured the flavors
and fragrances of spices, perhaps culturally linking their presence to such beneficial qualities and which result
in their uses as food seasonings to the current time. In many societies, however, they have lost much of their
relevance as food preservatives per se.

Centuries ago, spices were brought to Europe, where they gained large economic importance and became
expensive and desirable trade items. Indeed, eugenol (4)-rich cloves, which grow in tropical climates (until recently,
almost exclusively in the so-called ‘Spice Islands’ in Indonesia), subsequently became important for their
antimicrobial and analgesic properties. Cloves were one of the main spices (along with cinnamon (Cinnamomum

verum, syn. C. zeylanicum) and black pepper (P. nigrum)) imported by Europeans since Roman times. The Aksumite
Empire (based in nowadays Ethiopia) controlled the main trading routes between the Mediterranean and India,
through Egypt and the Red and Arabian Seas, until its decline with the rise of Islam during the seventh century,
when these trade routes were effectively blocked. Eventually, trade was reestablished and controlled by Arabs until
the fifteenth century, when the rise of the Turk Ottoman Empire again interrupted trade by land. This led to the
‘age of exploration’ and the creation of early maritime spice trade routes by Europeans around the African coast in
the fifteenth/sixteenth centuries. This, in turn, resulted in successive periods of maritime domination by different
nations, that is, where Portugal established several coastal colonies during the sixteenth century, many of which
were later under Dutch, French, and British control during the rise of their own colonial periods. The development
of these routes led to the ‘discovery’ and colonization of the American continent by the Europeans. Nowadays,
Indonesia produces again most of the world’s clove supply, after a decrease in production in the past decades in
Zanzibar and Pemba (Tanzania), where they had been introduced.

Eugenol (4) is thought to exert its antimicrobial effects by affecting either glucose uptake/metabolism376 or
cellular membrane shape/integrity.377,378 Nevertheless, its antimicrobial effects are apparently attained only at
relatively high concentrations. Reported minimal inhibitory concentration (MIC) values against bacteria
typically are �1–5 mmol l�1 (e.g., against Staphylococcus mutans,379 E. coli, and Staphylococcus aureus,380 as well as
Bacillus subtilis and Listeria innocua381); these values are more than 1000 times higher than those of the
conventional antibacterial nisin (1 and 2 mmol l�1, respectively).

Although such antibacterial effects are observed only at relatively high eugenol (4) concentrations, such
functions are presumably attained in planta. Some volatile oil components accumulate in very high concentra-
tions, for example, basil contains �10 mg eugenol (4) per gram (fresh weight).352 Accordingly, utilization of
such spices during food preparation can potentially lead to sufficiently high concentrations for antibacterial
effect, for example, millimolar eugenol (4) concentrations can result from the use of a few hundred milligram
cloves, as it comprises �15% of the dry weight.

In addition to the effects on bacteria, eugenol (4) reportedly acts as a fungicidal/fungistatic agent, albeit with
relatively high MIC values ranging between 1 and 5 mmol l�1 against Trametes versicolor (white rot fungus),
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Coniophora puteana (brown rot fungus),382 Drechslera sorokiniana (a root rot fungus), Colletotrichum

graminicola (antrachinose pathogen), Fusarium solani (a plant and human fungal pathogen), and Macrophomina

phaseolina (charcoal rot fungus).383 It also affects the growth of the yeast Saccharomyces cerevisiae with an MIC of
1.8 mmol l�1, where it was demonstrated to cause membrane damage/leakage.384 Interestingly, membrane
damage was of enough utility to allow for eugenol (4) use in cell lysis during extraction of genomic DNA from
S. cerevisiae and Candida albicans, instead of SDS/zymolyase. Additionally, in vivo studies using oral C. albicans

infection in immunosuppressed rats reported an MIC of 12 mmol l�1 for eugenol (4), whereas that for the
reference treatment nystatin was 5.8 mmol l�1, or �2000 times lower.385 Again, as discussed above for the
antibacterial effects of eugenol (4), such dosage levels/concentrations are too high for consideration as a
potential drug. Nevertheless, beneficial effects may be achieved following food preparation and ingestion.

1.23.10.1.2 Anesthetic properties

In addition to being a useful antimicrobial, eugenol (4) is a topical anesthetic, and combination of these properties
led to its use in dental polymers as pulp-capping agents.386–389 It has also been reported to be an efficient anesthetic
in fish (as well as rats), facilitating capture, transport/handling, and also surgical procedures, although it becomes
lethal at higher doses.388,390,391 In rainbow trout, eugenol (4) concentrations of 50 mg l�1 result in short-term
anesthesia (<5 min), with ‘some deaths’ observed at 100 mg ml�1.392 Cloves are also added to clove (‘kretek’)
cigarettes, originally as a means of clove oil delivery directly to the lungs, to help combat chest pains.393 The
anesthetic activities of eugenol (4) are thought to derive from its effects on Naþ and Ca2þ ion channels, inhibiting
voltage-gated currents/ion potentials,394–396 although its effect on GABA receptors may also be involved.392

1.23.10.1.3 Other reported activities

Other reports of eugenol (4) biological/medicinal properties in the scientific literature are generally more
preliminary, and in need of further exploration from a potential medicinal perspective. For example, it is
preliminarily reported as having antioxidant, antitumor, antiviral, antileishmanial, anthelmintic, and hypotensive
properties in humans/animals.86,397–399 It has also been shown to modulate ion channel activities as described
above400–403 and inhibit a number of enzymes, including monoamine oxidase,404 5-lipoxygenase,405 and inducible
nitric oxide synthase,406 with reported reduction of NF-�B activity.407 A number of enzymes are also apparently
activated by eugenol (4), these including p38 MAP kinases408 and UDP-glucuronyl transferases.409 Additionally,
micromolar concentrations of eugenol (4) have been reported to induce apoptosis in HL-60 leukemia cells
(40mmol l�1)410 and also in mast cells, whereas at higher concentration (700mmol l�1) it leads to the translocation
of phospho-Ser15-p53 into mitochondria and its interaction with Bcl-2 and Bcl-xL.411 Eugenol (4) (at 0.5–
2.5mmol l�1 concentration) also inhibits melanoma growth by inhibition of E2F1 transcription.412

Other reported allyl-/propenylphenol biological activities include the anti-inflammatory action of anethole
(5) through inhibition of tumor necrosis factor (TNF)-mediated signaling,413 for example, via NF-�B activa-
tion, the same mechanism proposed for the anti-inflammatory activity of isoeugenol (6).414 Safrole (22) and
isosafrole (24) reportedly protect liver tissue from CCl4 carcinogenicity by inhibition of its CYP2E1-dependent
activation.415 On the contrary, hydroxychavicol (50) potentializes the deleterious effects of benzopyrene in
cigarette smoke leading to oral squamous cell carcinoma,416 and asaricin (32) can kill moth larvae at
submilligram quantities,417 the latter being potentially useful as a pesticide and fungicide.418,419

1.23.10.1.4 Effects in planta

Besides the antimicrobial effects described above, allyl-/propenylphenols have other reported roles in planta.
Methyleugenol (42) is present in a number of floral scents, and is the major attractive component of Bactrocera

fruit fly pollinators in the orchid B. cheiri. It is present in amounts of �400 mg per flower, about 10 times more
than the other allyl-/propenylphenols present.80 Indeed, methyleugenol (42) is commercially used in insect
lures and traps, thus reducing the use of conventional insecticides, for example, against Oriental fruit flies
(Bactrocera dorsalis) in Hawaii.420–424

1.23.10.1.5 Mutagenicity

Allyl-/propenylphenols have also long been studied for possible mutagenic potential, as they are typical
components of several prepared foods and some can be carcinogenic in test animals at very high doses.
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FEMA acceptable/safe daily intakes for methylchavicol (3) and methyleugenol (42) have been estimated at 1–
10 mg kg�1 body weight per day, which is 100–1000 times the average human dietary consumption.425 In low
doses, such as those typically found within normal diets, they are metabolized in vivo to form harmless products
through, for example, demethylation, glucuronidation, and epoxidation/epoxide hydrolysis.426 In laboratory
experiments utilizing much larger doses (100–2000 mg kg�1 day�1), allyl-/propenylphenols were also meta-
bolized through P-450-catalyzed C7 side-chain oxidation, followed by the action of sulfotransferases.427–431

The sulfooxyalkenyl phenol derivatives thus formed were found to be less stable in aqueous media and
generated, upon sulfate loss, carbocations that reacted with proteins and DNA to afford covalent adducts.
This, however, perhaps accounts for their mutagenic/tumorigenic potential at very high doses.431–433 Another
possibility for their reported toxicity at very high doses may be the reaction of their quinone methide
derivatives with basic amino acids (i.e., Lys and Arg).434 Indeed, such protein adducts have been detected in
rat hepatocytes,435 and more stable carbonium ions/quinone methides have been found to be more geno-
toxic.436 Nevertheless, dosages utilized in these studies are abnormally high and orders of magnitude higher
than those typically observed from dietary intake.

1.23.10.1.6 Potential future uses as commodity chemicals/biofuels

Allyl-/propenylphenols are now also being considered as potentially useful petrochemical substitutes.5

Aromatic hydrocarbons (e.g., ethylbenzene) are already present in automotive and aviation fuels, and contribute
favorably to their combustion characteristics. Most allyl-/propenylphenols are liquid at room temperature, and
release relatively high energy upon combustion (i.e., they have relatively high carbon to oxygen ratios, with
higher energy densities especially when compared to ethanol). Another important potential niche for these
compounds as petrochemical substitutes is in polymer industries. More than 10% of the current petroleum uses
are for nonenergy purposes, including synthesis of polymers and polymer intermediates such as styrene; these
facets of the current petroleum crisis are not addressed by any of the main proposed solutions, such as cellulosic
ethanol and biodiesel. Allylphenols can be readily converted into the corresponding propenylphenols through
alkaline isomerization, and the resulting propenylphenols are structurally substituted/functionalized styrenes.
These can undergo similar polymerization reactions to afford polymer chains of relatively high molecular
weight, depending on reaction conditions, or may be further refined into other useful products. Therefore, such
properties create the exciting possibility for their consideration as (bio)fuels/fuel additives and/or polymer
intermediates, if technologies for production at the commodity level become available and economically viable.
Additionally, the remaining biomass, if partly reduced in lignin contents, without adversely affecting physio-
logical properties in planta, could facilitate cellulose fermentation for ethanol production and also wood
processing in pulp/paper industries.

1.23.10.2 Lignans

Several lignans have either achieved continued success as pharmaceuticals and/or are showing considerable
promise in cancer treatment. Others have been implicated in beneficial effects for human health either in various
foodstuffs or in traditional medicine; for example, S. chinensis, a plant used in Traditional Chinese Medicine (TCM)
for its liver-protecting properties, produces the lignin, gomisin A (157),437–439 whereas secoisolariciresinol digluco-
side (SDG, 217) present in flaxseed (L. usitatissimum) has been proposed to prevent onset of various cancers284 and
to modulate fat metabolism,440 and NDGA (143) is thought to be the main bioactive component of Larrea species
used in traditional Native American medicine.245 On the contrary, there are many recent but preliminary
bioactivity reports of phytochemical studies of lignans of purported medicinal value. In general, these have either
not been pursued in more detailed studies, or whose ‘efficacious’ activities are only achieved at very high
concentrations (dosages). These properties are discussed in more detail in the following subsections.

1.23.10.2.1 Lignans in cancer chemotherapy and cancer prevention

1.23.10.2.1(i) Podophyllotoxin and derivatives Perhaps the most important use of a lignan for medicinal
purposes is that of the (�)-podophyllotoxin (1b) derivatives in chemotherapy. In this regard, (�)-podophyllotoxin
(1b) was the first use of a lignan as a lead compound in the semisynthesis of antitumoral agents. However, it proved
too toxic for successful use on its own as a therapeutic agent. Derivatives such as etoposide (305) and teniposide
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(306) are now extensively used instead in treatment of various cancers (e.g., testicular, ovarian, brain, breast, and
small- and large-cell lung cancers, and lymphomas),441,442 usually in combination with other antitumoral drugs. By
itself, (�)-podophyllotoxin (1b) inhibits microtubule assembly, thus leading to cell cycle arrest, whereas its
derivatives such as etoposide (305) and teniposide (306) act on DNA topoisomerase II.442 This enhanced efficacy,
among other structural differences, has been correlated with the presence of bulkier epi-C-4 equatorial substituents
(e.g., glycosides).443,444 Such inhibitors stabilize a covalent complex between transient double-stranded DNA breaks
and DNA topoisomerase II (which occur normally during DNA recombination and replication), inhibiting DNA
strand religation and thus leading to lasting DNA damage.445

Development of (�)-podophyllotoxin (1b) analogs, such as 305 and 306, still required either large solution
volumes or addition of solubilizers, such as polysorbate 80 and polyethylene glycol, for administration of larger
doses thereby limiting therapeutic use. Through extensive derivatization studies, however, the etoposide (305) C-
49 phosphate derivative etopophos (307) was later developed as a more water-soluble prodrug, as it is converted
into etoposide (305) in vivo by action of endogenous phosphatases. As a result, etopophos (307) is now a preferred
drug for clinical administration, having been approved for intravenous use by the FDA in 1996.446 Other promising
analogs include the epimeric picropodophyllin (308), an inhibitor of insulin-like growth factor-1 receptor that
inhibits vascular endothelial growth factor (VEGF) secretion and neovascularization, as well as uveal melanoma
growth.447,448 Another derivative of interest is the dual topoisomerase inhibitor tafluposide (F 11782, 309),449–451

which is currently under phase I clinical safety studies as a chemotherapeutic agent.452 Likewise, other semisyn-
thetic analogs have been developed with lower cytotoxicity ID50 values, for example, the 49-O-demethyl diamine
derivative 310, with ID50 of 0.027mmol l�1 (compared to 0.2mmol l�1 for etoposide (305)).444
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As the therapeutic uses of these compounds continue to grow, new sources have been sought to account for
the increased demand; US etoposide (305) sales tripled in 1995 and have risen more than 10% annually in the
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following years.441 (�)-Podophyllotoxin (1b) is normally extracted from podophyllin, the resin of Podophyllum

spp. (e.g., P. emodi, syn. P. hexandrum, and P. peltatum) rhizome. By comparison, its content in P. peltatum is only
0.25% of dry weight, whereas P. emodi accumulates up to 4.3% of dry weight. However, with glucosidase action
prior to extraction, (�)-podophyllotoxin (1b) yields can be increased up to 5.2% of dry weight of P. peltatum

leaves and rhizomes.453

Synthetically prepared alternatives for their production are disfavored due to typically low yields, resulting
from the large number of steps and the challenges in obtaining the correct enantiomeric forms.441 In vitro plant
cultures are also currently unable to generate (�)-podophyllotoxin (1b) at a low enough cost, with among the
highest amounts obtained being 130 mg l�1 in 10 days.454 According to Verpoorte et al.455 productions rates of
300 mg l�1 within 14 days would still result in prices 10 times higher than those obtained through traditional
production methods, and even elicitation or precursor administration methods may not lower prices enough for
biotechnological production of (�)-podophyllotoxin (1b) or derivatives.454 Therefore, in vitro production
protocols must be considerably improved before traditional extraction methods are economically surpassed.
These efforts perhaps may be facilitated by the ongoing elucidation of (�)-podophyllotoxin (1b) biosynthetic
pathway steps.

1.23.10.2.1(ii) Nordihydroguaiaretic acid and derivatives Another lignan whose derivatives are gaining
increased interest as chemotherapeutic agents is NDGA (143). Prior to this, it was used as an antioxidant and as
an additive in rubber production. The actual bioactive entity in chemotherapy is not completely established,
with NDGA (143) perhaps serving in the capacity of a prodrug. This is being considered since NDGA (143)
was recently shown to auto-oxidize in aqueous media (with a reaction half-life of �3 h at pH 7.4)456 to form a
schizandrin-like dibenzocyclooctadiene lignan (311); the latter is perhaps the actual bioactive agent responsible
for the biological activities discussed below. NDGA (143) has also been shown to undergo auto-oxidation to
form quinones that are reactive toward thiols, thus leading to GSH depletion by adduct formation, this being
another of its potential mechanisms of action.457

In recent years, NDGA (143) has become a promising potential pharmaceutical due to the anticancer
properties reported for itself and some of its derivatives, and it has also been licensed for treatment of actinic
keratosis (Actinex, Chemex Pharmaceuticals, Denver, CO).245,458 Its reported anticancer properties on varied
cancer cell lines may result from a combination of different activities. Examples include arresting cells on G1
phase (at least partially by reactivation of p16 INK4a, a gene that undergoes methylation in some cancers),459

activation of TRAIL-induced apoptosis,460 and inhibition of IGF signaling461–464 as well as of lipoxygen-
ase462,465 and topoisomerase II alpha466 activities. Among cancer cell lines that NDGA (143) has shown
promising activity against are colorectal tumors (IC50 1.9 mmol l�1),467 breast cancers,468 adenocarcinomas,469

and neuroblastomas (blocking growth at 15–30 mmol l�1).463 M4N (Terameprocol, 312), the tetra-O-methy-
lated derivative of NDGA (143), is also active against melanomas with similar IC50 values (1–20 mmol l�1),470

and is particularly suitable for intratumoral injection due to its low aqueous solubility, as it remains concen-
trated at the injection site.471 Indeed, M4N (312) is currently undergoing phase I/II NIH trials452 as a
promising potential treatment against treatment-refractory solid tumors.472,473 Another derivative, tetra-O-
acetyl NDGA (313), has also been reported to be effective against adenocarcinomas.469 As more structural
studies are performed with these lignans, as for the podophyllotoxin (1) derivatives described above, NDGA
(143) or derivatives of potentially higher efficacy may find similar extensive pharmacological applications as
chemotherapeutic drugs.

1.23.10.2.1(iii) Enterolignans and cancer prevention Other classes of lignans showing some potential as
cancer-preventative drugs/nutraceuticals are next discussed, albeit with the caveat that much more detailed
studies are still necessary. These include the so-called ‘mammalian’ or entero-lignans, enterodiol (316) and
enterolactone (317), which are produced by colonic microflora. These can be formed from many plant lignans
and their glucosides. Both possess weakly estrogenic and antiestrogenic activities on different cell lines in vitro,
and have been proposed to protect against the growth of some human cancers.474,475 Higher levels of these
lignans in vivo are found after intake of various foods, most prominently flaxseed (L. usitatissimum).476 They have
also been implicated in the antitumor activities of wheat bran on colon cancer cells,477 of rye bran on
diabetes,478 and of flaxseed on atherosclerosis-related processes.479
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Epidemiological studies suggest a protective effect of enterolignans against lower digestive tract cancers. These
compounds were reported to inhibit growth of prostate cancer cell lines in vitro,480–482 and significant inverse
associations were observed between serum concentrations of enterolignans (but not of genistein, daidzein or equol)
and prostate cancer.483 Different in vivo studies reported protective effects on colorectal adenomas (considered to be
cancer precursors)484 but no effect on colorectal cancers.485 Similarly, enterolignans were reported to have no
correlation with either adenoma formation in mice486 or lower myocardial infarction risk,487 and a positive
correlation was observed between enterodiol (316) plasma levels and risk of premalignant lesions of the cervix.488

Enterolactone (317), on the contrary, was reported to reduce growth and metastasis of hepatomas in rats.489

Using in vitro experiments with varied cell lines, enterolignans were found to decrease the activities of
aromatase and 17�-hydroxysteroid dehydrogenase in MCF-7 breast cancer cells, thereby reducing cell
proliferation,490 whereas other researchers found a proliferation-stimulatory estrogenic effect.491 Other studies
have indicated that enterolactone (317) differentially modulates estrogen receptors � and � signaling, which
could account for these discrepancies.492,493

Although the study of such hormonal effects is inherently difficult, most epidemiological studies correlate
higher levels of plasma enterolactone (317) with reduced breast cancer risk and/or metastasis,494–498 with some
studies narrowing the beneficial effects to particular woman or cancer genotypes.495,499 Again, these effects are
not universally observed and/or accepted, and it has been reported that a flaxseed diet during gestation or
lactation can increase the susceptibility of rat offspring to mammary tumorigenesis.500 From these results, it is
evident that the metabolism, mechanism of action, and potential of these compounds must be better understood
before their potential as either cancer-preventative nutraceuticals or medicinal products are fully established.

The main in vivo precursors of enterodiol (316) and enterolactone (317) are considered to be various plant
lignans, such as matairesinol (10), secoisolariciresinol (110), as well as sesamin (11), pinoresinol (13), syringaresinol
(96), arctigenin (197), 7-hydroxymatairesinol (114), lariciresinol (105), and isolariciresinol (133), as well as
glucosides thereof, for example, secoisolariciresinol diglucoside (SDG, 217) from flax.474,475,501–503 The biosyn-
thetic steps from these precursors is thought to involve deglycosylation (when necessary, e.g., from SDG (217)),
followed, apparently as a necessary first step, by O-demethylation of one of the methoxyl groups of, for example,
110. Ring dehydroxylation then probably occurs by loss of aromaticity and dehydration.284,474,475,504,505

Additionally, precursor lignans such as pinoresinol (13) can be reduced to afford lariciresinol (105) and secoisolar-
iciresinol (110) in vivo, whereas enterodiol (316) can be oxidized to afford enterolactone (317). All these reactions
have been reported to be performed by strains of phylogenetically diverse colonic bacteria, for example, Bacteroides,
Eubacterium, Clostridium, Peptostreptococcus, Enterococcus, Eggerthella, and Ruminococcus spp.506–510 The enterolignans
316/317 thus formed are taken up and further metabolized by colon epithelial cells (and also perhaps by liver
enzymes), affording the corresponding sulfates and glucuronides.511 Indeed, it is mainly those metabolites that are
later secreted in urine and bile, whereas the free enterolignans are only found in feces and (together with their
conjugated derivatives) in plasma.474,475 Typically, these lignans appear in plasma 8–10 h after intake, and have a
mean elimination half-life of �4–12 h,512 with considerable inter-individual variations in the levels of lignans
observed both in plasma and in secreted fluids, probably due to differences in gut microflora. Interestingly, while
most lignans found in plants are optically active (including the (þ)-secoisolariciresinol (110) moiety of SDG (217)
in flaxseed),275 the enterolactone (317) found in urine is racemic;475 the reaction(s) potentially leading to
racemization are not yet understood, and these observations may thus suggest a lignin origin as well.

These lignans have been reported to exert varied other activities in vivo, including protection against
oxidants,513 lowering diet-induced fat accumulation in mice,440 lowering of plasma cholesterol and glucose
concentrations in high-cholesterol subjects,514 alleviating lower urinary tract symptoms in subjects with benign
prostatic hyperplasia,515 and also aiding in glycemic control in type-2 diabetic patients.516

1.23.10.2.1(iv) Other lignans and norlignans with anticancer potential Some other lignans have also been
reported to suppress either tumor growth or tumorigenicity of known carcinogens in vitro, but these results are still
very preliminary. For instance, several recent studies have suggested that honokiol (318) from Magnolia officinalis is
a promising potential chemotherapeutic agent for treatment of several cancers (e.g., colorectal and ovarian), based
on antioxidant, proapoptotic, and antiangiogenic activities both in vivo and in vitro against several cancer cell
lines.517–524 Although clinical studies are still lacking, honokiol (318) was considered nearly as effective an
antitumoral agent against colorectal carcinoma cells as the common chemotherapeutic drug adriamycin.517
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The unusual acetylenic norlignan hypoxoside (182) from African potato (Hypoxis hemerocallidea), along with
its aglycone rooperol (181), may also have good potential as pharmaceuticals.525–527 The latter (181) has been
reported as an antioxidant and a cancer-cell growth inhibitor at concentrations of 2–10 mg ml�1. Its glucoside
(182) can also serve as a nontoxic prodrug (up to 100 mg ml�1) that is deconjugated in vivo into its aglycone form
(181),528 but circulates mainly as phase II metabolites (glucuronides and sulfates).212,525–527,529 Furthermore,
H. hemerocallidea is possibly the best-known medicinal plant in South Africa, whose hypoxoside (182)-rich
extracts are used for the treatment of urinary diseases, prostate hypertrophy, and cancer.530 Although promis-
ing, the reported bioactivities for these African potato norlignans are still quite preliminary, and will require
numerous additional in vitro and in vivo toxicity studies and structure–activity analyses before their potential as
medicinal compounds can be better understood.

1.23.10.2.2 Antiviral lignans

Another set of interesting lignan biological activities either currently used or being considered for medicinal
purposes is that of antivirals. In addition to the previously discussed antitumor activities, (�)-podophyllotoxin
(1b) and its derivatives also inhibit viral replication, for example, against measles, human papilloma HPv,
cytomegalovirus, and herpes simplex type I viruses, being used medicinally against genital herpes.442 NDGA
(143) and derivatives also have antiviral activities, particularly against HIV and papillomavirus, although with
relatively high concentrations being necessary. NDGA (143) has an IC50 of 25 mmol l�1 against HIV, while its
tetra-O-methylated derivative (M4N, 312) has an IC50 of 11 mmol l�1;531 NDGA (143) and M4N (312) were
also found to inhibit HIV-1 replication by suppressing proviral and HIV Tat-transactivated transcription.531

The tetra-O-glycyl NDGA derivative (314) has an IC50 values of 12 mmol l�1 against HIV532 and 3–5 mmol l�1

against herpes simplex virus-1.533 Tetra-O-acetyl NDGA (313) and 3-O-methyl NDGA (315) are also effective
against human papillomavirus and induce apoptosis in cervical tumor cells in in vitro assays at low micromolar
concentrations,534,535 whereas M4N (312) has shown promising results in Phase I/II trials as a vaginal ointment
in treatment of HPV-linked cervical cancers.536,537

1.23.10.2.3 Nutraceutical lignans: sesame

Many lignans have reported antioxidant properties, which in large part can be ascribed to the presence of free
phenolic groups within their structures. Nevertheless, sesame represents perhaps one of the best-studied
dietary lignan sources, as the lignans in both its seed and oil have beneficial properties for humans.
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Sesame seed is consumed either raw or roasted, and its oil is extracted from either raw or roasted seed as
well, leading to products with different sensory properties. South Korea has the highest per capita consumption
(�6–7 g day�1), with the Japanese consuming about 3 g day�1, mainly as sesame oil.249 Sesame oil is considered
one of the best vegetable oils for deep-frying, as it is more resistant to high-temperature oxidation than soybean
and canola oils, and also helps increase the durability of fried foodstuffs. Those antioxidant properties are
thought to derive mainly from the presence of lignans in sesame and sesame oil, and the antioxidant potential of
sesame oil apparently increases after roasting.

The most abundant sesame phenylpropanoids characterized are (þ)-sesamin (11a), sesamolin (210),
sesaminol (206), and sesamolinol (211) as previously discussed, together with epi-sesamin (319), diasesamin
(320), sesangolin (321), 2-episesalatin (322), simpleoxide aglycone (323), and (þ)-pinoresinol (13a) (from
which the majority of sesame lignans are thought to be derived). Mono-, di-, and tri-glucosides of those lignans
are also present.249 Their levels vary among different Sesamum species, with sesamin (11a) and sesamolin (210)
contents in sesame oil being typically 0.4% and 0.3%, respectively (with up to 2.4% (þ)-sesamin (11a) in the
oil of S. radiatum).249
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Sesaminol (206) is thought to be the main antioxidant lignan present in sesame oil, and its available levels
are thought to increase (concomitant to sesamolin (210) level decrease) upon roasting, oil processing, or in the
case of whole sesame seed or sesame meal, through hydrolysis of sesaminol (206) glucosides. (þ)-Sesamin (11a)
has no free phenol group and shows weak or no antioxidant effects; however, it is thought to be metabolized in

vivo to afford the aforementioned enterolignans, for example, 313 and 314.503

In addition to their antioxidant properties, sesame lignans affect tocopherol/vitamin E metabolism, increas-
ing tocopherol levels in plasma, brain, and liver (two- to four-fold in the latter, where these lignans inhibit
tocopherol metabolism).249,538 Fatty acid metabolism is also affected by sesame lignans in microorganisms and
animals, for example, sesamin (11) and other sesame lignans inhibit �5 desaturase activity in the fungus
Mortierella alpina and rats, with IC50 values for sesamin (11) of 5.6 and 72 mmol l�1, respectively (other fatty acid
desaturases were not inhibited to the same extent).249,539 Sesame lignans were also shown to increase hepatic
fatty acid oxidation and decrease hepatic fatty acid synthesis in rats, which leads to decreased levels of serum
fatty acids.540,541 A similar trend was observed regarding cholesterol metabolism, with sesamin (11) in
combination with �-tocopherol lowering the concentration of serum and liver cholesterol in rats and humans,
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thus indicating a preventive role against atherosclerosis.542 Additionally, sesamin (11) was reported to have
potential beneficial effects on hypertension543 and to increase the rate of alcohol metabolism in rats and
humans.249

It is thus considered that sesame seed lignans can exert a number of different potentially beneficial effects in
humans and other animals, with mechanisms for their actions having been proposed in some cases. Some of
these activities are apparently specific to sesame lignans, while others can be potentially ascribed to their
downstream metabolic products, for example, enterolignans such as 313 and 314. Further detailed in vivo

studies regarding these different effects and the true active principles must still be performed. Nevertheless,
sesame seed continues to gain well-deserved attention as a nutraceutical dietary component.

1.23.10.2.4 Antichagasic lignans

Some lignans have shown somewhat promising in vitro activities in cases where currently available treatments
are not efficient (e.g., requiring high drug concentrations), thus potentially serving as useful lead compounds for
the development of pharmaceutical compounds. For example, eupomatenoids (191, 192), their possible in vivo

precursors conocarpan (16) and 324, as well as grandisin (325), have been isolated from a few plant species
including Conocarpus erectus,544 P. regnellii,218 and Piper solmsianum,545 and are active against some tropical
parasites and insect larvae.546 More importantly, though, they have shown activity against epimastigote
forms of Trypanosoma cruzi, the causative agent of Chagas’ disease, with IC50 values of 3–9 mg ml�1, and being
�20% more inhibitory to T. cruzi growth than the typical medicaments benznidazole (which is less effective
during the chronic part of the disease) and gentian violet (which has an IC50 value of 28 mg ml�1).547–549

Eupomatenoid-5 (192) also acts on the amastigote (intracellular) forms of T. cruzi at similar concentrations.
Nevertheless, while these compounds may have some promising potential applications in Chagas’ disease
treatment, further pharmacological studies are lacking regarding their toxicities or activities of semisynthetic
derivatives.

O

MeO

MeO

MeO OMe

OMe

OMe

(325b) (–)-Grandisin

O
HO

R

(16) R = H, Conocarpan

(324) R = OMe

O
HO

R

(191) R = H, Eupomatenoid-6

(192) R = OMe, Eupomatenoid-5

1.23.10.2.5 Properties in planta

As discussed in detail before,1 functional assignment of lignans (as well as most other specialized metabolites) in

planta is very sparse and often circumstantial. Nevertheless, in most described cases, their functions seem to be
mainly defensive, for example, antimicrobial, antioxidant, antifeedant, and allelopathic. For instance, in
agreement with a putative defense application, the levels of dihydromonolignols (e.g., 291, 119) apparently
increase upon aphid attack (e.g., Adelges abietis attack on P. glauca).161 In other cases, they may serve to attract
microbes or insects, sometimes with deleterious effects. One example is olivil (12), which was isolated from the
resin of olive trees in Europe. Olive trees were later introduced in Japan in 1908, and olivil (12) has been
recently found to act as a feeding stimulant to a species of weevils in Japan. These weevils, which originally
used other Oleaceae plants (e.g., Ligustrum japonicum and Ligustrum obtusifolium) for their diet, have since changed
their host preferences to the olive tree. These so-called ‘olive weevils’ now constitute the most serious pest of
the olive tree in Japan,550 indicating the delicate balance in Nature that can exist.

Strong antioxidant lignans are present in some of the most valuable plant oils, for example, sesame seed oil,
where they are thought to prevent degradation and help stabilize these oils at high cooking temperatures.
NDGA (143), as mentioned before, is also a very strong antioxidant and is found in large amounts in the
creosote bush (L. tridentata), perhaps helping its survival in high-temperature desert areas. Of course, such
distinctive properties are employed for human benefit, leading to the use of sesame oil in cooking, and of
NDGA (143) as a stabilizer in polymer and rubber applications.

Allylphenol and Lignan Pathways 915



Some lignans are also reported to possess allelopathic properties. NDGA (143) is thought to be the main
contributor to the phytotoxic effects of L. tridentata, which is often present as the single plant species in large
colonized areas; indeed, early uses of this plant included sprinkling over train beds to stop weed growth.551

Interestingly, on the contrary, dihydroconiferyl alcohol (119) was studied during the 1970s as a plant growth
regulator, inducing hypocotyl growth in several plant species.552–556 More recently, both dihydroconiferyl
alcohol (119) and dihydro-p-coumaryl alcohol (291) contents were noted to be lower in the extractive contents
of Pinus laricio after prescribed burnings;557 dihydroconiferyl alcohol (119) is also found in pine weevil (Hylobius

abietis) feces deposited to close holes bored for egg deposition, where it reportedly functions as an antifeedant to
other pine weevils signaling the presence of the egg cavities under the trunk surface.558

As another example, the previously mentioned, G. officinale (ironwood, palo-santo, lignum vitae), a member of
the Zygophyllaceae (which also includes the creosote bush, L. tridentata), accumulates in its heartwood a resin
containing the 8–89-linked 9–99-deoxygenated lignan (�)-guaiaretic acid (9b). Its massive deposition is
thought to contribute to the exceptional durability of this wood, one of the densest and hardest among
commercial timbers. Indeed, the presence of large amounts of resin results in water resistance and ‘self-
lubricating’ properties, which have made it ideal for use in ship construction. Other past uses of its wood
have included manufacturing of bowling balls, mallets, and bearings.559,560 Lignans contributing to heartwood
durability and texture in other plant species include (�)-plicatic acid (112) and its derivatives in T. plicata,156 7-
hydroxymatairesinol (114) and (�)-�-conidendrin (113b) in T. heterophylla,154 and (nor)lignans such as 116,
122–124 in C. japonica,166,167 as discussed before in Section 1.23.3.2.3.
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94. M. Jukić; O. Politeo; M. Miloš, Croat. Chem. Acta 2006, 79, 209–214.
95. M. Marotti; R. Piccaglia, J. Essent. Oil Res. 1992, 4, 569–576.
96. A. Orav; A. Raal; E. Arak, Nat. Prod. Res. Part A 2008, 22, 227–232.
97. R. Spitaler; E.-P. Ellmerer-Müller; C. Zidorn; H. Stuppner, Sci. Pharm. 2002, 70, 101–109.
98. E. P. Lichtenstein; T. T. Liang; K. R. Schulz; H. K. Schnoes; G. T. Carter, J. Agric. Food Chem. 1974, 22, 658–664.
99. A. J. MacLeod; C. H. Snyder; G. Subramanian, Phytochemistry 1985, 24, 2623–2627.

100. A. J. MacLeod; G. MacLeod; G. Subramanian, Phytochemistry 1988, 27, 373–375.
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285. C. B. I. von Heimendahl; K. M. Schäfer; P. Eklund; R. Sjöholm; T. J. Schmidt; E. Fuss, Phytochemistry 2005, 66, 1254–1263.
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L. Hilakivi-Clarke, Reprod. Toxicol. 2007, 23, 397–406.
501. S. Heinonen; T. Nurmi; K. Liukkonen; K. Poutanen; K. Wähälä; T. Deyama; S. Nishibe; H. Adlercreutz, J. Agric. Food Chem.
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