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AMrack g,l’-lignan skclctal fomdon is cngcndad by (+)-pinorcsiaol sy~~thase, an oxidase catalysing the 
sta-coselective coupling of two dtiral konifayl alcohols to give (+)pinoresinol in M% coantioawic excess. 

Lignans are a diverse class of phenylpcopanoids most fquently found as optically active W-linked 

dimers’* * although higher oligomers have been r~pOrted.~* 4 Certain representatives are involved iu liguin 

synthesis. e.g., pinoresinol 1,5 whereas otks have potent antioxidant, e.g., sesamin01,6 alklopathic, e.g., 

nordibydroguaiaretic acid,’ antimicrobial, e.g.. polygamain,* and insecticidal. e.g., haedoxar~,~ psoperties, 

str0~1gly suggcakg a major role in plant defense. 

(+)Pinoresinol la (-)-Pinoresinol lb Coniferyl alcohol 2 

The mechanism of formation of optically pure lignans has long been enigmatic*o given the fact that all 

previously describedeqmakally catalysed phenolic c0upling steps (i.e., with o2-laccpse or Hzoz-paoxidase) 

afford only racemic pnxiuc&* I2 e.g., (i)-pinomiuols la/Jb from @oniferyl alcohol 2. 

By contrast, the presence of optkally pme lignans in the plant kingdom’ raised the intriguing possibility 

that an hitkto unc~ mode of staroselective phenylpropanoid cgupling was operative.* Pnzlimiqy 

evidence in support of this contention had been obtained when we cstablisbed that F. suspensu “cell-wall 

residues”, following nmoval of readiiy soluble proteins. cat&sed the conversion of E-[S-KluMfeql alc0bOl 

2 into [8,8’-t‘%T]pinoresinol 1 without addition of exogenously supplied co-factors.13 Significantly. the 

(+)-antipode la was apparently preferentially formed (65:35) over its (-)cnantiomer lb, and time-course 

studies implied that two distinct coupling enzymes, one ste~kctive and the other non-stereoselective. were 

present: the non-stereoselective enzyme has since been dissolved and purified to apparent homogeneity and 

found to be a lactase (Mw - lOO,ooO). 
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In this report, we describe the discovery of (+)-pinoresinol synthase, the first example of a stereoselective 

phenylpropanoid coupling oxidase in lignan formation, and which has been dissolved from F. interme& “cell 

wall residues”. (+)-Pinoresinol synthase assays were carried out by incubation of [9-3H]coniferyl alcohol 2 

with the partially purified enzyme preparation at pH 5. I4 At the end of each assay. unlabelled (+)- and 

(-)-pinoresinols la/lb (7.5 pg) were added to the incubation miXture as radiochemical carrier. This was then 

purified by reversed phase HPLC, and subsequent chiral HPLC analyses revealed that essentially only 

(+)-[9.9’-3H] pinoresinol 18 (>97% enantiomeric excess) was formed, as evidenced by coincidence of 

radiochemical and UV absorbance elution profiles (Pig. 1A). 
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Fig. 1. (+)-Pinore-sinol synthase catalysed stereoselective coupling of E-[9-3H]coniferyl alcohol 2 into 

(+)-[9.9’-3H]-pinoresinol la; A) at 30°C and B) at 21°C in air and C) at 21°C under argon. (-) UV 

trace of u&belled carriers la/lb designated (+) and (-); (----) radiochemical trace; S = solvent.. 

To confirm and extend these observations, deuterated [9-*Hs,OC?Hz]coniferyl alcohol 2 was next 

prepared” as substrate, and incubated with partially purified (+)-pinoresinol synthase. The enzymatically 

synthesized (+)-[9,9’-2H2,OC2Hs]pinoresinol la obtained was recovered and subjected to mass spectroscopic 

analysis giving a molecular ion QM++lO] at m/z 368, with a base peak fragment ion at m/z 154 conesPonding to 

[ArCO]+ where Ar = 4-hydroxy-3-@H3 phenyl. This established that ten deuterium atoms had been 

introduced into (+)-pinoresinol la and, hence, unequivocally demonstrated the authenticity of the enzyme 

catalysed conversion (Fig. 2A). The mass spectrum of unlabelled (f)-pinoresinols la/lb is included for 

comparison purposes (Fig. 2B). 

Having established the integrity of the enzymadc transformation, a time-course analysis of the reaction was 

carried out, this being approximately linear over the first hour and reaching a maximum (plateau) level by co 2 

hr. Assays were next conducted at various pH values (ranging from pH 3.0 to 8.0). and revealed an optimum 

from pH 4.4 to 5.0. The temperature dependence of the reaction was also investigated with maximum activity at 

30°C being observed. An oxygen requirement was determined by conducting assays at 2 1 “C for 30 min. at pH 

5.0, under argon; this was achieved by freeze-thawing (2X) the partially purified protein in a Warburg tlask 
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under high vacuum (5 torr) and replacing the atmosphere with argon. The assay. initiated by mixing the 

[9-3H]coniferyl alcohol 2 with the degassed enzyme/buffer solution, was carried out as previously described-t4 

For comparison purposes, controls were carried out exactly as above but in an atmosphere of air. As before, 

unlabelled(f)-pinorcsinols ldlb(7.5 pg)werc addcdasradiochcmicalcarriertothe assaymixture.withthe 

pinoresinol 1 isolated by reversed-phase HPLC and subjected to chirai HPLC analyses. The results are shown 

in Figs. 1B and lC, respectively. As can be seen in Fig. IC, when the assays were carried out under argon, the 

radiochemical elution profde revealed that formation of (+)-[9,9’-3H]-pinonesinol la was suppressed (~96% ) 

thereby confirming the requkment for 02 (cf. Fig. 1B). 
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Fig. 2. Electron impact mass spectrum of A) (+)-[9.9’-*Hz. 0C2H3]pinoresinol la following 

incubation of E-[9-2H2,O@H3]coniferyl alcohol 2 with (+)-pinoresinol synthase and B) unlabelled 

(f)-pinoresinols lailb; fragmentation patterninterpretation of la has been described clsewhere.t5 

Our current working hypothesis for the mode of action of this unusual stereoselective oxidase is as 

follows. Two molecules of E-coniferyl alcohol 2 are bound to the enzyme active site, with each undergoing 

one-electron oxidation as shown (Fig. 3). The resulting enzyme-bound intermediates are then aligned in such a 

way as to permit only 88’coupling. Although, there are four possible orientations for coupling [i.e., where 

the reactive species approach each other from their re-re, re-si, si-re or si-si faces], only coupling between the si- 

si faces gives tbe requkd [8R, 8’R]pinoresinol la chirality. 

E-Coniferyl 
Alcohol 2 

-s 
(+)-Pinoresinol la 

Ar = 4-Hydroxy-3-methoxyphyl 

Fig. 3. Proposed mechanism of (+)-pinoresinol synthase showing si-si coupling. 
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Previous studies in our laboratory established that in Forsythia intermedia. the furofuran lignan. 

(+)-pinoresinol la, undergoes sequential enantioaelective NAD(P)Hdependent benzylic ether reductionst~~ te 

[via transfer of the 4-prog H of NAD(P)H] to afford (+)-lariciresinol3 and then (-)-secoisolarici 4,” 

with &hydrogenation of the latter giving (-)-mataimsinol 5. ’ ** l9 Thus (+)-pinotesinol18 formation serves as 

a key entry point to the lignans, the metabolism of which apparently gives rise to the majority of 8,8’-linked 

lignan skeleta encountered in the plant kingdom, e.g., the furofurans, dibenzylfurans, dibenzylbutanes and 

dibenzylbutyrolactones. The preoise nature of this hitherto uncharacterised oxidase, and its mechanism of 

stereoselective coupling, witI be the subject of fnture study. 

(+)-Laricircsinol3 (-)-Secoisolariciresinol4 (-)-Matairesin015 
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