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ABSTRACT 

Many plant species, in response to stresses, accumulate low molecular weight 

secondary metabolites called phytoalexins. Pea {Pisum sativum) makes a 

pterocarpanoid phytoalexin called pisatin which is relatively unique among pterocarpans 

because its stereochemical configuration is different at two adjacent carbons from the 

corresponding carbons in pterocarpan phytoalexins synthesized by alfalfa, soybean, 

clover and other legumes. 

Previous research demonstrated that an (-) isoflavanone-synthesizing isoflavone 

reductase (IFR) is induced during (+) pisatin biosynthesis and the final step in the 

biosynthesis is the methylation of (+) c/5-6a-hydroxymaackiain (HMK) by 6a-

hydroxymaackiainmethyltransferase (HMM). And, contrary to a predominant model of 

(+) pisatin biosynthesis, the 6a-OH of pisatin was shown to involve oxygen from H2O 

rather than O2. 

This work describes the role of (-) isoflavanone (sophorol) in (+) pisatin 

biosynthesis. Radioactive tracer techniques were used both in vivo and in vitro to 

analyze metabolism of (-) sophorol and related isoflavonoids. I have found that, in 

vivo, the incorporation of (-) sophorol into (+) pisatin is more efficient than the 

incorporation of (+) sophorol and (+) maackiain, suggesting that the normal 

biosynthetic route to (+) pisatin utilizes (-) and not (+) sophorol and does not use 

maackiain. (+) Sophorol is not metabolized in vitro by pea protein extracts, although 

isofiavene, 7,2'-Dihydroxy-4',5'-methylenedioxyisoflavanol (DMDI) and a novel 

diastereomer of HMK, trans-HMK, accumulate when (-) sophorol is used as substrate. 

A cDNA from pea, which encodes sophorol reductase (SOR), was cloned by homology 

to an alfalfa cDNA coding for isoflavanone reductase. The SOR cDNA was found to be 
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transcribed in response to CuCl2 treatment of pea seedlings, as was previously found 

for cDNAs of IFR and HMM, which are involved in pisatin biosynthesis. The SOR 

cDNA gene product specifically reduces (-) and not (+) sophorol in vitro. DMDI, the 

product formed by the activity from the recombinant protein, is incorporated in vivo into 

(+) pisatin. My current model of (+) HMK synthesis proposes that (-) sophorol and 

(3R) DMDI are normal in vivo pathway intermediates. However, rra/ij-HMK is likely 

an artifact as it is a poor pisatin intermediate in vivo and is also a poor substrate in vitro 

for HMM. 
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CHAPTER I 

iNTRODUCnON 

Humans depend on cultivated plants for food and fiber and wish to guarantee 

their dependable production and avoid economic loss, scarcity or famine. The use of 

genetically undiversified seed and scion in modem agricultural practice has accelerated 

the preponderance and distribution in the microbial flora of specialists capable of 

disrupting production goals. The science of plant pathology seeks to understand the 

biological participants and environmental conditions that lead to disease of socially 

useful plants and to understand the mechanisms operating in disease (1). However, 

plant disease is not limited only to agricultural settings, but can be a natural phenomenon 

of any plant's relationship with its environment. 

The causal agents of plant disease can be vimses; bacteria; ftingi; protozoa; 

mycoplasmas; nematodes; other plants; insects and other animals; environmental toxins; 

non-optimum free water, temperature and ionic conditions; wind, snow and ice; and 

excessive Ught. Plants are thought to be generally able to resist harmful effects from 

these causes when growing in provenance. Human migrations with accompanying 

introductions of cultivated plants into new ecosystems challenge the plants to produce 

their seed, fruit, tuber, or other vegetative components in an arbitrary location in an 
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environment in which it is no longer specialized and "crop failure" can be common. 

Because they are non-motile, plants must accommodate and resist the various 

biotic and abiotic stresses in place through the benefit of physiological and biochemical 

phenomena which can be expressed statically or dynamically. Numerous features of 

plants aid, in part, resistance to potential stressors, including waxy cuticles; specialized 

stractures that resist herbivory like spines and trichomes; lignified cell walls; sjnmbiotic 

associations; water storage physiology; preformed UV-absorbing and sometimes 

antibiotic chemicals; feeding deterrents; inducible proteinases, chitinases, peroxidases, 

and phytoalexins; hypersensitive sensitive cell death and wound-healing responses. 

ROLE FOR PHYTOALEXINS 

Many plant species produce phytoalexins, which are thought to play a role in the 

ability of plants to resist infection by plant parasitic fiingi. Phytoalexins are 

antimicrobial secondary metabolites produced by plants in response to infection or 

stress. Pea {Pisum sativum L.) produces (+) pisatin [(6a/?, 1 la/?) 6a-hydroxy-3-

methoxy-8,9-methylenedioxypterocarpan] after microbial challenge or treatment with 

CuCl2 (Fig. l.I). It is an isoflavonoid derivative (see below) and was the first 

phytoalexin to be chemically characterized (2). This dissertation describes research 

undertaken in order to elucidate the late steps in the biosynthesis and, in particular, the 

late steps leading to the production of (+) 6a-hydroxymaackiain (HMK), the substrate 

for (+) 6a-hydroxymaackiain 3-0-methyltransferase (HMM), the enzyme which 

catalyzes the last step in the formation of pisatin. In this chapter I will briefly review 

phytoalexins and then review isoflavonoid biosynthesis with emphasis on the late steps 

of pisatin biosynthesis in pea. 
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Figure 1.1. (+) Pisatin. (+) Pisatin ((6aR, llaR) 6a-hydroxy-3-methoxy-8,9-

methylenedioxypterocarpan) is synthesized by pea in response to fungal infection or 

stress caused by CuCl2. 
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Although the formation by plants of antibiotic substances and the involvement of 

those compounds in disease resistance had been generally accepted for decades, Miiller 

and Borger in 1940 (3) proposed key postulates that would be applied to phytoalexins, a 

term they coined, which essentially means "plant warding-off principles". For example, 

a phytoalexin is the priniciple responsible for inhibition of fungal development and 

which is non-specific in its activity, and is formed or activated during the defensive 

reaction (4). A concise definition of phytoalexins, as proposed at the 1980 NATO 

Advanced Study Institute on "Active Defence Mechanisms of Plants" (5), and which 

incorporates additional knowledge about them as a class, is as follows; 

"Phytoalexins are low molecular weight anti-microbial compounds that are both 

synthesized by and accumulate in plants after their exposure to microorganisms." 

Although phytoalexins could be demonstrated to be toxic in vitro to microbes, 

proof of a role of phytoalexins as a defensive mechanism in planta has been difficult to 

obtain. Correlative evidence is provided by experiments such as the following: 

application of L-2-aminooxy-3-phenyl- propionic acid, a competitive inhibitor of 

phenylalanine anmionia-lyase (PAL), a key enzyme in phenylpropanoid and 

isoflavonoid biosynthesis (see below), suppressed the accumulation of the soybean 

phytoalexin by 90%, resulting in conversion of a resistant phenotype to susceptible to 

Phytophthora megasperma f. sp. glycinea (6). 

Although investigations continue to produce similarly correlative evidence, 

sufficiently conclusive proof of the function of phytoalexins is elusive. Such evidence 

should demonstrate in an initially incompatible plant-microbe interaction that conversion 

of a single parameter to a null phenotype, namely, phytoalexin production, is directiy 
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correlated with a change to a less resistant phenotype. Recently, phytoalexin mutants 

(pad) of Arabidopsis thaliana have been created which accumulate varying amounts of 

the phytoalexin camalexin, an indole derivative (7). 

The data obtained only partially support the defensive role of a phytoalexin, 

however The bacterial pathogen Pseudomonas syringae pv. maculicola (PsmES4326) 

reproduced to a titer approximately 50 times higher in camalexin-deficient mutants of A. 

thaliana pocW (10% wild type camalexin level in presence of PsmES4326). The single 

mutants {padl (30% w.t.), and pad! (10% w.t.) were also more susceptible to 

PsmES4326 and various double mutants were even more compromised in their ability to 

restrict bacterial growth. Five incompatible^ isolates of the fungal pathogen 

Peronospora parasitica were tested for their ability to form sporangiophores on 

cotyledons of various single and double PAD mutants. The fraction of isolates 

demonstrating increased sporulation on given pad genotypes is as follows: padl: 0/5; 

pad2: 1/5; pad3:0/5; pad4:4/5; pad5:0/5; padl pad2: 1/5; padl pad3 4/5; pad! padS 

4/5. With respect to the latter 2 double mutants, the fungal isolates showing increased 

sporulation were not the same. There is no accompanying camalexin production data 

for the fungal infection assays, however, and pad3, in which camalexin was never 

detected, showed no increased susceptibility. Thus, the resistance phenotypes are 

complex and apparently not directly correlated to camalexin production, and this 

aforementioned work has not unambiguously demonstrated a role for a phytoalexin. 

Other studies have demonstrated a role for phytoalexins in disease resistance by 

increasing the resistance of tobacco to Botrytis cinerea by creating transgenic plants that 

produced the non-native, stilbene phytoalexin resveratrol (8). Thus, movement towards 

more conclusive experiments to support the phytoalexin theory is incremental and, as in 

^"Incompatible" refers to the inability of the microorganism to cause disease. 
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the case of fonnation of a novel phytoalexin in tobacco, indirect. 

While neither pisatin-deficient mutants of pea nor novel pisatin-producing 

transgenic plants have been niade and tested for altered disease resistance, there is 

considerable correlative evidence that pisatin is important in non-host resistance in pea. 

Fungal pathogens of pea can tolerate pisatin in vitrei^. A study in which three pathogens 

and three non-pathogens of pea were grown in the presence of a range of pisatin 

concentrations found that the pathogens were never more than 40% inhibited at 40 

jig/ml while the non-pathogens were completely inhibited; 2 of the latter 3 at 60 (ig/ml 

(10). This suggests that tolerance of the antibiotic is conducive to parasitism. 

Subsequent work demonstrated that the tolerance is conferred, in part, by the ability to 

detoxify pisatin (II) and loss of that ability reduces the extent of lesions caused by 

mutants of the pea pathogen Nectria haematococca on pea stems by an average of 21% 

and increased their inhibition in vitro by pisatin from 29% to 63% (12). The 

detoxification mutants were made by transformation-mediated disruption of PDAl, a 

gene coding for pisatin demethylase, an enzyme which catalyzes removal of the 3-0-

methyl group of pisatin, rendering it less toxic. Thus, pathogenic strains of N. 

haematococca, which induce pisatin but posses gene(s) for its tolerance, are less virulent 

if unable to detoxify pisatin. 

In conclusion, there is correlative evidence that phytoalexins are probably 

involved in plants' resistance to infection by nonpathogens. The ability to accumulate a 

phytoalexin has not been specifically deleted in a plant and tested for a correlated change 

in resistance; results have either been complex or negative. Pisatin is toxic to most 

nonpathogens of pea and pathogens that have lost their ability to detoxify pisatin, and 

are consequently less tolerant of it, become less virulent. 

^An exception is the pea pathogen Aphanomyces euteiches, wliich is not tolerant of pisatin in vitro (9). 
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ISOFLAVONOIDS AND PISATIN BIOSYNTHESIS 

Pisatin is a pterocarpan, a specialized class of isoflavonoid, with the four-ringed 

structure shown in figure 1.1. Isoflavonoids derive from phenylalanine and the 

phenylpropanoid pathway. PAL catalyzes the elimination of ammonia and a proton 

from L-phenylalanine, yielding trans-cinnamic acid (Fig. 1.2). Cinnamate 4-

hydroxylase then acts upon the latter, forming 4-OH-cinnamic acid (pars-coumaric acid) 

which is subsequently activated by the action of p-coumaryl Co A ligase to form p-

coumaryl-CoA. 

One p-coumaryl CoA and 3 malonyl-CoAs are the direct precursors of the C15 

4,2',4',6'-tetrahydroxychalcone, a reaction catalyzed by chalcone synthase (CHS). 

This chalcone leads to a 5-hydroxyfIavanone and genistein, intermediates in kievitone 

biosynthesis in Phaseolus vulgaris (13). However, in pterocarpan biosynthesis in both 

pea and alfalfa, and prior to formation of the chalcone, a "chalcone reductase" reduces 

and then causes loss of water at C-6' of the nascent chalcone (14, 15) forming, instead, 

6'-deoxychalcone (2',4',4-trihydroxychalcone) which is subsequently rearranged via 

the enzyme chalcone isomerase to form the 5-deoxyflavanone liquiritigenin (16). Not 

all steps in the aromatization of the 6'-deoxychalcone, including the loss of water, are 

understood. Because the mechanism of the reduction and dehydration is thought to 

occur at the level of the polyketide and not the chalcone, chalcone reductase is referred 

to as polyketide reductase (PKR) (17). The PKR gene was cloned from soybean 

{Glycine max) and, when used as a probe, hybridizing DNA was detected in bean 



21 

Figure 1.2. Flavonoid biosynthesis. The enzymes are represented by (1) 

phenylalanine ammonia lyase (PAL) (2) cinnamate 4-hydroxyIase (C4H), (3) p-

coumaryl Co A ligase, (4) Chalcone synthase (CHS) and polyketide reductase (PKR), 

and (5) chalcone isomerase (CKQ). 
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(P. vulgaris) and peanut (Arachis hypogaea), but not in pea (18), even though it is 

assumed that flavonoid synthesis in these genera is similar. 

The 25 flavanone liquiritigenin is the substrate for the 2-hydroxyisoflavanone 

syn±ase, which acts in conjunction with a dehydratase to form the true isoflavone, 

daidzein (Fig. 1.3). Hashim et al. combined ion exchange chromatography with i^O-

labeling to demonstrate that the formation of daidzein from the flavanone is a two step 

process, involving a hydrogen abstraction, aromatic ring migration, and a hydroxyl 

transfer in the first step; followed by the dehydration (19). 

The isoflavone C ring modifications determine the D ring structure of the 

resulting pterocarpans. Three different arrangements are exhibited by pea, alfalfa and 

soybean pterocarpans, respectively, and are set in place at the level of the isoflavone. 

The 2'-hydroxylation of the isoflavone is, in each instance, the last modification made, 

and daidzein is the beginning intermediate for C ring substimtion. Soybean exhibits the 

least complex modification, forming 2'-hydroxydaidzein. In alfalfa, the 4"-OH of 

daidzein is converted to -OCH3, forming formononetin, prior to 2'-hydroxylation, 

resulting in 7,2'-dihydroxy-4'-methoxyisoflavone. In pea, formononetin is also formed 

which is first 3'-hydroxylated, forming calycosin, and then converted to 

pseudobaptigenin to form the subsequent 4', 5'-methylenedioxy moiety. The 

pseudobaptigenin is then the substrate for 2'-hydroxylation, which forms 7,2'-

dihydroxy-4',5'-methylenedioxyisoflavone (DMI). 

The 2'-hydroxyisoflavone is an achiral molecule common to pterocarpan 

biosynthesis pathways in pea, alfalfa, soybean, chickpea {Cicer arietinum) and other 

legumes, although the substiments on the C rings differ, as discussed above. Prior to 

pterocarpan formation, the C2=C3 bond of the isoflavone is reduced, forming 
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Figure 1.3. Isoflavone biosynthesis. The enzymes indicated are (1) 2-

hydroxyisoflavone synthase, (2) 2-hydroxyisoflavone dehydratase, (3) isoflavone 3'-

hydroxyiase, and (4) isoflavone 2'-hydroxylase (39). Soybean forms 2'-

hydroxydaidzein, alfalfa produces 2'-hydroxyformononetin, while pea makes 4',5'-

methylenedioxyisoflavone. 
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isoflavanone, by the action of isoflavone reductase (IFR), the genes for which {IFR) 

have been cloned from pea (20), alfalfa (21) and chickpea (22). In the three latter 

examples, the isoflavanone products formed (pea: sophorol, alfalfa: vestitone, 

chickpea: sophorol and vestitone) by the IFRs from their respective substrates have the 

(-) or 3R configuration^. The DNA sequence of IFR from pea is 91.8% identical to that 

from alfalfa and 85.2% identical to that from chickpea (20). 

The mechanism of isoflavone reduction was smdied by Dewick et al in 

fenugreek (Trigonella forenum-graecum) and pea (23,24); the former synthesizes (-) 

pterocarpans while pea accumulates (-) pterocarpans and (+) 6a-hydroxypterocarpans. 

Using 2H-NMR analysis, Dewick et al. found that a deuterium at the C-2 of the 

unsaturated isoflavone formononetin was conserved in the equatorial position when 

incorporated into either (-) pterocarpans or (+) 6a-hydroxypterocarpans. Assuming that 

the configuration of the isoflavanone intermediate was maintained at both the C-2 and C-

3 in subsequent pterocarpan formation, they concluded that pea, at least during (+) 

pisatin accumulation, utilizes a cis reduction while fenugreek uses a trans addition of 

protons at the level of isoflavanone formation (Fig. 1.4) (23, 24). The distinction was 

made because the investigators' biosynthetic model in pea involved direct formation of 

(+) isoflavanone. Support for this proposition was subsequently weakened when the 

purified IFR from pea was shown to stereochemically reduce DMI to (-) sophorol (20, 

25). 

The pterocarpan was considered to be reductively formed from the isoflavanone, 

with maintenance of the chiral configuration at the isoflavanone C-3 and with identical 

^ Isoflavanones have one chiral center at the C-3, and the conformation is (-) or 2R. Most 
pterocarpans, which have two adjacent chiral centers, are laevorotatory, and I will refer to these and their 
corresponding isoflavanones as the priority rules require that (-) pterocarpans are (6a/?, 1 la/?), and 
(+) 6a-hydrox3^terocarpans are also (6a/?,l la/?), although they are dextrorotatory and with the inverted 
configuration at the adjacent C-1 la and C-6a chiral centers. Thus, for simplicity, I will use (+) and (-) 
to refer to dextro- and laevo-rotatory configurations respectively. 
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Figure 1.4. Mechanism of reduction by isoflavone reductase. Model for reduction of 

the 6-6a carbon-carbon bond in (+) pisatin (A) and (-) medicarpin (B) biosynthesis. 

2H-NMR reveals that the deuterium at C-2 of added [2-2H]-formononetin is 

incorporated in vivo into the equatorial position at C-6 (pterocarpan numbering) by both 

pea (A) and alfalfa (B). The addition of H, OH in pea is cis and the reduction of 

medicarpin is trans in alfalfa (23,24). 



B 

0CH3 
FORMONONETIN 

OCH3 

FORMONONETIN 

CH3O 

(+) PISATIN 

trans 

^^^0CH3 
(-)MEDICARPIN 

lO 
00 



29 

configuration at the adjacent chiral center at C-1 la (pterocarpan numbering). Pea makes 

(+) pisatin and (-) maackiain (see below), while alfalfa makes (-) medicarpin, similar to 

(-) maackiain, but differing in the D ring substituents as set in place in isoflavone 

synthesis (see above). The proposed pterocarpan synthase was partially characterized in 

chickpea (26), and partially purified from soybean (27). The mechanism of the reaction 

was proposed to include a reduction of the isoflavanone carbonyl function, forming an 

isoflavanol, which would readily dehydrate (in cooperation with the 2'-hydroxyI) and 

form the pterocarpan. This activity was elusive and a report of a partial purification was 

published (27). Working in alfalfa, Guo et al. solved the purification problem by 

resolving two activities from their "pterocarpan synthase" fraction: an isoflavanone 

reductase (vestitone reductase) and an isoflavanol dehydratase (DMI dehydratase) (28) 

(Fig. 1.5), which act in succession on the isoflavanone to make isoflavanol and then 

pterocarpan. The vestitone reductase was cloned as well (29). Therefore, the metabolic 

route to (-) maackiain in pea can be explained as isoflavanone reductase and isoflavanol 

dehydratase acting consecutively on (-) sophorol (formed by pea IFR) and the 

corresponding isoflavanol, although these activities have not been demonstrated. 

Upon elicitation by CuCh, alfalfa accumulates, in addition to (-) medicarpin, 

two isoflavans: (-) sativan and vestitol, and a coumestan: 9-O-methylcoumestroI (Fig. 

1.5). Dewick and Martin proposed that ail synthesis of the latter three and medicarpin in 

alfalfa proceeds via an isoflavanol intermediate (30). 7,2'-Dihydroxy-4'-

methoxyisoflav-3-ene is viewed as a precursor to the coumestan in both alfalfa (31) and 

red clover (32) because doubly labeled isoflavone loses the 3H label at C-3 when 

converted to the coumestan, demonstrating that an isoflavene intermediate is employed 

(Fig. 1.5). No isoflavan or coumestan has been observed to accumulate in a substantial 

amount in pea and Banks and Dewick (33) support either the achiral DMI or (-) 
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Figure 1^. Biosynthesis of isoflavonoids in alfalfa. Based on isotope tracer 

experiments, coumestan, pterocarpan and isoflavan are predicted to derive from 4-

isoflavanol. Enzyme activities indicated by numbers are (1) isoflavone reductase, (2) 

vestitone reductase, and (3) DMDI dehydratase. After Dewick (50) and Guo et ai (28). 
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sophorol as the metabolic branch point between synthesis of (+) pisatin and (-) 

maackiain. 

LATE STEPS OF PISATIN BIOSYNTHESIS 

Pea is unusual among legumes by forming a (+•) pterocarpan. Pisatin is a 6a-

hydroxypterocarpan, in contrast to the pterocarpan phytoalexins accmnulated by alfalfa, 

chickpea, bean, clover and others, which are (-) pterocarpans unsubstituted at the 6a 

carbon. Soybean, however, accumulates (-) 6a-hydroxypterocarpans, the synthesis of 

which, it will be seen, is fundamentally different than that of pisatin with respect to the 

mechanism of 6a-hydroxylation. 

Pea has been shown to make (-) pterocarpans in relatively large amounts, but not 

until 6-21 days post-infection by a fungal pathogen (34, 35). In only one report, (-) 

maackiain was found in pea which had been infected for 48 h by Monilinia fructicola , 

accumulating 1/34 and 1/45 as much as pisatin by weight (34). The accumulation of 

pisatin, however, is measurable within the first 6-8 hours after induction (36) and its 

formation is not considered to proceed from (-) maackiain (33). In fact, when 

radiolabeled (-) maackiain is added to pisatin-forming pea tissue, it is converted to (-) 

pisatin (37). 

The most prominent model for the late steps of (+) pisatin biosynthesis was 

fashioned by Paul Dewick and colleagues (38). This model does not incorporate 

strategies that could be applied from analysis of pterocarpan synthesis in alfalfa, namely 

the recently discovered isoflavanone reductase and isoflavanol dehydratase, which 

preclude in alfalfa the necessity for pterocarpan synthase (28). Nor has it emphasized 

the isolation of the (-) isoflavanone forming reductase from pea as this model predated 

this work. In order to formulate their model. Banks and Dewick demonstrated the 
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efficient incorporation of DMI, (+) maackiain and (+) 6a-hydroxymaackiain (HMK) into 

pisatin (33, 39). In these experiments a number of other potential precursors were 

ruled out, including (-) maackiain, (-) HMK, (±) me±ylmaackiain, 3-

hydroxypterocarpene and 3-methoxypterocarpene. 

In essence, the Dewick model of (+) pisatin biosynthesis (Fig. 1.6) has (+) 

sophorol being formed from DMI, either directly (cis reduction) or via epimerisation 

from (-) sophorol; then (+) maackiain being formed from (+) sophorol by the activity of 

pterocarpan synthase; the (+) maackiain is hydroxylated at the 6a carbon by direct 

insertion of an oxygen from O2, forming (+) HMK; and the HMK is converted to 

pisatin by 6a-hydroxymaackiain 3-0-methyltransferase (HMM). Experimental evidence 

supporting the pathway follows. 

(+) [lIa-l4C] Maackiain was incorporated in vivo into pisatin and a closer 

examination of the mechanism was undertaken. (+) Maackiain, deuterium-labeled at 

both the 1 la and 6 carbons, was fed to pisatin-synthesizing pea pods and the pisatin 

was recovered from those pods after 36h and analyzed by 2H-NMR. The NMR 

showed the retention of labeled protons at the 11a and 6 carbons, indicating that 

hydroxylation at the 6a carbon did not desaturate either the 1 la-6a or 6-6a carbon bonds 

(Figure 1.7A) (40). Thus, it was reasonably assumed that pea formed and hydroxylated 

(+) maackiain, the latter step probably involving an 02-dependent mono-oxygenase, an 

enzyme which catalyzes addition of an oxygen atom from activated O2 to a substrate 

with retention of configuration (41). 

HMK is the substrate for 6a-hydroxymaackiain 3-O-methyltransferase (HMM), 

the (+) pisatin-forming enzyme, first characterized by Sweigard et al. (42). Preisig et 

al. (43) further purified this activity and demonstrated that (+) HMK, and not (-) HMK, 

was a more efficient substrate by a factor of 5-6X. Two cDNAs, HMM I and HMM2, 



Figure 1.6. Model of (+) pisatin biosynthesis after Dewick. The percent 

incorporation of each intermediate, if it was tested in vivo as a precursor, is in 

parentheses after the compound's name. The enzymes indicated by numbers are 

isoflavone reductase, (2) isoflavanone epimerase, (3) pterocarpan s)aithase, (4) 

maackiain 6a-hydroxylase, and (5) 6a-hydroxymaackiain methyltransferase (38). 
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Figure 1.7. 6a-hyciroxylation of pterocarpans in pea and soybean. The percent 

deuterium label at carbon's 6 and 1 la in maackiain and the ratio of deuterium label 

retained is indicated for pisatin. (A) 2H-NMR analysis of pisatin recovered from 

pisatin-synthesizing pea tissue to which [11a, 6-2H] exogenous (+) maackiain was fed 

indicated that deuterium label at C-6 and C-1 la was incorporated into pisatin without 

loss. Thus, (+) maackiain is hydroxylated by direct insertion of oxygen from O2 (40). 

(B) Sources of oxygen's in pisatin and glycinol are indicated. Matthews at al. (45,46) 

analyzed the in vivo labeling by isotopic oxygen in the 2 pterocarpans. Pea and soybean 

were incubated with I8O2 or during phytoaiexin synthesis and the pisatin (pea) 

and glycinol (soybean) were recovered. Tandem MS resolved the fully labeled ions and 

the secondary spectra indicated whether the [M-H20]'^ fragments of those ions 

represented loss of the ISO isotope (-20 m/z) or not (-18 m/z). Pisatin frilly labeled by 

I8O2 (ni/z = 320) yielded ions at m/z = 302 (-H2l^0) in the secondary spectrum. 

Pisatin fully labeled by H2l8o (m/z = 318) yielded m/z=298 (-H2l80).The conclusion 

is that in pea the pterocarpan is 6a-hydroxyIated by a mechanism in which water is the 

oxygen donor. By similar analysis, glycinol was labeled at the 6a-hydroxyl only by 

I8O2. 
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with 95% homology to each other, were cloned from a cDNA library made from pisatin-

producing pea tissue that had been infected with N. haematococca. Expression of the 

cDNAs in Escherichia coll resulted in HMM activity similar to that purified from the 

plant (44). 

Support has been weakened for two features of the Dewick model: the "cis" 

isoflavanone synthase and the maackiain 6a-hydroxylation. Because pea expresses an 

IFR that catalyzes formation of (-) sophorol while making (+) pisatin one is compelled 

to assume that (+) pisatin biosynthesis proceeds via (-) sophorol. The 6a-hydroxylation 

of (+) maackiain has been undermined by isotopic tracer studies outlined below. 

Matthews et al. (45), through the use of 180 and H2I8O feeding, and tandem 

mass spectroscopy, discovered that the oxygen of the 6a-hydroxyl of pisatin is derived 

from water. The secondary spectra of doubly H2i80-labeled pisatin (m/z = 318) 

yielded ions at m/z = 298, indicating (-H2I8O). Pisatin triply labeled by I8O2 did not 

yield (-H2I8O) ions, and the 6a-oxygen was never labeled by O2. Sintiilar labeling and 

analysis of the 6a-hydroxypterocarpan (-) glycinol from soybean confirmed, however, 

•802-dependent labeling of the 6a-hydroxyl (46) (Fig. 1.7B). 02-Dependent 6a-

hydroxylase has, in addition, been demonstrated and purified in soybean (47,48). 

The finding that the (+) pterocarpan in pea is hydroxylated in a H20-dependent 

oxidation is not consistent with the Dewick model in which the biosynthetic pathway to 

(+) pisatin is via (+) maackiain and direct insertion of O from O2 to cause 6a-

hydroxylation. It is possible that exogenously-added (+) maackiain is 6a-hydroxylated 

by a non-specific oxygenase activity; indeed, when fed (-) maackiain, pea, which has 

been induced to make (+) pisatin, makes (-) pisatin, though it doesn't do so under any 

other conditions known (37); this in spite of the fact that pea can also make (-) 
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maackiain and other (-) pterocarpans when infected'^ (34, 35). (+) Maackiain, if non-

specifically 6a-hydroxylated in vivo, would, however, likely be methylated by HMM, 

forming (+) pisatin. 

SUMMATION OF (+) PISATIN BIOSYNTEIESIS 

To date, pterocarpan synthase and 6a-hydroxylase activities have not been 

characterized in pea, nor have (±) sophorol, isoflavanol, isoflavene, (+) maackiain or 

(+) HMK been recovered from pisatin-synthesizing pea tissue. Enzymes and their 

corresponding genes have been isolated from pea that are responsible for (-) sophorol 

(from DMI) and (+) pisatin synthesis (from (+) HMK), leaving open ±e question of 

whether these two genes and their gene products are acting in concert to effect (+) 

pisatin accumulation or whether they are on divergent metabolic branches of 

isoflavonoid biosynthesis and ±eir co-induction is coincidental. 

The method by which pisatin acquires a hydroxyl group at C-6a is unknown, 

although it must be by a mechanism other than that employed by soybean during 

biosynthesis of (-) 6a-hydroxypterocarpans. However, the contradictory results in 

which the oxygen of the 6a-hydroxyl in pisatin derives from H2O rather than O2 have 

been set aside because no model has been put forth to include them (45). This despite 

these experiments being more conclusive because they demonstrate the in situ 

hydroxylation of the unknown but natural substrate rather than an added substrate 

(maackiain). 

If it is the case that pisatin metabolism diverges from analogous mechanisms in 

'^Pea has been shown to make (-) pterocarpan in relatively large amounts, but at 15-21 days post
infection by the fungal pathogen Fusarium solani f. sp. pisL, rather than the 24-36h post-elicitation 
typically used in pisatin biosynthesis studies(34, 35). Stoesslreported that, after 48 h infection of pea 
pods by Monilinia fructicola, (-) maackiain accumulated relative to (+) pisatin in a ratio of about 1:35-
45 (w/w) (34). 
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alfalfa post (-) isoflavanone fonnation, then the structure must either lose its chiral 

status (via an isoflavene or pterocarpene intermediate) or invert the conformation 

inherent in (-) sophorol via Dewick's proposed epimerase or by a process concerted 

with some other modification. An epoxide has not been considered in pisatin 

biosynthesis, although an epoxide hydratase (EH) could be involved in pisatin 6a-

hydroxylation because EH utilizes water as an oxygen donor and can invert the 

configuration at an epoxide carbon in the process. Yet, there is no evidence in pea for 

this enzyme activity or its implied intermediates. 

The unsaturated and achiral 3-hydroxy-8,9-methylenedioxypterocarpene and 

3,2'-dihydroxy isoflavene have been tested as in vivo precursors to pisatin synthesis 

and were found to be poor precursors compared to (+) HMK, (+) maackiain and DMI. 

(±) Isoflavans were similarly poor precursors and, along with isoflavene and 

pterocarpene, are not considered to be intermediates in (+) pisatin biosynthesis (33, 39). 

During the course of this research, the biosynthetic model fashioned by Dewick 

and coworkers was the current model and its discussion here has served to provide the 

historical background as well as the knowledge basis for understanding the rationale of 

the next three chapters. Even so, despite its weakening, this model still serves as the 

working model to be proved or disproved in pisatin biosynthesis research. 

CONCLUSION 

The following research was intended to further elucidate the pathway from the 

achiral isoflavone DMI to (+) HMK, the substrate for pisatin synthesis. In vitro and in 

vivo methods were used to analyze the native metabolic activities in pisatin-synthesizing 

pea seedlings. A cDNA coding for sophorol reductase was cloned by homology to the 

vestitone reductase encoding cDNA of alfalfa. A brief summary of the results are 
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depicted in Figure 1.8B. 

In Chapter 2,1 describe the methods I have developed to analyze the 

incorporation of tritiated substrates into (+) pisatin. Four to six day old cotyledons of 

pea respond to induction by CuCl2 by rapidly synthesizing (+) pisatin (Fig. 2.3) and 

tritiated substrates can be administered to their cut surfaces and incorporated into pisatin. 

Autoradiograms of TLC plates on which extracts of pea cotyledons, to which tritiated 

isoflavonoids have been added, have been separated are shown in figures 2.4 - 2.6. 

The isoflavanol 7,2'-dihydroxy-4',5'-methylenedioxyisoflavanol (DMDI) was tested as 

an in vivo intermediate in pisatin biosynthesis (Fig. 2.8), and the chirality of the pisatin 

product was tested and is depicted in figure 2.9. 

I have also answered the question of which isomer of sophorol is the normal one 

for the endogenous pathway by determining which isomer was more efficiendy 

incorporated and the data in support of (-) sophorol as the natural intermediate is shown 

in Table 2.1 and figure 2.7. (-) Sophorol is also better incorporated than (+) maackiain 

in these experiments, although questions regarding the stability of the label on and the 

different solubilities of the isoflavonoids qualifies conclusions drawn about the relative 

efficiency of sophorol and maackiain incorporation. 

In chapter 3,1 attempted to identify unknown intermediates in the late pathway 

and assumed at the outset that (+) maackiain is not a normal precursor of (+) pisatin and 

that the 6a-hydroxylation via water requires a pathway unique among the well studied 

pterocarpan biosynthetic pathways. In previous work, Preisig et al. (49) demonstrated 

in vitro metabolism of racemic pH] sophorol with accumulation of as many as 3 

unknown products and I have used pure isomers of sophorol extensively in these 

smdies. 
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Figure 1.8. Summary of results presented in this dissertation. (A) is a review of the 

predominant model of (+) pisatin biosynthesis. (B) details critical findings of this 

research: (-) sophorol is the endogenous isoflavanone product of DM! reduction, (-) 

sophorol is acted upon by sophorol reductase (SOR) in vitro, a SOR cDNA is induced 

in pisatin-synthesizing pea tissue. (-) Sophorol and DMDI are converted to rron^-HMK 

in vitro, a novel 6a-hydroxypterocarpan, which is probably an artifact based on its 

inability to act as an in vitro substrate for hydroxymaackiain-methyltransferase and its 

failure to be converted in vivo into pisatin. (-) Sophorol and DMDI are converted in 

vivo into (+) pisatin. Although (+) sophorol and (+) maackiain are also converted in 

vivo into (+) pisatin, they, along with (-) maackiain, are not involved in normal (+) 

pisatin biosynthesis. 
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I have found that the in vitro sophorol-metabolizing activity is specific for (-) 

sophorol, has a requirement for NADPH, and is more efficient at pH < 7 (Fig. 3.4). 

Two metabolites, isoflavene and rran^-HMK, accumulate in vitro when (-) sophorol is 

metabolized in the presence of pea protein and analyzed on normal phase 

chromatography (Fig. 3.4, 3.5) and a third metabolite, DMDI, is detectable when the 

same extracts ate analyzed by TLC (Fig. 3.6). The isoflavanol DMDI is the product of 

sophorol reductase (SOR) acting upon (-) sophorol and the SOR activity accounts for 

the NADPH requirement in vitro. Trans-HMK is a novel 6a-hydroxypterocarpan, the 

structure of which was determined by a combination of MS (Fig. 3.10), NMR (Fig. 

3.13) and 2D-NMR (Fig. 3.15). The trans-UMK is a poor substrate in vitro for HMK-

methyltransferase and in vivo as an intermediate in pisatin biosynthesis and is, 

therefore, an artifact of its enzymatically catalyzed formation from DMDI. A model for 

normal (+) HMK formation is presented at the end of Chapter 3 (Fig. 3.21). 

In Chapter 4,1 have described the cloning of the cDNA which encodes SOR. 

The cDNA library was made by Xiaoguang Liu from pea seedlings which had been 

infected by Nectria haematococca. The cDNAs encoding HMM were recovered by 

other workers from this library, as were the PEP cDNAs, all of which are described 

elsewhere. The SOR cDNA is 1241 bp in length and includes a 978 bp open reading 

frame, which encodes a 326 amino acid protein of predicted molecular weight of 35,700 

dalton (Fig. 4.3). This cDNA, when expressed in Escherichia coli, expresses a SOR 

protein product that is specific for (-) sophorol, converting it to DMDI in an NADPH-

dependent manner (Fig. 4.8,4.9). The mRNA is induced by CuCl2 (Fig. 4.5) and is 

83.5 % similar and identical to the cDNA insert in pVRl from alfalfa. The deduced 

amino acid sequences of the VR cDNA and the SOR cDNA are 92.0 % similar and 86.5 

% identical (Fig. 4.4). 
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In closing, pea likely has conserved (-) pterocarpan enzymes in its genetic 

complement and there is no evidence that its divergence, with respect to pterocarpan 

synthesis, should have occurred at the level of the isoflavone reductase. Indeed, the 

IFR purified and the cDNA cloned firom pisatin-synthesizing tissue makes only (-) 

isoflavanone (20). Dewick allowed for this possibility, citing its preferability due to 

conservation of the enzymatic mechanism, but maintained a personal preference for 

direct (+) isoflavanone formation, though this conclusion was not directly supported 

(24). I conclude that (-) sophorol is the "natural" isoflavanone intermediate in (+) 

pisatin biosynthesis, proceeding via DMDI (of unknown chirality at C-3 and C-4) the 

formation of which is catalyzed by sophorol reductase. Enzyme(s) are active in 

vitro that form HMK, although the stereochemistry of the product isolated from these 

reactions (fron^-HMK) is a diastereomer of (+) HMK and likely an artifact. 
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CHAPTER2 

IN VIVO INCORPORATION OF ISOFLAVONOIDS INTO PISATIN IN PEA 

ABSTRACT 

The pterocarpan phytoaiexin (+) pisatin is synthesized by pea {Pisum 

sativum L.) in response to microbial infection or certain types of physiological stress. 

Alfalfa and chickpea synthesize (-) pterocarpans as phytoalexins. Isoflavone reduction 

is the chirality-establishing step in (-) pterocarpan synthesis, yet the isoflavone reductase 

(IFR) active in (+) pisatin-synthesizing pea tissue forms (-) sophorol, contrary to the 

predominant model for (+) pisatin biosynthesis. It is not known whether (-) sophorol is 

indeed an intermediate in (+) pisatin biosynthesis and, if so, whether it is isomerized to 

(+) sophorol. In order to assess the biosynthetic roles of the sophorol isomers, tritiated 

(+) and (-) sophorol and other isoflavonoid precursors were administered to pea 

cotyledons to label pisatin in vivo . The configuration of the tritiated (+) pisatin was 

confirmed by chiral chromatography The percent incorporation of the added substrate 

was determined as a basis for deducing their identity as normal intermediates in (+) 

pisatin biosynthesis. In this study, 7,2'-dihydroxy-4',5'-methylenedioxyisoflavone 

(DMI), both isomers of sophorol, both isomers of maackiain and (-) 7,2'-dihydroxy-

4',5'-methylenedioxyisoflavanol (DMDI) were incorporated into (+) pisatin. 
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(-) Sophorol is more efficiently incorporated into (+) pisatin than the (+) isomer of 

sophorol and either isomer of maackiain. The limitations of these methods and their 

inherent uncertainty are discussed. These results support a biosynthetic model that 

includes an intermediate role for (-) isoflavanone, DMDI, but not (+) or (-) maackiain. 

In particular, an isoflavanone epimerase is not supported by the results presented in this 

chapter. Although all of the test substrates caused accumulation of labeled pisatin and 

some HMK, ±e inmiediate precursor to pisatin, no other identifiable intermediates were 

recovered in vivo. 
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INTRODUCTION 

Pea iPiswn sativum L.) produces (+) pisatin (Fig. 2.1), a 6a-

hydroxypterocarpan phytoalexin, in response to fungal infection or certain types of 

physiological stress (51). Pterocarpans are isoflavonoid derivatives that have the four 

ring carbon skeleton (A,B,C,D) shown in pisatin in Figure 2.1 and these compounds 

are optically active due to the asymmetric carbons at 6a and 11a {RJi). All naturally 

occurring pterocarpans are cis across the 6a-l la C-C bond which joins the B and C 

rings and most are laevorotatory and are herein referred to as "(-)"^-

Based on the relative incorporation of various radiolabeled isoflavonoid 

precursors. Banks and Dewick proposed a model for the late steps of pisatin 

biosynthesis (20) (Fig. 2.1). According to this scheme, isoflavone reductase (IFR) 

causes the isoflavanone 7,2'-dihydroxy-4',5'-methylenedioxyisoflavone (DMI) to be 

stereospecifically reduced to (+) 7,2'-dihydroxy-4',5'-methyIenedioxyisofIavanone 

(sophorol) and the pterocarpan, (+) maackiain, is formed by the action of pterocarpan 

synthase. Maackiain is then hydroxylated at C-6a, forming 6a-hydroxymaackiain 

(HMK). The terminal step, and the only one to be confirmed experimentally, is the 

methylation at the 3-hydroxyl of HMK which is catalyzed by (+) 6a-

hydroxypterocarpan methyltransferase (HMM) (43,44). 

The experimental evidence in favor of the rest of the model is varied. In several 

in vivo feeding experiments, radiolabeled DMI, (+) maackiain and (+) HMK were 

incorporated into (+) pisatin more favorably relative to (-) maackiain or (-) HMK and 

other isoflavonoids (20, 34). The mechanism of 6a-hydroxyIation was inferred 

^The priority rules require that (-) pterocarpans are (6a/?,l la/?), and (+) AyrfroA^terocarpans are also 
(6a/?, 1 la/?), although the latter are dextrorotatory and with opposite con^guration at the adjacent C-1 la 
and C-6a chiral centers. The designations (+) and (-) will be used to refer to dextro- and laevorotatory 
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Figure 2.1. Model of (+) pisatin and (-) maackiain biosynthesis after Banks and 

Dewick (20). Enzyme activities referred to by numbers are (1) isoflavone reductase 

(IFR), (2) isoflavanone epimerase, (3) pterocarpan synthase, (4) pterocarpan 6a-

hydroxylase, (5) 6a-hydroxymaackiain methyltransferase. The preferred pathway 

proposed by Banks and Dewick is indicated by solid arrows and the possible altemative 

route is indicated by a dashed line. Note that isoflavanone and pterocarpan numbering 

are different. 

configurations respectively. 
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from 2H-NMR data. Deuterium atoms at C-6 and C-1 la of maackiain added to pisatin-

synthesizing tissue were retained in pisatin, indicating that an 02-dependent oxygenase 

catalyzing a direct insertion of oxygen was involved (41). In another experiment [2-

2H]-fonnononetin was administered to pea and fenugreek. 2H-NMR analysis of the 

purified pterocarpans revealed that the single proton at C-2 was incorporated into the 

equatorial position after reduction of the isoflavone, whether en route to (-) medicarpin 

(25) or (+) pisatin (24). Banks and Dewick concluded that the fundamental reduction 

by IFR was different: trans in biosynthesis (-) medicarpin and cis in (+) pisatin 

biosynthesis. Conceding that cis reduction would be unusual® they also suggested a 

second, though less likely model (34) in which non-chiral DMI was reduced to (-) 

sophorol, followed by its epimerisation to (+) sophorol with all subsequent steps 

remaining the same (Fig. 2.1). 

Sun et al. (21,26) purified isoflavone reductase (IFR) in pisatin-synthesizing 

pea seedlings and after initially incorrectly reporting that it catalyzed formation of (+) 

sophorol found that its product was actually (-) sophorol, consistent with an epimerase 

being involved in (+) pisatin biosynthesis. In separate research, i8o labeling showed 

that the oxygen of the pisatin C-6a hydroxyl is derived from H2O by an unknown 

mechanism (45) (Fig. 2.2). It is difficult to propose a mechanism that combines 

maackiain with H2O, especially if the CI la-C6a and C6-C6a bonds are not desaturated 

Thus, despite direct hydroxylation of exogenous (+) maackiain, the 6a hydroxyl is not 

normally the product of an 02-dependent oxygenase (41) and (+) maackiain is probably 

not a normal intermediate of (+) pisatin biosynthesis. 

® The 2-3 C-C bond of the isoflavone is saturated by IFR and the stereochemical configuration is 
simultaneously determined. The protons would be added from opposite sides of the B ring in (-) 
pterocarpan synthesis but to the same side in (+) sophorol/pisatin synthesis. 
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Figure 2.2. Empirical features of (+) pisatin and medicarpin biosynthesis. Some 

phenomena of pisatin and medicarpin biosynthesis are depicted in this diagram, which 

shows that (+) pisatin and (-) pterocarpan biosynthesis each proceed from isoflavone. 

(1) The IFR from pea and alfalfa each make (-) isoflavanone. (2, 3) Pterocarpan 

formation from isoflavanone in alfalfa is a two-enzyme process: (i) formation, and (ii) 

dehydra t ion  o f  the  ( - )  i sof lavanoL ( - )  P te rocarpans  a re  a l so  made  by  pea  and  s teps  1,2  

and 3 would presumably occur in pea as well. (4) The source of the hydroxyl at C-6a 

of pisatin is H2O. Compounds or activities detected in pea are indicated by Steps 

2 and 3 have been proven in alfalfa and are postulated for pea (29). Steps 1 and 2 are 

not consistent with the preferred pisatin biosynthetic models of Dewick (35). The 

isoflavanol made by alfalfa is 7,2'-dihydroxy-4'-methoxyisoflavanol (DMI) and the 

analogous molecule made by pea would be 7,2'-dihydroxy-4',5'-

methylenedioxyisoflavanol (DMDI). 
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Multiply-methoxylated (-) ptercx:arpans can also accumulate in Fusarium solani-

infected pea tissue, but only when measured over a longer time period and not until after 

(15-20 days), relative to (+) pisatin, which can begin to accumulate between 6 and 9 hr 

after induction (36, 37). (-) Maackiain has been purified from pea plants infected by 

Monilinia fructicola after 48 h incubation but, as previously stated, is an inefficient in 

vivo precursor to (+•) pisatin (12). (-) Pterocarpan-forming enzyme activity has been 

demonstrated in preparations of chickpea (27), soybean (28) and alfalfa (29). This 

activity acts on (-) isoflavanones and, in the case of alfalfa, is due to two enzymes: an 

isoflavanone reductase and an isoflavanol dehydratase (29). Whereas (-) pterocarpan 

formation in pea probably requires (-) isoflavanone-forming IFR, it is not known 

whether"(-) IFR" and (-) sophorol are required for (+) pisatin biosynthesis. 

The objectives of this research are to continue the analysis of the (+) pisatin 

biosynthetic pathway with particular emphasis on identifying the isoflavonoid 

precursors to (+) HMK formation. When this project was begun, I assumed that the 

IFR that was purified from pea catalyzed (+) isoflavanone formation, this due to a 

published misinterpretation of the optical rotation data generated by Sun et al. (26). 

Preisig et al. (50) demonstrated in vitro metabolism of racemic pH] sophorol into as 

many as 3 unknown products. One objective of this research was to determine whether 

pea utilizes (-) or (+) sophorol in synthesis of (+) pisatin. To this end, I administered 

radioactive precursors to phytoalexin-synthesizing plant tissue, recovered the pisatin 

made during this time, and calculated the percent incorporation (into pisatin) of those 

precursors in order to form conclusions about the natural intermediates. Although pea 

does not apparently accumulate any late pisatin intermediates, I hoped also to detect 

them using the sensitivity afforded by the radiolabeled precursor. 

I created the radioactive substrates and developed methods to perform and 
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analyze the feeding experiments. Liquid cultures of the plant pathogenic fimgus 

Colletotrechum trifolii (isolated from red clover) (52) were used to convert tritiated (+) 

and (-) maackiain into (+) and (-) sophorol, respectively. DMI and (±) maackiain were 

tritiated using a modification of a solvent exchange method. A method of feeding the 

substrates to induced pea cotyledons was developed. Analysis involved thin layer 

chromatography (TLQ, and both reverse phase and chiral chromatography. The fate of 

the label was monitored by either TLC-autoradiography or scintillation counting of the 

activity contained in pisatin fractions. 
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MATERIALS AND METHODS 

Plant material 

Seeds of Pisum sativum L. cultivar Alaska were obtained from Royal Seed, St. 

Joseph, MO. Cotyledons were prepared for use in the following way: the seeds were 

immersed in ethanol/water/5.25% sodium hypochlorite (75:15:10) for 1 hr, drained and 

rinsed 5x with distilled water, and left in a beaker of distilled water to imbibe for 3-4 h. 

The imbibed seeds were spread over autoclaved, moist vermicuiite and allowed to 

germinate at room temperature for 4-6 d, shielded from light. Cotyledons were 

removed from the seedlings usually when the shoots were beginning to expand and 

elongate. A section of cotyledon approximately 2 mm thick was prepared for CuCli-

inducdon and tritiated substrate administration by removing and discarding a -2 mm 

thick dome-shaped section from the convex portion of the cotyledon. Experiments were 

performed with the remaining section. 

Chemicals 

(-(-) and (-) Maackiain, (+) and (-) pisatin and l4C-(+) pisatin were from 

laboratory stocks and were prepared as described previously (11, 53). DME (7,2-

dihydroxy-4',5'-methylenedioxyisoflavone) was a gift of Yuegin Sun, Pioneer Hi-Bred 

International, Inc. Seeds, Johnstown, Iowa. Maackiain and DMI were tritiated by a 

method based on Banks and Dewick (34) as follows: 25 mg (+) or (-) maackiain or DMI 

was dissolved in 300 |jJ dimethylformamide to which was added 1(X) |jJ (500 

mCi) and 9.8 pJ triethanolamine. The solution was heated to 80 °C for -48 h after 

which it was acidified with 70 |xl iM HCl. This portion was extracted twice with 1 ml 

chloroform which isolated the DMF and maackiain from the reaction mixture. The 
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maackiain-containing chlorofonn fractions were combined and washed against 2 ml 

non-labeled H2O, and then purified sequentially in the following TLC protocols: a) 

hexane-EtOAc, 3:2; 2) hexane-EtOAc-MeOH, 60:40:1; and 3) hexane-Me2CO, 2:1. 

(+) and (-) Sophorol was obtained by biotransformation from (+) and (-) 

maackiain respectively by C. trifolii (VanEtten lab isolate T-456). One hundred ml of 

glucose-asparagine (GA) medium (54) was inoculated with 0.3 g fresh weight (f. wt.) 

mycelia and conidia from an overnight GA culture which had been started from cultures 

of C.trifolii growing on V-8 agar slants. Maackiain was added to a final concentration 

of 30 }IM, incubated at 25 °C on a shaker (175 RPM) and the culture was harvested after 

5-6 h by 2x extraction with equal volumes of EtOAc. The organic layer was 

concentrated in a Biichi RE121 rotary evaporator (Biichi, Flawil Switzerland) and the 

sophorol was separated from maackiain and la-hydroxymaackiain (another product of 

maackiain metabolism) by silica gel TLC. 

7,2'-Dihydroxy-4',5'-methyIenedioxyisoflavonol (DMDI) was made from (-) 

sophorol by the method of Guo et al. (29). Briefly, a culture of Escherichia coli DH5a 

harboring the pVRl cDNA (which codes for vestitone reductase) in the expression 

vector pSE380 was grown at 37 °C to OD 0.6 (Agoo) and the expression of the 

recombinant vestitone reductase was induced with 5 mM isopropyl-P-D-

thiogalactopyranoside and grown for an additional 2 h. The cells were harvested by 10 

min centrifiigation (8000 x g) and a crude protein preparation was obtained by lysing the 

cells in lysing buffer (5 mM EDTA, 100 mM Tris-HCI, pH 8.0, 0.1 mg/ml lysozyme 

(Sigma Chemical, St. Louis, MO), 1 mM dithiothreitol) for 10 min at 25 °C. After 

lysis, ~ 20 lil polyethylenimine (Sigma Chemical, St. Louis, MO) was added to help 

pellet DNA. The cell extract was centrifiiged in a microfuge (16,000 rpm) for 15 m at 4 

°C. Fifty )Lil protein extract (supernatant) was incubated with 50 )1M pH] (-) sophorol. 
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1 mM NADPH in 0.2 mM phosphate pH 6.0 in 500 pJ total volume at 30 °C for 15 min; 

longer duration did not increase the yield of DMDI. DMDI was separated from the 

substrate by reverse phase HPLC (see below). 

Induction of pisatin biosynthesis and substrate administration 

In order to induce pisatin biosynthesis, cotyledon sections were treated with 5 

mM CuCl2, either prior to or at the time of PH]-isoflavonoid administration. The 

candidate precursors were administered in 2% DMSO with 5 mM CuCh or in 50% 

EtOH in volumes varying from 5 |il to 35 |jJ. Time of substrate feeding varied by 

experiment, ranging from 0 to 31 h post induction. The tissue sections were incubated 

with the substrate in several ways. In some experiments, the cotyledon slice (described 

above in Plant material) was left on water-dampened Whatmann #4 filter paper in the 

bottom of 35 mm polystyrene petri dishes. In others, the cotyledons were fiirther 

prepared by trimming with a cork borer to ~5 mm diameter and these cotyledon cores 

were placed in the bottom of 1.5 ml microfiige tubes or in the bottom of 16 nun 

borosilicate glass test tubes. 

Analysis of label incorporation 

The cotyledons were harvested by freezing at -20 °C and then macerating with a 

glass rod in 1 ml I M Tris pH 7.5. This slurry was extracted 2x with EtOAc and the 

organic phase was concentrated under N2 or in a Speed Vac Concentrator (Savant 

Instruments Inc, Farmingdale NY). Pisatin was separated from the other components in 

the extract by silica gel TLC and reverse phase HPLC. The pisatin peak was collected 

and analyzed for label-incorporation (see below). The identity of the pisatin was 

confirmed by co-chromatography with authentic pisatin standards in reverse phase and 
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chiral liquid cliromatography, and by TLC. In addition, a sample of tritiated pisatin 

fomied in planta in the presence of tritiated (-) sophorol was acid-treated to form the acid 

dehydration breakdown product of pisatin (anhydropisatin) and the entire sample was 

separated by TLC. The sample was evaporated to dryness and dissolved in 500 pJ 

H2O:Acetone, 50:50 to which 15 pJ 1 N HCl was added for 5 h at 25 °C. After 

neutralization, the products were extracted 2x with EtOAc and the organic layer was 

concentrated and resolved by TLC. An autoradiogram of the chromatogram revealed 

that three bands were radioactive, one with an Rf identical with that of pisatin and 

another with an Rf similar to that of anhydropisatin, an expected product. 

Metabolite analysis 

Thin layer chromatography. TLC and autoradiography was carried out 

essentially as described by Preisig et ai. (50). The extracts were concentrated and 

applied to silica gel TLC plates (EM Sciences Silica gGel 60 F254, aluminum backed) 

and developed in toluenerethyl acetate, 60:40. Plates were photographed under both 

long and short UV wavelengths. Autoradiography was carried out by coating the 

developed plate with a 10% solution of 2,5-diphenyloxazole (PPO) in diethyl ether. 

The solution was applied by daubing a wad of silanized glass wool in the liquid and 

painting the plate. After drying, the plate was wrapped in polyethylene film and 

enclosed in an X-ray cassette with Kodak X-Omat film (Kodak, Rochester, NY) and 

placed in -80 °C for 2-3 weeks of exposure before processing. 

High-performance liquid chromatography. Reverse phase HPLC was carried 

out on a Waters HPLC system (Waters, Milford, MA) using a reversed phase column 

(AUtech Econopak C-18,22.5 x 250 mm) and a gradient system (27% CH3CN to 50% 

CH3CN), 1 ml/min for 14 min. Peak elution was monitored at 309 nm and 278 nm. 
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The chirality of pisatin which had been in vivo labeled in cotyledon tissue from 

administered (+) and (-) sophorol, DMI, DMDI, and (+) maackiain was determined by 

comparing its time of retention to authentic standards of (+) and (-) pisatin. Chiral 

chromatography was performed isocratically on a ChiralPak 0T+ column (J.T. Baker, 

Phillipsburg, PA) (2.5 x 250 nun) in methanol at 0.5 ml/min at 5 °C and absorbance 

was monitored at 309 nm and 278 nm. One half milliliter fractions of the eluate were 

continuously collected and the radioactivity was assayed by scintillation. 

Quant^cation of radiolabel incorporation. The tritium label in liquid 

chromatography fractions and TLC bands was assayed by scintillation (Beckmann SC-

2000, Beckmann Instruments; FuUerton, CA) in a 5 ml toluene cocktail containing 

2.22% PPO for 2 min. Either the band was scraped from a TLC plate and added to the 

cocktail or the HPLC peak, in the mobile phase, was mixed with the cocktail. Aqueous 

phases were assayed similarly but using BioCount Counting Cocktail (Research 

Products International, Mt. Prospect, IL). 
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RESULTS 

Time course of pisatin production in pea cotyledons treated with CuCla 

Before I began the study of incorporation of tritiated isoflavonoids into pisatin, 

the cotyledon tissue of the 4-6 day old pea seedlings was examined for pisatin synthesis 

in response to wounding and CuCl2 administration. The cotyledons were prepared as 

described in METHODS and treated with 5 mM CuCl2 or water and incubated for 0, 2, 4, 

5.5, 9, 21.5, and 28.5 h. Wounding was sufficient to cause pisatin biosynthesis but, 

after 9 h, accumulation of pisatin was greater in the wounded tissue to which CuCl2 had 

also been added. The rate of accumulation remained greater, and more was produced by 

the last measured time point of 28.5 h than in the wounding-only treatment (Fig. 2.3). 

Incorporation of tritiated (+) sophorol and (+) maackiain 

Initially two key intermediates of Banks and Dewick's model of in vivo (+) 

pisatin biosynthesis were tested for their incorporation into pisatin. (+) Sophorol had 

not previously been tested in the feeding smdies of other investigators but had been 

implicated by an erroneous published report of (+) sophorol forming enzyme activity in 

pisatin-synthesizing pea seedlings (26). This experiment also determined whether this 

system could be used to monitor incorporation of radiolabeled isoflavonoids into 

pisatin. Both (+) sophorol and (+) maackiain were incorporated into pisatin by 5 and 15 

h post feeding, thus confirming that tritium present in the added compounds could be 

incorporated into pisatin and that the cotyledon section method could be used to monitor 

incorporation (Fig. 2.4). Cotyledon tissue had not previously been used to measure in 

vivo pisatin biosynthesis. 
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Figure 2.3. Production of pisatin by wounded pea cotyledons. Accumulation of 

pisatin in pea cotyledons after wounding and induction. Twenty five cotyledon sections 

per time point prepared from 4 d old seedlings were cut and treated with 5 mM CuCh 

(+•) or water alone (-) and extracted with hexane at the indicated time. 
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Figure 2.4. In vivo incorporation of (+) maackiain and (+) sophorol into pisatin. 

Cotyledons were treated with 5 naM CuCl2 for 5 h, the inducing solution was removed, 

and 25 nmol pH] (+) sophorol or 15 nmol pH] (+) maackiain in 25 |JI 2% DMSO were 

added to each cotyledon. After the indicated hours after feeding, the cotyledons were 

ground in 2 M Tris pH 7.5 (1 ml/0.6 g) and extracted with equal volume ethyl acetate. 

The extracts were separated by TLC as described in METHODS and the radioactivity was 

recorded on X-ray film. The first 3 lanes contain tritiated standards of sophorol (S), 

maackiain (M) and pisatin (P) respectively. Unknown bands are indicated that are 

similar in mobility to pisatin (I), isoflavene (2), HMK (3), and an unknown compound 

(4). Bands 2 and 4 have Rf s similar to bands observed by Preisig et al. (50) in 

extracts of in vitro metabolism of racemic pH] sophorol by pea protein. HPLC was 

also used to confirm that the tritium activity in band 1 co-migrated with pisadn (data not 

shown). 
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The T=5h and T=15h lanes of the sophoroi samples also contained radioactive 

bands 2 and 4 which, based on Rf, are similar to TLC bands resolved from extracts of 

reactions of in vitro metabolism of (±)-sophorol by Cu''^-treated pea protein (50). 

Band 2 has an Rf similar to 7,2'-dihydroxy-4'5'-methylenedioxyisoflav-3-ene, 

although an authentic standard of this compound was not included in this analysis. In 

addition, the T=5h and T=15 h samples produced bands (3 in Fig. 2.4) that migrate 

with an Rf similar to that of HMK although an authentic standard was not included with 

this chromatogram. Accounting for total radioactivity contained in the starting material 

was not done. 

Isoflavone as precursor 

All models of pisatin biosynthesis predict that the isoflavone DMI is a precursor 

to (+) pisatin (35, 50, 55). The incorporation of this compound is compared to (+) and 

(-) sophoroi and to (-) maackiain, which is not proposed to be a precursor to (+) pisatin 

in any current models. pH] DMI, (-) and (+) sophoroi and (-) maackiain were added to 

cotyledons 1 h after treatment with copper. After 61 h incubation, extracts were 

analyzed by both TLC and reverse phase HPLC, and the TLC results are shown in 

Figure 2.5. DMI was incorporated into pisatin as were (+) and (-) sophoroi. There was 

no indication of incorporation of (-) maackiain. The percentage of the starting material 

recovered in the organic phase of the two-phase extraction was measured. The label 

from (-) maackiain is mostly localized in the maackiain band, whereas the label from 

DMI, (-) and (+) sophoroi appears to be primarily in the pisatin band. 
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Figure 2.5. In vivo incorporation of DMI, (-) sophorol, (+) sophorol and (-) 

maackiain into pisatin. Substrates were fed for 61 h before extraction for TLC analysis: 

DMI (D), (+) sophorol [(+)], (-) sophorol [(-)], and (-) maackiain (M). Maackiain and 

pisatin standards are in the lane marked "M P". The total nanomoles of substrate fed 

and the percent recovered in the organic phase of the extract is as follows. DMI: 36 

nmol/4.8%; (-) sophorol: 15 nmol/6.2%; (+) sophorol; 23 nmol/1.2%; and (-) 

maackiain: 30 nmol/3.0%. 
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Incorporation of (-) sophorol 

During the course of this research, a report was published indicating that the in 

vitro product of pea IFR metabolism of DMI was (-) rather than (+) sophorol (21) and 

incorporation of (-) sophorol was further studied in isotope feeding experiments. Ethyl 

acetate extracts of ±e isotope-containing cotyledon tissue were analyzed by TLC and 

autoradiography. (-) Sophorol incorporation 1-7 h post feeding (which was 1.5 h after 

induction) was analyzed (Fig. 2.6A), and a radioactive compound(s) co-migrating with 

pisatin appears as early as 2.5 h post induction (after 1 h of feeding). The intensity of 

the pisatin Rf band steadily increases with time although there is no apparent 

diminishment of the substrate in these time points. In another experiment which tested 

incorporation over a longer time period, the migration of radioactive compound(s) with 

pisatin is apparent by 6 h (Fig. 2.6B). The pH] (-) sophorol was added to the pea 

cotyledons at the time of induction in the copper solution in a total volume of 10 (il and 

incubated for up to 31 h. The distribution of tritium activity in each sample in the 

aqueous and organic fractions is shown in figure 2.6C and indicates the substantial loss 

of radiolabel from the organic phase in the first 6 hours. 

Relative efflciency of incorporation 

During the development of the feeding method, it became apparent that both (-) 

and (+) sophorol were incorporated into pisatin. To determine whether (+) sophorol or 

(-) sophorol was better incorporated into pisatin, equimolar amounts of pH]-sophorol 

and other precursors were administered to cotyledon sections for various lengths of time 

and at various lengths of time after CuCl2 treatment and the radiolabel in the pisatin was 

analyzed to determine the percent of the starting material that was incorporated. The 

means of the percent incorporation from six experiments are in Table 2.1 and 
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Figure 2.6. In vivo incorporation of (-) sophorol into pisatin. (A) Twenty-five nmoi 

pH] (-) sophorol (4.0 Ci/moi), in 10 pJ 2% DMSO was fed to each of two 6 day old 

cotyledon sections beginning 1.5 h after induction by 5 mM CuC^. Samples were 

collected between 1 and 7 h post feeding. (B) Same as in (A), but the substrate was 

administered in 10 ^il 2% DMSO /5 mM CuCb for the times indicated (0,6, 8, 12,24 

and 3 Ih). The last 3 lanes contain radioactive standards of pH] sophorol, pH] 

maackiain and [l^C] pisatin respectively. The unknown band (1) has mobility similar to 

the unknown in vitro metabolite "2" observed by Preisig et al (50). In both (A) and (B) 

the cotyledons were ground in 2 M Tris pH 7.5, extracted with ethyl acetate, separated 

by TLC and the radioactivity was recorded on X-ray film. (C) Distribution of 

radioactivity in the time samples from (B). "Organic cpm" indicates radioactivity that 

has partitioned to the ethyl acetate fiction during the two phase extraction and "aqueous 

cpm" is the total activity remaining in the aqueous phase. 
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Table 1. Efficiency of in vivo incorporation into pisatin of various isoflavonoids. Data are the mean of the 

percent incorporation into (+) pisatin, (±) the standard error based on the amount of starting material administered. Means with 

different letters are significantly different at the p= 0.05 level or better. "SOP" = sophorol and "MAA" = maackiain. 

% Incorporation by Experiment (Time of CuCh added (h^. time of subtrate administration (h). length of feeding period (h) 
[3H] 

Precursor Al(0,0,4)§ A2(0,0,12)§ A3(0,12,4)§ B(0,0, 12)t C(0, 1, 16)1 D(0,3.5,26)* 

DMI 1, ,16 ± 0, ,48 ab 

(-) SOP 1, ,58 ± 0, ,44 a 2, .63 ± 0. ,25 a 2, ,77 ± 0.67 a 1, .94 ± 0 .26 a 1. ,37 ± 0, ,18 a 2, ,24 ± 0, .51 a 

(+) SOP 0, .92 ± 0. ,01 ab 0, .65 ± 0, .11 b 1, ,23 ± 0.22 b 0, .85 ± 0 .08 b 0, .45 ± 0, ,07 c 0, ,81 ± 0, .62 b 

(+) MAA 0, ,32 ± 0, ,01 b 1, .43 ± 0. .19 b 1, .38 ± 0.25 ab 1, ,18 ± 0 .08 b 0, .59 ± 0, ,10 be 2, ,89 ± 0, .28 a 

(-) MAA 0, ,08 ± 0, .01 b 1, .09 ± 0, .43 b 0, .15 ± 0.00 b 0, .21 ± 0 .05 c 

§ n=2 (2 cotyledon cores per sample, total = 4 per precursor); (Al, A2) 7.5 nmol substrate fed at time of pisatin induction in 2%DMSO/5 mM CuCl2; 
feeding period = 4 h (Al) or 12 h (A2). (A3) Substrates were fed 12 h after induction for 4 h. 

n=6 (1 cotyledon section per sample); 15 nmol substrate fed at time of pisatin induction in 2%DMSO/5 mM CUCI2; feeding period = 12 h. 

^ n=5 (1 cotyledon core per sample); 5 nmol substrate (in 8 EtOH) fed to tissue which had been immersed in CuCl2 for I h; extracted with hexane 
after 16 h feeding period. 
* n=3 (2 cotyledon sections per sample, total = 6 per precursor); 10 nmol substrate fed 3.5 h after CuCl2 induction; feeding period = 26 h. 

-J •o 
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Figure 2.7. Efficiency of incorporation of (+) and (-) sophorol. The pisatin 

recovered from cotyledons to which various tritiated precursors had been added was 

separated by TLC and its specific activity measured by scintillation counting. The mean 

percent incorporation into the pisatin is shown. Three separate experiments are in (A, 

B, D) and are the same as those referred to and tabulated in Table 2.1. The times (h) 

after tissue preparation of: 1) CuCl2 addition (Cu"^), 2) tritiated substrate administration 

(pH] and 3) extraction of the cotyledons (End) are depicted in the graphic included in 

the the firame of each graph. Briefly the induction/feeding periods are 3.5 h/26 h (A), 0 

h/12 h (B), and 1 h/ 16 h (C). C1-C3 are also described in the text and Table 2.1. 

Plus and (-) sophorol and (+) and (-) maackiain were administered to pea cotyledons at 

the time of pisatin induction for 4 h (CI) or 12 h (C2). In (C3), ail substrates were 

administered 12 h after the time of pisatin induction for 4 h. Pisatin was isolated from 

the extracts and analyzed for tritium content. 



Al cu++ End 
3.0 '¥ 'V 

0 4 
I I c:: If\ 0 

•.:;j 

t:? 2.0 [3H] 
§. 
0 
C) 

.5 
~ 1.0 

0.0 (-) s (+) s (+)M (-)M 

A2 Cu* End 
3.0 '¥ 'V 

0 12 
I I 

= (1'H] 0 

'! 2.0 

fr 
0 
C) 

.5 
~ 1.0 

0.0 
(-) s (+) s (+)M (-)M 

Cu* End 
3.0 '¥ 'V 

0 12 16 
I I I 

c:: ,f\ 0 
·i:::, [3H] J 2.0 
0 .s 
~ 1.0 

0.0 
(-)S (+)S (+)M (-)M 

Substrate 

B 
3.0 

c:: 
0 

"!2.0 

e-
8 
·= ~ 1.0 

0.0 (-) s 

C 
3.0 

= 0 

·e2.o 

fr 
0 
C) 

.5 
~ 1.0 

0.0 
DMI 

3.0 
D 

c:: 
0 
'! 2.0 
0 e-
0 
u .s 
~ 1.0 

0.0 
(-) s 

Cu* 
'V 
0 
I 
~ 
[3H] 

(+) s (+)M 

Cu* 
'V 
0 1 
I I 
~ 
[3H] 

(-) s (+)S 

Cu* End 
'¥ 'V 
0 3.5 29.S 
I I I 

,1' 
[3H] 

(+) s 
Substrate 

74 

End 
'V 
12 
I 

(-)M 

End 
'V 
17 
I 

(+)M 

(+)M 



NOTE TO USERS 

Page(s) not included in the original manuscript are 
unavailable from the author or university. The manuscript 

was microfilmed as received. 

UMI 



76 

Figure 2.8. Metabolism of DMDI. A and B are RP-HPLC chromatograms of ethyl 

acetate extracts of pea cotyledons to which CuCh (A) or CuCh and pH] DMDI (B) 

have been added. A pisatin standard eluted at 21.5 min and tritium, which had been 

incorporated into the pH] DMDI, elutes at the time of pisatin (B). The same extract as 

in (B) was also separated by TLC, and the band corresponding to pisatin was analyzed 

by chiral chromatography in Figure 2.9. In (B), the chromatographic eluate was 

collected in 30 s fractions and counted in a scintillation counter after adding to each 5 ml 

toluene-2.2% PPO. 
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Figure 2.9. Chirality of tritiated pisatin. Pisatin was recovered by TLC from 

cotyledons to which various radioactive precursors had been fed was resolved by chiral 

LC. Shown here are chromatograms of the pisatin standards (A), and pisatin samples 

from (-) sophorol (B), DMDI (C), and (+) sophorol (D). The corresponding tritium 

was monitored by collecting 30 second fractions and counted in a scintillation counter 

after adding to each 5 ml toluene-2.2% PPO. 



(-)P 
(+)P •0.40 

0.20 • 

•0.30 

•0.20 
0.10-

•0.10 

0.02 
-200 Abs (309) 

Abs (278) 

qpm 

0.01 - - 100 

V-J 

0.00 
5.94 7.94 9.94 11.94 13.94 

Abs (309) 
Abs (278) 
qm -50 

0.04-

-40 

-30 

0.02 -
-20 

Abs (309) 
Abs (278) 
cpm 

-120 

- 100 

- 8 0  

0,01 - - 6 0  

-40 

- 2 0  

0.00 
5.94 7.94 9.94 11.94 13.94 15.94 



80 

The remainder of the sample was separated on TLC, which efficiendy separates 

pisatin and maackiain, and the silica at the Rf of the pisatin standard was recovered and 

extracted with ethyl acetate. Chiral chromatography was used to determine the chirality 

of the tritiated pisatin (Fig. 2.9C). The tritimn, which was initially bound to PH] 

DMDI, eluted with a peak that, by the ratio of A309/A278 and by time of elution, appears 

to be (+) pisatin. A significant amount of tritium label eluted earlier than the elution time 

of the (+) pisatin standard, possibly coincidentally with the (-) pisatin standard. The 

source of that tritiimi was not identified. 

Identity of the pisatin product. 

To confirm that the tritium activity that was co-eluting with pisatin was, in fact, 

contained in (+) pisatin, several strategies were employed. Chiral chromatography was 

used to determine whether pea was converting ±e (-) sophorol and DMDI to (-) pisatin 

or (+) pisatin. Samples of pisatin from tissue to which each of the radio-labeled 

substrates had been fed were recovered fi'om TLC plates and analyzed for co-elution 

with standards of (+) and (-) pisatin. The results are shown in Figure 2.9. Pisatin 

labeled by (-) maackiain feeding was not tested for its optical character. With one 

exception, tritium consistentiy eluted at the elution time of (+) but not (-) pisatin. The 

exceptional sample was the extract of the cotyledons to which PH] DMDI had been 

added. The tritium is distributed approximately equally between the (+) pisatin time of 

elution and the elution time of (-) pisatin. Under the same conditions, (+) and(-) 

maackiain elute at the identical tunes of (-) and (+) pisatin respectively; that is, peaks of 

the maackiain isomers of the opposing chirality are superimposed over the pisatin 

stereoisomer peaks (data not shown). 

Pisatin, labeled by in vivo conversion of (-) pH]-sophorol, was treated with I N 
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HCl for 5 h at 25 °C in order to cause dehydration across the 1 la-6a C-C bond, forming 

anhydropisatin (Fig. 2.10). The products were separated by TLC and autoradiography 

indicated that the pH] label eluted in a band with an RF identical to the RF of 

anhydropisatin. 

DISCUSSION 

This research compared for the first time the incorporation of two enantiomers of 

sophorol and maackiain into (+) pisatin. (+) Maackiain and (+) sophorol are 

intermediates in the model of (+) pisatin biosynthesis proposed by Banks and Dewick 

(20, 34). The methods employed in my research are valid for inferring biosynthetic 

pathways and have been used successfially in previous pisatin biosynthesis studies (20, 

24,25, 34, 39). Isotope incorporation data can reveal the sequence of synthesis as well 

as indicate non-specific interconversion of a non-intermediate to a normal product. 

Pea cotyledon tissue responds to stress caused by wounding and exposure to 

CuCl2 similarly to other pea tissues by accumulating pisatin (Fig. 2.3). Tritiated 

candidate precursors can be administered to this tissue and incorporated into pisatin 

(Fig. 2.6A) within 1 h of induction even though de novo pisatin synthesis and 

accumulation is not detectable by HPLC until after 2 h and isn't significant until after 6 h 

(Fig. 2.3). 

The position(s) of the tritium label in the administered isoflavonoids was not 

determined but is considered to be exclusively at the C-4 of the pterocarpan as had been 

determined by Stoessl and Stothers who similarly labeled maackiain with D2O and 

determined the site of exchange by 13C-NMR and deuterium NMR (56). However, in 

the experiments described here, most of the tritium added was lost from the system. 
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Figure 2.10. Acid-treated pH] pisatin. [3H] Pisatin (in HiOiacetone, 50:50), which 

had been in vivo labeled by metaboUsm of tritiated (-) sophorol, was treated with HCl 

for 5 h, neutralized, and analyzed by TLC. Non-treated pisatin (Pisatin), the lane of 

which has run untrue, and extract of the acidified solution (Acidified Pisatin). The 

labeled bands are: (AP) anhydropisatin (3-methoxy-8,9-methylenedioxypterocarp-6a-

ene), (P) pisatin, an (1) and unknown product of acidification of pisatin. 
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indicating that the isotope might be exchanging with its environment. Thus, the tritium 

may have been randomly distributed from the substrate into pisatin, accounting for its 

apparent biosynthetic incorporation. 

Several arguments can be made against the likelihood of label redistribution 

confounding my interpretations. Tritium atoms can exchange with the environment, 

which is primarily aqueous. Addition of oxygen from H2O is implicated in the 6a-

hydroxylation of pisatin, and the unknown mechanism by which this occurs might add 

the elements of water, including tritium, erroneously indicating incorporation of the 

candidate precursor. Limited degradation of the labeled pisatin revealed, however, that 

anhydropisatin is still labeled, and the incorporation of tritium into pisatin is not 

resulting from a late hydration step. 

If the location of the tritium label in the recovered pisatin was due to random 

exchange, then other compounds extracted from the tissue by ethyl acetate would be 

expected to contain some ttitiimi but it was nearly always confined to pisatin or 

substrate. Also, it would be predicted that the degree of label distribution might increase 

with time, but the labeling of pisatin appears to be a specific event as early as 1.5 h after 

substrate administration (when pisatin concentration is very low) (Fig. 2.6A) and the 

label remains in pisatin for at least 31 h (Fig. 2.6B). 

Interconversion between added precursors and normal, endogenous precursors 

might also confound the results. In the simplest example, one non-natural stereoisomer 

might be racemized to the normal isomer prior to its incorporation. Or, an added 

precursor can be nonspecifically metabolized to a normal metabolite. Though the 

maackiain skeleton with two adjacent chiral centers is probably constrained from 

isomerization, sophorol can more easily racemize and such a step could be specifically 

enzyme-catalyzed. In this research, (-) sophorol is nearly always better incorporated 
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into pisatin than the (+•) isomer, allowing only two possibilities for their incorporation 

which I will discuss below. 

Finally, the different chemical properties of sophorol and maackiain might 

uniquely affect ±eir individual fates after administration to the cotyledon tissue. 

Comparison of incorporation of these dissimilar compounds when administered in 

solution must therefore be qualified due to differences in solubility, ability to cross 

permeability barriers, and losses due to interfering side reactions. 

DMI, (-) sophorol, (+) sophorol, DMDI and (+) maackiain have been shown to 

be incorporated into (+) pisatin by pisatin-synthesizing pea tissue. This is the first time 

that the isoflavanones (+) and (-) sophorol as well as the isoflavanol DMDI have been 

tested for their suitability as in vivo substrates. Because the enzyme activity which 

formed it is specific for (3/?) sophorol, it is reasonable to assume that the DMDI used in 

these studies was (3R) DMDI. The stereochemistry of the chiral center at carbon 4 is 

unknown. No or (35) DMDI was available for testing: the recombinant vestitone 

reductase (30) that reduced (-) sophorol to DMDI was not active on (+) sophorol (data 

not shown). 

Although it had not been directly compared with sophorol, (+) maackiain was 

proposed to be a normal intermediate in (+) pisatin biosynthesis, based on isotope tracer 

studies (34). In this research, it was well incorporated into (+) pisatin, and (-) 

maackiain was usually not incorporated into pisatin. In feeding experiment A2 (Table 

2.1) in which both (+) and (-) maackiain were fed for 12h, incorporation into pisatin 

was essentially the same. However, in the same experiment, when incubated for only 

4h (experiment's A1 and A3), (+) maackiain was a relatively better substrate than (-) 

maackiain, and the experiments of shorter duration revealed differences between the two 

precursors that were undetectable after 12 h substrate incubation. 
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Incorporation of (+) maackiain into pisatin is more similar to that of (-) sophorol 

in treatments in which the induction period has progressed longer or the length of 

substrate incubation is increased. In a relatively short induction and feeding period, the 

difference between (-) sophorol and (+) maackiain incorporation is greater. As 

mentioned above, I can't account for unknown solubility and transport differences 

between isoflavanones and pterocarpans when comparing their incorporation. If there 

were no such differences, it would not be expected that added sophorol is more 

efScientiy incorporated than exogenous maackiain if the normal pathway converts (+) or 

(-) sophorol to (+) maackiain. Departures from the expected observation, however, 

could result from substrate channeling, which favors early substrates over later 

intermediates when the relevant enzymes are physically associated (57,58). It is not 

known whether ±e pisatin late biosynthetic enzymes are assembled in a complex. 

Another phenomenon that could cause an early precursor to be incorporated 

more efficiendy than a later intermediate is if the addition of the earlier precursor, but not 

the later, suppresses its endogenous production, thus raising the specific activity (and 

lowering the dilution value) of the final product (59). However, in this work only the 

proportion of the substrate used was measured, and total pisatin production was not 

affected by the addition of exogenous substrate (data not shown). 

That more (-) sophorol than (+) sophorol is incorporated into pisatin could be 

explained by a biosynthetic model in which a rate limiting step is the isomerization of 

(+) sophorol to (-) sophorol, although this seems unlikely. The isoflavone reductase 

purified from pisatin-synthesizing pea tissue is specific for (-) sophorol synthesis (60). 

It is more likely that (-) sophorol is the only isoflavanone in the pathway of pisatin 

biosynthesis and pea has the (-) isoflavanone-forming step in conamon with alfalfa (29) 

and chickpea (61) which make (-) medicarpin. 
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Since (+) sophorol is not as well incorporated as (-) sophorol, the alternative 

model of Banks and Dewick in which an isomerase converts (-) to (+) sophorol would 

appear to be incorrect Sophorol can racemize, particularly in a more alkaline 

environment, and this might account for the incorporation into pisatin of the radiolabel 

from (+) sophorol in these experiments, although enz5mie activity acting on the (+) 

isoflavanone can not be ruled out In addition, the isoflavanol DMDI is also 

incorporated into (+) pisatin, suggesting that it can be converted to (+) HMK, the last 

intermediate in the pathway. Isoflavanol is sensitive to dehydration with subsequent 

formation of (-) pterocarpan (29), but (-) maackiain, the likely acid-dehydration product 

of DMDI, was shown here and elsewhere to be an unsuitable substrate for (+) pisatin 

biosynthesis (34). Thus, incorporation of DMDI is probably not via (-) maackiain. 

As discussed above. Banks and Dewick previously demonstrated that (+) 

maackiain is hydroxylated by direct insertion of oxygen to form (+) HMK, which is 

subsequently methylated to form (+) pisatin (41). The ability of (+) maackiain to be 

incorporated into (+) pisatin was confirmed in this work. That an enzyme activity exists 

capable of causing 6a-hydroxyIation of (+) maackiain is not sufficient to prove a role for 

maackiain as a normal intermediate in the pisatin biosynthetic pathway. Banks and 

Dewick have also demonstrated that (-) pterocarpan 6a-hydroxylase activity occurs in 

pea upon administering (-) maackiain, even though 6a-hydroxypterocarpans have not 

been described in pea. Other research has demonstrated that the de novo pathway to 

(+) pisatin does not employ an 02-dependent oxygenase even though reactions 

metabolizing the exogenously supplied (+) maackiain do (45). The results reported here 

indicate that (-) sophorol is more efficiently incorporated than (+) maackiain which is 

consistent with the incorporation of (+) maackiain being attributable to its 

interconversion to a normal pathway intermediate [(+) HMK], by an enzyme not 
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involved in (+) pisatin biosynthesis. The cumulative evidence is compelling to propose 

that (+) maackiain is not a natural intermediate in (+) pisatin biosjmthesis. 

However, that pea has enzymes that can form (-) sophorol is not surprising, nor 

is it sufficient to include (-) isoflavanone or (-) isoflavanol in normal pisatin 

biosynthesis. Pea makes (-) pterocarpans, although not in the relatively short 

experiments in this work (36, 62) and one would predict that pea can therefore make (-) 

isoflavanones, too. But conversion of (-) sophorol and DMDI to (+) 6a-

hydroxypterocarpan is unique, fiirther supporting that an unknown (-) isoflavanone-

metabolizing enzyme activity is present in pea. 

This was predicted by the previous work of Matthews et al. who showed that 

the hydroxyl oxygen at C-6a of (+) pisatin comes from water and not O2 (45) by an 

unknown mechanism. Banks and Dewick have ruled out the achiral, unsaturated 

intermediates pterocarpene (both 3-methoxy-8,9-methylenedioxypterocarp-6a-ene and 

3-hydroxy-8,9-methylenedioxypterocarp-6a-ene) and isoflavene (7,2'-dihydroxy-4'5'-

methylenedioxyisoflav-3-ene) by demonstrating their relatively poor incorporation into 

pisatin in feeding experiments similar to those described here (20). Thus, a better model 

for (+) pisatin biosynthesis should include an intermediate role for (-) sophorol and (-) 

DMDI. 
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CHAPTERS 

ISOLATION OF PISATIN BIOSYNTHETIC INTERMEDLVTES FROM PEA 

ABSTRACT 

Pea (JPisum sativum L) synthesizes and accumulates (+) pisatin, a (6a/?,IIa/?) 

6a-hydroxypterocarpan, opposite in configuration to the pterocarpans made by alfalfa, 

chickpea and soybean. Previously, crude protein extracts from pea were shown to 

metabolize a racemic mixture of the pisatin intermediate (±) sophorol in a NADPH-

dependent manner. In the current work, protein preparations from pisatin-synthesizing 

pea seedlings were used to specifically metabolize (-) sophorol and three compounds 

accumulated in a NADPH-dependent manner: 7,2'-dihydroxy-4',5'-

methylenedioxyisoflavanol (DMDI), the isoflavene 7,2'-dihydroxy-4',5'-

methyIenedioxyisoflav-3-ene, and, a novel trans 6ahydrox3^terocarpan, trans-6z.-

hydroxymaackiain (rran^-HMK). The isoflavene and rroAW-HMK were also formed 

when DMDI served as substrate. The identity of franj-HMK was confirmed via MS, 

IH-NMR, and 2D-NMR. When administered to cotyledons of pea that were actively 

synthesizing pisatin, fra/w-HMK was not incorporated into pisatin. 
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INTRODUCTION 

(+) Pisatin, a 3-methoxy, 6a-hydroxypterocarpan, is the major phytoalexin 

produced by pea (Pisum sativum) upon treatment of seedlings with CuCl2. (+) Pisatin 

has 2 adjacent, asymmetrical carbons forming the 6a-1 la bond, possesses a cis 

orientation at that bond, and is designated 6a/?, 1 la/? (Fig. 3.1). The predominant 

model of (+) pisatin biosynthesis held that the natural pathway from an achiral 

isoflavone involved its reduction to (+) isoflavanone, followed by concerted reduction 

and dehydration to form (+) pterocarpan, which is the intermediate for sequential 6a-

hydroxylation and methylation, forming (+) pisatin (34,41). 

Chickpea {Cicer arietinum), alfalfa {Medicago sativa) and soybean {Glycine 

max) synthesize (-) pterocarpan phytoalexins, and soybean accumulates (-) 6a-

hydroxypterocarpans. Pea accumulates (+) pterocarpans, which are relatively rare in the 

studied legumes. Pterocarpan formation has been elucidated in alfalfa: isoflavone 

reductase (IhK) catalyzes the reduction of the achiral isoflavone vestitol, yielding (-) 

vestitone [(-)-3/?-isoflavanone], which is sequentially reduced further to (-) isoflavanol 

and which is dehydrated to form the (-) pterocarpan (Fig. 3.2) (29). In chickpea, as in 

alfalfa, the chirality of the (-) pterocarpan is also conferred by IFR. Soybean makes the 

(-) 6a-hydroxypterocarpan glycinol, and the enzyme 3,9-dihydroxypterocarpan 6a-

hydroxylase, which is dependent on both O2 and NADPH, catalyzes the hydroxylation 

of the pterocarpan (48). 

Previous work has shown that IFR active in pisatin-synthesizing pea seedlings 

forms (-) rather than (+) isoflavanone (60), and studies using isotope tracer methods 

indicate that (-), but not (+), sophorol is the natural intermediate in (+) pisatin 

biosynthesis (see Chapter 2). The 6a-hydroxylation of the (+) pterocarpan in pea also 
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Figure 3.1. Model of the (+) pisatin biosynthetic pathway based on in vivo labeling. 

(1) isoflavone reductase (26) stereospecifically reduces DMI to (-) sophorol; (-) 

sophorol and (-) DMDI are incorporated in vivo into (+) pisatin which is formed by 

methylation of (+) 6a-HMK via (2) HMK methyl transferase (43). The incorporation 

uito (+) pisatin of DMI, (-) sophorol and (-) DMDI was demonstrated in Chapter 2. 
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Figure 3.2. Late steps in phytoalexin biosynthesis of pea, alfalfa and soybean. (A) 

Pea is summarized from the previous chapter and (20, 34,43,45). The late phytoalexin 

synthesizing steps of (B) alfalfa (22, 25, 29), and (C) soybean (47,48) pathways are 

summarized. 
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parts from the prediction: the 6a hydroxyl of (+) pisatin is derived from water rather 

than an Oi-dependent oxygenase, as is the mechanism in soybean (45,47,48). Thus, 

the previously described model of Banks and Dewick is insufficient to acconmiodate 

these more recent results. 

The isoflavanol 7,2'-dihydroxy-4',5'-methylenedioxyisoflavonol (DMDI) was 

shown to be a suitable in vivo substrate for (+) pisatin (see Chapter 2) and a clone 

highly homologous to the vestitone reductase of alfalfa was cloned from pea and is 

inducible by CuCl2, similarly to Ifr and Hmm, two enzymes involved in (+) pisatin 

biosynthesis^. Thus, the sequence of intermediates from (-) sophorol to (+) 6a-

hydroxymaackiain (HMK), the immediate precursor of (+) pisatin is unknown, but may 

include the isoflavanol (-) DMDI and must necessarily change the chiral configuration at 

C-3 and possibly C-4 of the (-) isoflavanol. 

Preisig et al. (50) used crude protein extracts of pea seedlings induced to 

synthesize pisatin to metabolize tritiated, racemic sophorol in vitro . Three bands were 

detected by TLC that incorporated the tritium label in the presence of NADPH. One of 

the three products was more polar than the substrate sophorol and accumulated only at 

pH 7.7. The least polar product had an Rf similar to the pterocarpan maackiain and 

formed only at pH 6.0. The research described in this chapter attempted to discover 

biosynthetic intermediates enroute from (-) sophorol to (+) pisatin. I show that crude 

protein extracts of pea seedlings that have been induced for phytoalejdn synthesis by 

CuCl2 contain enzyme activities that reduce (-) sophorol (but not (+) sophorol) to the 

corresponding (-) isoflavanol and further convert the isoflavanol to a previously 

unknown compound, rran5-6a-hydroxymaackiain (rraAW-HMK). The formation and 

chemistry of this compound is discussed and a new model for (+) pisatin is proposed. 

®This cloning is described later in this dissertation. 
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MATERIALS AND METHODS 

Plant materials 

Seeds of Piswn sativum L. cultivar Alaska were obtained from Royal Seed, St. 

Joseph, MO. Seedlings were prepared by immersing pea seeds in Et0H-H20-5.25% 

sodium hypochlorite, 75:15:10, for 1 hr, rinsing 5x with distilled water, and imbibing 

in distilled water for 3-4 h. The imbibed seeds were spread over autoclaved, moist 

vermiculite and allowed to germinate at room temperature for 4-6 days, shielded from 

light. The seedlings were immersed in 1 mM CuCl2 for 1 hour and incubated in the 

dark for 24 hr. The roots and shoots were rinsed well and, after removing the 

cotyledons, were frozen at -80 °C. 

Chemicals 

Plus and (-) maackian, and (+) pisatin were from laboratory stocks and were 

prepared as described previously (11,53). Both (+) and (-) sophorol, DMDI and their 

tritiated forms, were prepared as described previously in Chapter 2. The DMDI used in 

this chapter was made using recombinant sophorol reductase cloned from a cDNA 

library made from pisatin-synthesizing pea seedlings and is described in Chapter 4. 

Isoflav-3-ene (7,2'-dihydroxy-4',5'-methyIenedioxyisoflav-3-ene) was made following 

the method of (34). P-NADPH was from Sigma Chemical Company, St. Louis MO. 

Enzyme assays 

Sophorol metabolism assays were modified from (50). The roots and shoots 

from CuCl2-treated seedlings which had been stored at -80 °C were ground in Buffer A 

(0.1 M potassium phosphate (pH 7.5), 14 mM P-ME, 5 mM EDTA and 10% sucrose) 
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and centrifiiged at 17,000 x g for 20 min. In most experiments, protein precipitated by 

salting out with ammonium sulfate, and recovering the 40- 80% fraction of the 

supernatant, was used for enzyme assays. Precipitated protein was resuspended in 

Buffer A and combined with equal volumes of buffer B (0.2 mM potassium phosphate 

(pH 6.5), 50 |JM substrate and 2 mM NADPH were added and reactions were carried 

out at 25 °C or 30 °C and were terminated by addition of an equal volume of EtOAC. 

The reaction mixture was extracted twice and the EtOAC fractions were combined and 

concentrated prior to analysis. Compounds were tested as substrates for 6a-

hydroxymaackiarunethyltransferase (HMM) following the method of Wu et al. (46). 

Analytical methods 

UV absorbance was measured in a Beckman (Fullerton, CA) DU-64 scarming 

spectrophotometer in 0.5 ml ethanol. EUipticity was measured on a AVTV Circular 

Dichroism Spectrometer Model 62A DS, from AVTV, Lakewood NJ. HPLC was 

performed on a Waters 2 pump system and using reverse phase (Alltech Econopak C-

18), normal phase (Spherisorb) and chiral columns (ChiralPak 0T+, J.T. Baker, 

Phillipsburg, PA). Reverse phase HPLC (RP-HPLC) used a gradient system (24% 

CH3CN to 74% CH3CN), and normaJ phase HPLC was performed isocratically using 

MeCl2-EtOAc-EtOH-acetic acid, 100:4.5:0.5:0.5, and monitored at 309 nm and 278 

nm. Alternatively, silica gel TLC (EM Sciences Silica Gel 60 F254, aluminum backed) 

in toluene-EtOAc, 60:40, was used and bands were detected under short and long UV 

wavelengths. Tritium incorporation was monitored in HPLC fractions by collecting 30s 

fractions, adding them to 5 ml toluene-2.2% PPO and detecting the radiation in a 

Beckmann scintillation counter. Autoradiography was carried out as previously 

described in chapter 2. 
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NMR, Mass Spectroscopy. The IH-NMR, HMQC (Heteronuclear Multiple 

Quantum Coherence) and HMBC (Heteronuclear Multiple Bond Coherence) spectra 

were obtained on Bruker WM 250 and 500 spectrometers at 500,250, and 125 MHz. 

The carbon chemical shifts were recorded by use of HMQC and the quaternary carbon 

chemical shifts and hydrogen-carbon connections (H-C-C-C or H-C-O-C) were 

measured by HMBC. GC-MS was determined using a HP 5970 gas chromatograph 

(Hewlett Packard) and a crosslinked 5% phenyl-methyl silicone capillary column (25m 

X 0.2 mm i.d.). The heating in the GC was 1 min @70 °C, increase at 20 °C/min to 300 

°C and held for 6 min. The mass spectra of HPLC-purified samples were determined on 

an HP 5988A using direct insertion probe and a temperature range of 30-350 °C 

(ramped 30°/min) and EI at 70 eV. Alternatively, direct inlet was used on a Jeol HX-

1 lOA Sector mass spectrometer in either CI+ mode with iso-Butane, or in EI+ mode. 

Derivatization was performed using bis (Trimethyl-Sylil) Triflouroacetamide (BSTFA) 

(Sigma) essentially according to the company's instructions: the sample was dissolved 

in 14 |il pyridine to which was added 7 (jJ BSTFA and heated to 70 °C for 15 min. 

Exact mass measurement was determined using the Jeol mass spectrometer in EI mode 

at 66 °C and 70 eV. 

In vivo utilization of P18. In order to analyze the metabolism of the unknown 

compound PI8, tritium labeled (-) sophorol was metabolized in a scaled up sophorol 

metabolism assay and [3H]-P18 was isolated by RP-HPLC. The P18 peak was 

extracted with EtOAc, dried and re-dissolved in 1 mM CuCl2-l% DMSO. Discs 4 mm 

in diameter and 2 mm thick were cut from cotyledons of 4-day old pea seedlings and 

placed in the bottom of 13 mm borosilicate tubes. [3H]-P18 was pipetted on the top of 
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the discs in 35 total volume and the tube sealed with Parafilm. After 24 hours, 500 

til EtOAc was added and the tubes were stored in -80 °C overnight to enhance tissue 

maceration and subsequent extraction efficiency. The tissue was ground and the 

separation of the phases was facilitated by addition of 500 ^iJ 1.0 M Tris pH 7.5. The 

concentrated EtOAc extracts were analyzed by RP-HPLC, and fractions were collected 

at 30 s intervals and assayed for tritium activity in a scintillation counter. 
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RESULTS 

Reaction products of (±) sophorol produced by protein extracts of 

CuCl2*induced pea seedlings 

The previous experiments of Preisig et al. (50) which had used racemic PH] 

sophorol as a substrate were repeated. At least two accumulating compounds were 

detected that were similar to Preisig's TLC band of putative maackiain and a band with 

an RF between that of pisatin and sophorol (Fig. 3.3). In this experiment, an 

isoflavanol-like band is not apparent. Because the sophorol tested was racemic, I then 

determined whether the metabolism could be attributed to a single isomer. HPLC 

analysis of reaction extracts revealed that pea metabolized (-) but not (+) sophorol and 

the reaction required NADPH (Fig. 3.4). Appearance of two peaks, P8 and P18, was 

monitored, based on tritium tracer analysis (data not shown). Analysis of the reaction 

extract revealed that increase of the area under PS was greater in the pH 6.0 reaction 

when compared to pH 8.0 although increase of P18 was not influenced by pH. 

Metabolism of (-) sophorol by pea protein 

In various experiments, the major products were peaks PI8 and P8, and DMDI. 

I focused on the characterization of their formation and metabolism. Both peaks were 

analyzed by TLC and RP-HPLC and it was determined that a single compound could 

account for each peak respectively (data not shown). The product PI8, which elutes 

later (18 min) than sophorol (9.5 min) in normal phase HPLC (Fig. 3.5), is less 

hydrophobic and, therefore, less mobile than both sophorol and DMDI in silica gel thin 

layer chromatography (Fig. 3.6). The product P8 has mobility between that of sophorol 

and pisatin in all chromatographic systems. DMDI appears earlier and with shorter 
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Figure 3.3. In vitro metabolism of (±) pH] sophorol. An autoradiogram of a TLC 

plate. The 6 lanes contain extracts of reactions which used racemic pH] sophorol for 0 

min or 30 min, +/- NADPH and at either pH 6.7 or pH 7.7. The Rfs of maackiain, 

pisatin, and sophorol are marked on the left; bands representing compounds which have 

incorporated tritium from sophorol are marked (1) and (2). 
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Figure 3.4. In vitro metabolism of (-) and (+) sophorol. Normal phase-HPLC 

chromatograms of ethyl acetate extracts of reactions in which (-) and (+) sophorol was 

metabolized by crude protein from CuCh-treated pea seedlings at pH 6 or pH 8 for 0, 

30 or 90 min. In all panels, (A) is T=0 min control, (B) is the T=30 min/- NADPH 

control, (C) is T=30 min/+ NADPH sample and (D) is T=90 min/+ NADPH sample. 

Two in vitro metabolites P8 and PI8 are indicated relative to the substrate in the pH 

6.0/(-) sophorol (D) chromatogram. Absorbance was measured at A309 nm 

and A278 nm-
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Figure 3^. Metabolism of (-) sophorol. Normal phase HPLC chromatograms of in 

vitro reactions using pea protein, 50 pM (-) sophorol, 2 mM NADPH, pH 6.7 at 30°C. 

Peaks corresponding to pisatin and sophorol are indicated in (C) and "P8" and "P18" 

indicate metabolites P8 and PIS respectively. Reactions of 0 min (A), 30 min (B), and 

60 min (C) length are shown. 
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Figure 3.6. MetaboUsm of (-) sophorol. Thin layer chromatograms (photographed 

under UV) from two experiments. (-) Sophorol was metabolized in vitro for various 

reaction times by crude protein extracts from pea seedlings which had been induced to 

synthesize pisatin. All reactions contained 50 fiM sophorol, 2 mM NADPH, pH 6.7 at 

30 °C as described in METHODS and were stopped at the indicated times. Included 

standards for each plate are referenced in bold letters: "M" = maackiain, "P" = pisatin, 

"H" = PIMK, and "S" = sophorol. In panel (A), lane "S" includes the standards 

maackiain (M), HMK (H), and sophorol (S) and lanes marked "-N", "-S", and "-P" are 

the extracts of reactions that lacked NADPH, sophorol and protein respectively. In 

panel (B), lane "S" includes the standards maackiain (M), pisatin (P), HMK (H), and 

sophorol (S). In both panels, the PS (P8), DMDI (D) and PIS (P18) bands are also 

indicated. 
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duration, whereas P18 appears later and accumulates (Fig. 3.6). DMDI can be 

converted in vitro to both P8 and P18 independently of NADPH (Fig. 3.7). In the same 

reactions, tritium also elutes with the retention time of sophorol, indicating that the latter 

may form from DMDI in the presence of pea protein. In these experiments, little, if 

any, maackiain was detectable. 

MS analysis of the sophorol metabolites: P8 

Fraction P8 was collected from both HPLC and TLC and analyzed for its 

absorbance in the UV range. Its broad absorbance maximum centered at -338 nm was 

indicative of isoflavene (Fig. 3.8) (63). GC-MS analysis of a sample purified from 

TLC was comparable to that of an authentic standard with the characteristic major ions 

from each at m/z = 283 (22%) and m/z = 284 (100%) (Fig. 3.9). Trimethylsylil (TMS)-

derivatization of an HPLC-purified sample yielded the expected molecular ion at m/z = 

428 (284 + 2 TMS). 

MS analysis of the sophorol metabolites: P18 

Mass spectra of derivatized and underivatized P18 were obtained. The Electron 

ionization (EI) mass spectrum of the non-derivatized sample contained a parent ion at 

m/z = 282 (69%) and a molecular ion at m/z = 281 (Fig. 3.10A), similar to the ion 

distribution in a previously published report of 3-hydroxy, 8,9-

methyIenedioxypterocarp-6a-ene (parent ion m/z = 282 (78%), base peak m/z = 281) 

(64). However, chromatographically and spectroscopically at room temperature 

conditions, P18 did not appear to be pterocarpene. The UV absorbance spectrum was 

more similar to a 4',5'-methylenedioxypterocarpan, such as HMK or pisatin, although 

the absorbance maximum was at 313 nm, rather than 308 nm (Fig. 3.11). 



I l l  

Figure 3.7. In vitro metabolism of DMDI. RP-HPLC chromatograms of reactions in 

which DMDI was metabolized by pea protein. (A) Reaction duration is 0 min; (B) 

T=30 min,- NADPH; (C) T=30 min, + NADPH. Time of elution of various 

compounds is marked in (C): retention times are indicated by D, DMDI; H, HMK; S, 

sophorol; P, pisatin; M, maackiain. Pisatin is present in the protein extract (Fig. 3. 6). 
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Figure 3.8. Absorbance scan of P8. Absorbance over the range of 260 to 400 nm of 

(A) P8 and (B) authentic isoflavene in ethanol. 
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Figure 3.9. Mass spectra of P8 and authentic isoflav-3-ene. EI mass spectra of (A) 

non-derivatized P8, (B) derivatized PS, and (C) authentic 7,2'-dihydroxy-4',5'-

methylenedioxyisoflav-3-ene. 
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Figure 3.10. EI Mass spectra of P18. Analyzed by direct insertion probe, spectra of 

(A) derivatized and (B) non-derivatized P18. The molecular ion m/z = 444 is a mw 300 

compound with 2 TMS bound at hydroxyl groups. When not derivatized, ions at m/z = 

281 (100%) (-H2O, H) and m/z = 282 (68%) (-H2O) are prominent, similar to 3-

hydroxy, 8,9-methyienedioxypterocarp-6a-ene (64). 
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Figure 3.11. UV absorbance of P18 and cw-HMK. Plots of UV absorbance in the 

range 260-400 nm by c/s'-HMK (A) and P18 (B) in ethanol. 
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Direct inlet MS analysis revealed that the molecular weight of TMS-derivatized 

P18 was 444 (Fig. 3.10B), consistent with a molecule of mw 300, containing 2 

hydroxyl groups, each of which has been derivatized by TMS, but one of which is more 

susceptible to dehydration, yielding m/z = 354 (- TMS-O). Improved EI-MS analysis 

of the native molecule revealed ions at m/z = 281 (-H2O, O) (19%), m/z = 282 (- OH, 

H) (20%), m/z = 283 (- OH) (100%), and m/z = 300 (1.4%). Chemical ionization 

(CI+) MS yielded a parent ion at m/z + 1 = 301.064 (Fig. 3.12). Exact mass 

measurement of the ions at m/z = 281, 282,283 and 300 produced, within acceptable 

error (< 5 ppm), the elemental compositions C16H9O5, CigHioOs, CigHi 1O5, and 

C16H12O6, (Table 3.1). The molecular ion is therefore C16H12O6 (experimental mw 

300.0642; theoretical 300.0634). 

IH NMR of P18 (SOOMHz) 

The MS analysis was consistent with P18 having a HMK-type stmcture, but 

NMR analysis of P18 was pursued because the MS was insufficient to confirm its 

structure. Chemical shifts are reported in 5 vs CDCI3 as solvent where 7.24 ppm was 

the internal reference. IH-NMR (ppm, in CDCI3 as solvent) 5: 7.29 (d, IH, JH1-H2 = 

8.4 Hz, H-1), 6.72 (s, IH, H-7), 6.53 (dd, IH, JH2-H4=2.6 Hz, H-2), 6.36 (d, IH, 

H-4), 6.35 (s, IH, H-10), 5.90 (dd, 2H, JH12a-H12b = -19-8 Hz, H-12), 5.50 (s, IH, 

H-lla), 4.12 (dd, 2H, JH6eq-H6ax = -11-6 Hz, H-6eq and H-6ax). Figure 3.13 is the 

NMR spectrum of P18 and figure 3.14 is that of the reference c/j-HMK. 

HMBC and Inverse mode HMQC 

The carbon chemical shifts (Fig. 3.15) and the proton-carbon correlation's were 

determined with the inverse mode HMQC and HMBC (HMBC data not shown) by 
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Figure 3.12. CI"'" MS of P18. Chemical ionization is in iso-butane. Base peak m/z = 

283 (- H2O, H+); m/z + 1 = 301 ([M+H]+). 
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Table 3.1. Exact mass measurement of P18. Predicted elemental composition 

of the major peaks from EI-MS measurement. Error < 5 ppm is considered reliable. 

Composition corresponding to the molecular ion at m/z = 300.0642 is CisHijOs. 

Theoretical is m/z 300.0634. 

observed m/z Int% ErrfPDm /  mmul U.S.  Composit ion 

3 0 1 . 0 6 8 8  0  .  3  

- 8 . 2  /  - 2 . 5  1 0 . 5  1 2 c  1 6  H  1 3  O  6  

+ 6 . 7  /  + 2 . 0  1 1 . 0  1 2 c  1 5  1 3 c  H  1 2  0  6  

300.0642 1 . 4  + 1 7 . 6  /  + 5 . 3  1 1 . 5  1 2 c  1 5  1 3 c  H  1 1  O  6  

+2.7 /  + 0 . 8  1 1  . 0  12C 16 H 12 O 6 

2 8 4 . 0 6 5 7  1 9  .  5  + 5 . 9  /  + 1 . 7  1 1 . 5  1 2 c  1 5  1 3 c  H  1 1  O  5  

- 9 . 9  /  - 2 . 8  1 1 . 0  1 2 c  1 6  H  1 2  0  5  

2 8 3 . 0 6 1 2  1 0 0 . 0  + 1 7 . 7  /  + 5 . 0  1 2 . 0  1 2 c  1 5  1 3 c  H  1 0  O  5  

+ 1 . 9  /  + 0 . 5  1 1 . 5  1 2 c  1 6  H  1 1  O  5  

2 8 2  . 0 5 2 8  2 0 . 3  + 1 5 . 9  /  + 4 . 5  1 2 . 5  1 2 c  1 5  1 3 c  H  9  0  5  

+0.0 /  +0.0 12.0 12c 16 H 10 O 5 

2 8 1 . 0 4 4 9  1 9 . 1  + 1 5 . 4  /  + 4 . 3  1 3 . 0  1 2 c  1 5  1 3 c  H  8  0  5  

-0.5 / -0.1 12.5 12c 16 H 9 0 5 



Figure 3.13. 500MHz IR-NMR spectrum of PI8. The IH-NMR spectrum 

recorded in CDCI3 (also Table 3.2). 
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Table 3.2. Chemical shifts (in ppm) of P18 and cij-HMK recorded by NMR. 

Bold type represents protons at carbon's 6 and 11a. 

Sample 

c/j-HMKl P182 

proton shift fppm) shift Cppm^ 

H-1 7.30 7.29 

H-2 6.55 6.53 

H-4 6.39 6.36 

H-6bqx 4.16 4.13 

H-6ax 3.97 4.11 

H-7 6.78 6.72 

H-10 6.38 6.35 

H-lla 5.25 5.50 
H-12 5.91 5.90 

I measured at 250 MHz 

2measiired at 500MHz 
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Figure 3.14. 250MHz IH-NMR spectrum of cis-HMK. The IH-NMR spectrum 

was recorded in CDCI3 (also Table 3.2). 
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Figure 3.15. Hydrogen carbon connections. HMBC-detemiined H-C-C-C and H-

C-O-C connections (data not shown) were used to build the skeleton of PI 8. H-lla 

has a 3 bond connection to C-11 through the esterified oxygen. HMBC (Heteronuclear 

Multiple Bond Coherence), is a proton-detected form of correlation spectroscopy that 

reveals 2 and 3 bond couplings; thus revealing information about the skeletal bonds, 

rather than just proton assigrmients. 
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Lajos Szabo, of the University of Arizona Department of Chemistry, current address: 

System Integration Drug Discovery Company, Tucson Arizona. Neighboring proton 

and carbon chemical shifts were determined by HMQC and the quaternary carbon 

chemical shifts were determined by the HMBC, as were H-C-C-C or H-C-O-C 

connections (Fig. 3.16). I^C-NMR (ppm, in CDCI3 as solvent) 5: 156.91 (C-3), 

155.65 (C-4a), 153.96 (C-11), 149.10 (C-9), 142.35 (C-8), 132.01 (C-1), 117.66 

(C-7a), 112.39 (C-la), 110.17 (C-2), 103.53 (C-10), 103.52(C-4), 103.32 (C-7), 

101.42 (C-12), 94.43 (C-6a), 84.11 (C-Ua), 69.97 (C-6). The skeleton was built up 

from the HMBC spectra (Fig. 3.16) which indicates a 3 bond distance connection 

between 1 la H and the C-11 carbon. Hydroxy 1 groups in either P18 or cw-HMK could 

not be detected by IH NMR (in CDCI3, DMSO or tetrahydrofuran-dg) and a difference 

NOE between a 6a hydroxyl and alia hydrogen could not be observed (data not 

shown). The doublets attributed to the C-6 protons and the singlet at the 11a carbon are 

consistent with no protons at the 6a carbon and the HMQC-determined carbon chemical 

shift at 6a (94.4 ppm 5) is indicative of an oxygen bonded to the carbon. The results of 

the IH NMR combined with MS analysis and the HMBC and HMQC data support an 

interpretation of P18 having the structure of HMK, although isomeric at the 6a and/or 

11a carbons. 

Analysis of lla-6a configuration by circular dichroism 

Approximately 100 nmols each of (-) and (+) HMK were dissolved in 1 mi 

methanol and were scanned in an AVTV Circular Dichroism Spectrometer in the range of 

330 - 230 nm. A similar amount of P18 (based on absorbance) was also scanned and 

plots of ellipticity are in Figure 3.17. P18 did not rotate polarized light in the range 

measured, while CIJ-HMK is optically active. 
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Figure 3.16. Proton and Carbon cheniicai shifts. (A) HMQC-determined proton 

and carbon cliemical shifts (5) recorded for P18 in CDCI3. HMQC (Heteronuclear 

Multiple Quantum Coherence) is a proton-detected form of HETCOR (heteronuclear 

chemical shift correlation) spectroscopy which correlates '^C nuclei with directly 

attached protons. The 94.4 ppm (5) value at C6a indicates an oxygen attachment at that 

carbon. Data are reported as chemical shifts (ppm). (B) The carbon-proton coupling 

constant at J4c-4h in a model epoxide compound analyzed by Lajos Szabo was 175 Hz, 

typical for similar epoxide carbons, whereas the Ji lac-l laH in P18 was 156 Hz, a typical 

carbon-proton coupling constant (data not shown). 



H" 

HO 
hUi 69.9 

iiai 1033 
•zo 6LS 

Mil 
S5 

59 

I49Lt 

59 

Chemical Shift, 8 = ppm 



135 

Figure 3.17. Circular dichroism of HMK and PI8. Ellipticity was recorded for (+) 

cw-HMK, (-) cw-HMK, and P18 in methanol. Similar amounts (based on Asognm) 

were analyzed. 
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In vivo utilization of P18 

Conversion of (-) sophorol and DMDI in vitro into P18 is suggestive, but not 

conclusive, of this compound being an in vivo intermediate in pisatin biosynthesis. 

Incorporation of P18 into pisatin when fed to pisatin-synthesizing pea tissue would 

provide additional evidence for a role in pisatin biosynthesis. Tritium labeled P18 was 

administered to pisatin synthesizing pea cotyledons as described previously (see Chapter 

2). RP-HPLC analysis of the cotyledon extracts is shown in Figure 3.18. Relative to 

(-) sophorol, conversion of P18 to pisatin was negligible. Tritium eluted in a peak with 

a retention time later than that of pisatin, and not consistent with any known 

compounds. 

In vitro utilization of P18 

P18 was tested as a substrate for HMK methyltransferase (HMM) activity in pea 

protein extracts (Fig. 3.19). In two assays, P18 was not a better substrate than (-) 

HMK; both were relatively poorly methylated compared to (+) HMK. Activity upon (-) 

HMK has previously been reported and was found to be 4-6X less methylated than (+) 

HMK (44, 46). 
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Figure 3.18. In vivo utilization of PIS by pea. [3H]-Sophorol and [3H]-P18 were 

administered to pea cotyledons induced for pisatin biosynthesis (See Chapter 2) and the 

cotyledons were extracted after 24 h with ethyl acetate and analyzed by RP-HPLC. 

Extract of pH]-sophorol-fed tissue (A); extract of tissue to which pH]-P18 was fed for 

24 h (B). The elution times of sophorol (6.2 min), P18 (7.3 min), and pisatin (10.0 

min) are indicated. The bars in each chromatogram represent the total tritium in 30 s 

fractions collected for scintillation counting. 
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Figure 3.19. In vitro utilization of P18 by PIMM. In two experiments. Pi8 and (+) 

and (-)-HMK were tested as in vitro substrates for 6a-hydroxymaackiain 

methyltransferase (HMM) activity in pea roots induced to make pisatin (44). Higher 

values of cpm represent greater methylation. Control reactions include protein and i^C-

SAM but no added substrate. 
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DISCUSSION 

Unlike pterocarpans made by alfalfa, chickpea and soybean, pisatin is (+) with 

the opposite configuration at C-1 la and C-6a, yet its synthesis proceeds from an achiral 

isoflavone via reduction to an isoflavanone (-) sophorol, similarly to the route to (-) 

medicarpin in alfalfa (25, 26). It has previously been reported that hydroxylation of 

pisatin at the 6a carbon involves oxygen from water and likely employs biosynthetic 

steps that are not analogous to those used by soybean, which also forms a 6a-

hydroxypterocarpan (47,48). To form pisatin, (+) HMK is methylated by HMM (43, 

44,46, 63). Yet, conversion of (-) sophorol to (+) HMK is not understood. 

Preisig et al demonstrated the in vitro conversion of racemic pH] sophorol to 

other products by protein extracts of pea seedlings which had been induced with copper 

to produce pisatin. This activity was dependent on NADPH and was affected by the pH 

of the reaction. The conversion of racemic sophorol to other products was confirmed in 

the current study (Fig. 3.3). In order to understand which isomer was used by the 

enzyme activity, both (+) and (-) sophorol were then tested separately. Activity was 

selective for the (-) sophorol and was NADPH dependent. (-) Sophorol was converted 

to three products that were formed in these studies: DMDI, isoflavene (P8), and PIS: 

fra/i5-6a-hydroxymaackiain (rra« j-HMK). 

Identincation of P8 as isoflavene and P18 as ^ra/z^-HMK 

The unknown in vitro metabolite PS was compared to authentic isoflavene (7,2-

dihydroxy-4'5'-methylenedioxyisoflav-3-ene) and found to be identical based on MS, 

UV absorbance, and co-chromatography in TLC and reverse and normal phase-HPLC. 

I conclude that PS is 7,2'-dihydroxy-4'5'-methylenedioxyisoflav-3-ene. 
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Its appearance and accumulation is challenging to conclusively explain. 

Isoflavene could be formed by an enzyme expressed by pea but which is not necessarily 

acting in (+) pisatin biosynthesis. Alternatively, it could be an in vitro artifact. I have 

not tested isoflavene as an in vivo intermediate because Banks and Dewick demonstrated 

its unsuitability as a precursor in isotope tracer feeding experiments (34). It was also 

relatively unstable in handling and storage. Still, its appearance merits further 

inspection in light of the determination that alfalfa specifically converts isoflavone to 

coumestan via an isoflavene intermediate (32). The Rf of the band that Preisig et al. 

reported (reaction product 2) in their in vitro studies is similar to isoflavene (50). 

Isoflavene is a thermal dehydration product of 3-hydroxyisoflavan in EI mass 

spectroscopy (65) and of DMDI during analysis by APCI MS (data not shown). Three-

hydroxyisoflavan has never been detected in these experiments and is probably not, 

therefore, a precursor to the accumulated isoflavene. Therefore, isoflavene is most 

likely a product of DMDI dehydration. 

I first considered that P18 might contain a hydroxy 1 sensitive to dehydration 

when GC-MS analysis returned ions at m/z = 282 (100%), 281 (68%), in agreement 

with that of 3-hydroxy-8,9-methylenedioxypterocarpene (mw 282, Fig. 3.I0B). Yet, 

pterocarpene was distinguished from P18 in liquid chromatography and UV 

spectroscopy (data not shown). Direct insertion probe MS of the TMS-derivatization 

product of P18 produced a molecular ion at m/z = 444 suggesting a molecule of mw 300 

before derivatization (Fig. 3.10A). Thus, the ion at m/z = 282 was likely a thermal 

dehydration product (300 - H2O) and P18 is not stable in GC-MS or EI-MS. C/5-HMK 

(mw 300) undergoes dehydration in MS to form the highly abundant 282 ion (64). 

Exact mass measurement EI-MS (Table 3.1) returned 3 ions with error < 5 ppm: 

(1.4%) m/z = 300.0642 (Ci2Hi206/error = 2.7 ppm); (100%) m/z = 283.0612 (-OH) 
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(C12H1 lOs/error = 1.9 ppm); and (20.3%) m/z = 282.0528 (-H2O) (CiiHioOs/error = 

0.0 ppm). Thus, the molecular ion is m/z = 300.06. A sophorol-derived 3,4-

epoxyisoflavan (see "Role of trans-HMK. in pisatin biosynthesis" below) could also 

satisfy the molecular formula C12H12O6 but is ruled out for several reasons: the HMBC 

spectra indicate that C-11 and C-1 la are connected by 3 bond lengths, consistent with a 

pterocarpan structure but not with an epoxyisoflavan; and the coupling constant Ji laC-

I laH (156 Hz) is typical for carbon-proton coupling constants compared to a model 

epoxy compound tested by Lajos Szabo which was measured at 175 Hz (Fig. 3.16B). 

Finally, attempts to oxidize isoflavene in order to synthesize epoxyisoflavan were 

unsuccessful, a result we attributed at least in part to the instability of the 

epoxyisoflavan. 

The IH-NMR analysis revealed that the P18 compound had structure in common 

with cw-HMK. All chemical shifts were identical except for H-1 la and H-6ax • C-1 la 

is a chiral center, adjacent to C-6a, the other chiral center, which does not have a proton 

bond (Table 3.2). C-6a is adjacent to C-6 which is attached to two protons, the axial 

proton being distinguished from the corresponding proton of the reference cw-HMK. 

Thus, the data suggest that PI8 and cw-HMK are highly similar but isomeric at carbon's 

11a and 6a. HMQC and HMBC results confirm the 6a-hydroxypterocarpan structure 

especially with respect to the existence of the ether containing C ring (Fig 3.1). 

Thus, PIS has been unambiguously identified as fra.nj-6a-hydroxymaackiain, a 

diastereomer of cw-HMK. The isolation of this novel compound disputes the 

assumption that pterocarpans are necessarily (6a/?,l la/?) or vice versa. Trans-

conformations such as (6ai?,l la5) or (6aS,l la/?) have traditionally been considered 

sterically impossible due to ring strain (63). The franj-HMK was stable at room 

temperature in reaction buffer or in chromatography, but not in GC-MS or MS. Still, it 
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is relatively unstable by computer-based predictions (AE=5.5kcal/mol compared to cis-

HMK) (Fig. 3.20). 

Analysis of the optical rotation attributed to rranj-EiMK confirmed that its 

structure is either fiindamentally different from that of (-) or (+) cw-HMK or that the 

sample is racemic (Fig. 3.17). Tra/u-HMK was not optically active between 230 and 

330 nm although c/j-HMK is. The absorbance of fra/u-HMK in the UV range is 

similar to that of cts-HMK except that the absorbance maximum is shifted from 309 nm 

(c/j-HMK) to 314 nm. The retention time of rron^-HMK is increased in RP-HPLC 

relative to ±at of cw-HMK when the solvent is water and acetonitrile, appearing less 

polar (Fig. 3.18). Conversely, in normal phase (silica) HPLC or silica gel TLC in 

which the mobile phase has no water, /ra«j-HMK has more affinity for the stationary 

phase. 

Formation of DMDI in vitro from (-) sophorol 

The isoflavanol DMDI was identified as a transient intermediate based on co-

chromatography with authentic DMDI and the characteristic conversion to maackiain on 

the TLC plate (data not shown). The stereochemistry of the DMDI formed in these 

experiments is not known. An analogous isoflavanol is formed by vestitone reductase 

in alfalfa, although its stereochemistry at the two chiral carbons (C-3 and C-4) are not 

known (29). DMDI had previously been shown to serve as an in vivo precursor to 

pisatin (chapter 2). In several experiments in which [3H] DMDI was used as an in vitro 

substrate for pea enzyme activity, tritium eluted with a fraction consistent with sophorol 

(Fig. 3.7). However, the tritium labeled compound(s) was not identified. But, if 

sophorol is formed in vitro from DMDI, it may similarly generate in vivo, and the in 

vivo incorporation of (-) DMDI into (+) pisatin (chapter 2) may not be direct. 
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Figure 3.20. Computer modeling of HMK. C/s-HMK and trans HMK were 

modeled and the low energy forms are depicted. Modeling was done with MacMimic® 

(InStar Software, Lund, Sweden) and used the MM2 package for free energy 

calculations. 
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Conversion of DMDI to rra«j-HMK is direct, however, because this reaction proceeds 

from DMDI without added NADPH, whereas, NADPH is required for enzymatic 

conversion of (-) sophorol to rran^-HMK. 

In these studies, DMDI did not accumulate as a sole end product, appearing 

transiendy (Fig. 3.6). The apparent accumulation of maackiain in vitro in previous 

smdies could have resulted from an acid-catalyzed dehydration of DMDI, the first 

product of sophorol reduction (50). Although pterocarpan-forming dehydratase activity 

such as that purified in alfalfa (29) probably exists in pea, it is not likely detectable in 

protein prepared 24 h after pisatin induction since (-) pterocarpan accumulation occurs at 

a much later time (36,37). In reactions described in this chapter in which DMDI or 

sophorol was the substrate for activity from pea protein, no maackiain was formed. In 

fact, in numerous analyses of pisatin biosynthesis in pea cotyledon tissue by this author, 

maackiain was never detected'. In addition, in vitro activity upon (+) or (-) maackiain 

was never observed (data not shown) and, therefore, formation of the in vitro 

metabolites described here does not involve maackiain. 

Metabolism of (+) sophorol by pea 

(+) Sophorol was previously shown to be incorporated in vivo into (+) pisatin 

(Chapter 2). However, it is not a substrate in vitro, whereas (-) sophorol is. I can't 

rule out that a pterocarpan synthase-like activity converts it to (+) maackiain with 

subsequent 6a-hydroxylation and 3-0-methylation, in a mamier analogous to the 

predominant model of Dewick's (35). More likely, however, its conversion is non

specific, possibly initiated by isomerization to (-) sophorol. Given that the (-) isomer is 

more efficiently incorporated in vivo, and the (+) isomer of sophorol is not metabolized 

'Chapter 2 and unpublished data. 
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in vitro, it is reasonable to consider that only (-) sophorol is a natural precursor during 

phytoalexin metabolism in pea, and that earlier results in which radiolabel from (+) 

sophorol was incorporated into (+) pisatin in vivo were due to racemization of the 

exogenously-fed substrate. 

Metabolism of ^rans-HMK by pea 

Labeled trans-YiMK was not incorporated into pisatin in vivo (Fig. 3.18). In 

several assay's, label from fran^-HMK was incorporated into a compound with a greater 

retention time than pisatin in RP-HPLC. Only a small amount of this product was made 

and identification was not attempted. The product did not elute coincidentally with 3-

methoxypterocarpene or 3-hydroxypterocarpene (data not shown). Because trans-HMK 

elutes several minutes later than cw-HMK in the EIP-HPLC system used, it is speculated 

that the labeled product eluting later than pisatin is methyl-rra/w-HMK; that is, (trans 6a-

11a) pisatin. However, in HMM assays in which (+) HMK was methylated by crude 

protein extracts of pisatin-synthesizing pea, (-) HMK and franj-HMK were poorly 

methylated at equal levels (Fig. 3.19). 

Role of ^ra/ts-HMK in pisatin biosynthesis 

As it was not possible to demonstrate in vivo or in vitro metabolism of trans-

HMK into pisatin or a known pisatin intermediate, its accumulation here is rationalized 

as an artifact of the in vitro method. Specifically, I propose that franj-HMK is the result 

of aberrant pterocarpan C ring formation. 

Normal (+)-HMK biosynthesis is not understood, but is probably analogous to 

and requires isoflavanol formation as in other systems (29, 66, 67). I propose that 

normal formation of (+) c/j-HMK, which does not involve (+) maackiain or O2, 
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involves addition of hydroxide from water to an extensively conjugated quinonemethide 

(Fig. 3.21). This requires a hydroxyl at the isoflavanol C-7 and loss of the hydroxyl at 

C-4 of (-) DMDI. The isoflavanone C ring can similarly assume extended conjugation, 

a process possibly facilitated by the strain at the fully-saturated C-3, resulting in a C=C 

bond conjugated with a carbonyl. I propose that the extensively conjugated structure in 

figure 3.21 is the substrate for c/j-HMK formation, requiring a concerted hydration and 

pterocarpan C ring formation. 

I don't know whether the 6a-hydroxylation of trans-HMK proceeds normally, 

with the OH adding from the "correct" side. Since hydroxylation and pterocarpan-

forming ring closure can occur separately, rra/w-HMK can form if the oxygen of the OH 

at C-2' is presented to the 4-carbon of the planar isoflavenone from the incorrect side of 

the B ring plane, perhaps as a result of rotation about the C-3 - C-l' bond due to 

repulsion between the reformed OH at C-2' and the isoflavenone B-ring. The extended 

conjugation must be maintained and the loss of -OH at C-4 controlled, otherwise the 

oxygen at C-2' can be close to the C-4 in space and the trans arrangement will occur 

across ±e 1 la-6a carbon-carbon bond. 
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Figure 3.21. Proposed models of cw-HMK and fra/i5-HMK formation. Solid 

arrows indicate proposed steps of normal (cis) HMK synthesis and dashed arrows 

indicate hypothesized steps leading to fra/i5-HMK. The scheme shows all synthesis 

proceeding concertedly from DMDI to HMK The intermediate marked by is 

referred to in the discussion as "isoflavenone". 
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CHAPTER 4 

ISOLATION OF A CDNA ENCODING (-) SOPHOROL REDUCTASE 

WHICH IS INVOLVED IN PHYTOALEXIN BIOSYNTHESIS IN PEA 

ABSTRACT 

(+) Pisatin is the major phytoalexin produced by pea {Pisum sativum) and is a 

pterocarpan derived from the phenylpropanoid and isoflavonoid biosynthetic pathways. 

In vivo isotopic tracer methods and in vitro analysis of enzyme activity in pisatin-

synthesizing pea seedlings indicate that the isoflavanone (-) sophorol is involved in (+) 

pisatin biosynthesis and that it is converted by an isoflavanone reductase to 7,2'-

dihydroxy-4',5'-methylenedioxyisoflavanol (DMDI). The alfalfa cDNA contained in 

pVRl codes for vestitone reductase, the enzjmie in alfalfa that catalyzes reduction of the 

isoflavanone vestitone and is necessary for the formation of the pterocarpanoid 

phytoalexin (-) medicarpin. A cDNA library made from Nectria haematococca-infected 

pea seedlings was screened with pVRl and I report here the isolation of a clone 

amplified by PCR from a pea cDNA which is 83.4% identical to the vestitone reductase 

mRNA from alfalfa and 70.4% identical to an mRNA coding for a putative 2'-

hydroxydihydrodaidzein reductase from Glycine max. When expressed in Escherichia 

call, the sophorol reductase (SOR) activity of the gene product has biochemical 
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properties similar to the activity detected in CuCl2-treated pea dssue and catalyzes 

reduction of (-) sophorol, the isoflavanone thought be a biosynthetic intermediate of (+) 

pisatin, forming DMDL Its induction, as determined by northern analysis, is consistent 

with its involvement in synthesis of (+) pisatin in pea. 
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INTRODUCTION 

(+) Pisatin, a 3-methoxy, 6a-hyciroxypterocarpan, is the major phytoalexin 

produced by pea {Pisum sativum) upon infection or treatment with CuCl2. Most other 

legumes make (-) pterocarpanoid phytoalexins which are opposite in configuration at the 

adjacent 1 la and 6a carbons. Chickpea {Cicer), alfalfa (Medicago sativa) and pea 

express isoflavone reductase (IFR) when synthesizing pterocarpan phytoalexins (Fig. 

4.1,4.2) (see Chapter 1). This enzyme catalyzes reduction of the achiral isoflavone 

vestitol in alfalfa and chickpea, or 2',7-dihydroxy-4',5'-methylenedioxyisoflavone 

(DMI) in pea, into (-) 3/?-isoflavonone. 

A predominant model of (+) pisatin biosynthesis proposed that the achiral 

isoflavone DMI was converted directiy to (+) sophorol; alternatively, DMI might be 

converted to (-) sophorol and isomerised to the (+) enantiomer (40) (Fig. 4.1). 

However, the IFR purified from pisatin-synthesizing pea tissue specifically forms the 

(-) isomer, but pea also makes (-) pterocarpans and (-) sophorol would likely be an 

intermediate in that biosynthesis. Therefore, the in vivo incorporation of (-) sophorol 

into (+) pisatin provides direct evidence that (-) sophorol is an intermediate in (+) pisatin 

biosynthesis. In fact, 7,2'-dihydroxy-4',5'-methylenedioxyisoflavanol (DMDI) is also 

incorporated into (+) pisatin (see Chapter 2). The enzyme activity in vitro which 

metabolizes sophorol is NADPH dependent and specifically acts on only the (-) isomer 

of sophorol. DMDI is one of three products that is made in vitro from (-) sophorol by 

pea protein extracts (see Chapter 3). 

Guo and Paiva purified vestitone reductase, an isoflavanone reductase from 

alfalfa (30). This enzyme catalyzes the NADPH-dependent reduction of the 

isoflavanone 
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Figure 4.1. Model of (+) pisatin biosynthesis in pea. A pathway of pisatin 

biosynthesis based on isotopic tracer studies after Dewick. Solid line arrows indicate 

the primary pathway, dashed line arrows indicate an alternative route to (+) sophorol 

(40). 
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Figure 4.2. Pathway of (-) medicarpin biosynthesis in alfalfa. Solid line arrows 

indicate the pathway to (-) medicarpin. Enzymes which have been isolated from alfalfa 

are represented by (1) isoflavone reductase (IFR), (2) vestitone reductase, and (3) DMI 

dehydratase (22, 29). Dashed line arrows represent proposed steps to isoflavan and 9-

0-methylcoumestrol from isoflavanol (32). 
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(-) vestitone to 7,2'-dihydroxy-4'-methoxyisoflavanol (corresponds to DMDI), which is 

subsequendy dehydrated to form the pterocarpan (-) medicarpin (Fig. 4.2). A 1245 bp 

cDNA, (pVRl), was cloned from a cDNA library by hybridization to a PGR product 

amplified from the same library using a degenerate oligonucleotide probe based on a 

tryptic fragment from purified vestitone reductase. The recombinant protein was 

catalytically active upon expression of the cDNA in Escherichia coli and was found to 

act upon (-) but not (+) vestitone (30). 

In order to gather support for a new model of pisatin biosynthesis in which (-) 

sophorol and (-) DMDI are involved, I proposed that pea also expresses an isoflavanone 

reductase and that a gene could be cloned from pea that is highly homologous to the 

alfalfa gene for vestitone reductase. I used the pVRl cDNA of alfalfa as a heterologous 

probe to screen a cDNA library made from pea seedlings which had been infected with 

the pathogen Nectria haematococca (68). A 1241 bp cDNA with high homology to 

pVRl was cloned from the pea cDNA library. In this chapter I report its sequence, 

expression, activity and limited genomic characterization. 
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MATERIALS AND METHODS 

Plant materials and chemicals 

Pea seeds (cv. Alaska) {Pisum sativum L.) were obtained from Royal Seed, St. 

Joseph, MO. Four day old, dark-grown pea seedlings, prepared as described (46) were 

used for genomic DNA preparation. RNA from pea seedlings was prepared for 

northem analysis after immersing the seedlings in 5mM CuCl2 for 1 hour and 

incubating in the dark for 0-24 hr. (+) and (-) Sophorol were prepared as described 

previously (chapter 2). Trizol reagent is from GibcoBRL Life Technologies, 

Gaithersburg, MD USA. 

Screening of the cDNA library 

The infection-specific cDNA library was a gift of XioaGuang Liu and is briefly 

described here. Epicotyls of 4 day old pea seedlings were inoculated with Nectria 

haematococca laboratory isolate 77-13-7. A Uni-ZAP XR expression cDNA library 

was constmcted in XL 1-blue cells with poly (A"*") RNA extracted from lesions produced 

2 days after inoculation (68). Fifteen thousand plaque-forming units were grown on 

each of 5 plates (100 mm) of NZY medium according to standard methods (69), the 

plaques were lifted with nylon membrane (Magna Nylon, 82 mm. Micron Separations 

Inc, Westboro, MA), UV-crosslinked and denatured in 0.2 M NaOH/1.5 M NaCl. The 

plaques were hybridized to the cDNA insert of pVRl which had been ^^P-labeled (gift 

of Nancy Paiva, Nobel Foundation, Ardmore OK). Fourteen strongly-hybridizing 

plaques were subjected to a second round of screening and 14 clones were in vivo 

excised, packaged into pBluescript SK(-) phagemid, and plated in SOLR cells according 

to the manufacturer's instructions (Stratagene). DNA prepared by alkaline lysis from 
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each clone was digested with EcoRI and Xhol and subjected to Southern analysis using 

the pVRl insert as probe. Several clones had a strongly hybridizing 0.75 kb EcoRI 

fragment and a 0.5 kb £coRI/X7ioI fragment, but contained additional insert DNA, 

suggestive of concatenated cDNAs. The 0.75 kb and 0.50 kb firagments from p 11-1 

were gel-purified using the Qiaex H system (Qiagen, Santa Clarita, CA), digested with 

Ecdftl and Xhol, ligated into pBS and transformed into DH5a cells. The resulting 

plasmid DNA and the full clone pll-1 (including extra insert) were purified by cesium 

chloride density centrifiigation for further manipulation. 

Sequencing of sophorol reductase cDNA fragments 

The insert DNA contained in the CsC^-purified plasmids was sequenced by the 

DNA Sequencing Service, University of Arizona. Only the ends of the full insert of 

pll-1 were sequenced using M13 forward and reverse primers. The sequence of the 

0.75 kb fragment overlapped with one end of the full insert of pi 1-1. Sequencing 

primers were constructed based on reliable sequence internal to the 0.5 kb and 0.75 kb 

fragments which were homologous to the pVRl cDNA from alfalfa. Using the internal 

primers and pi 1-1 as template, fiirther sequence was obtained that bridged the EcoRI 

site at the border of the two fragments as well as sequence specific to the other fragment 

ends homologous to the 5' and 3' ends of the cDNA in pVRl. The sequence of the full 

cDNA was assembled from the partial sequences. 

PGR ampiiflcation and cloning of sophorol reductase cDNA 

In order to acquire a full length homologue to the pVRl cDNA from pi 1-1, 

PGR primers were obtained (GibcoBRL) that were specific to the putative 5' and 3' 

ends of the cDNA and introduced unique cloning sites. A Ncol site was introduced at 
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the 5' end of the cDNA using f5'-ACG CCA TGG CAG AGG GGA AAG GAA GGG 

T-3') and a BamHL site was similarly introduced at the 3' end (5'-ACG CGG ATC CTT 

AGA GAT ATC CTT TTT CCT-3'). Each PCR reaction contained PGR reaction 

buffer, 40 |il H2O, each dNTP [200 |IM], MgCli [1-5 mM], primers [1.0 (iM], 20 ng 

pi 1-1 (template), and 1.25 U Taq polymerase (GibcoBRL) in a total volvune of 50 jil. 

The program was as follows: 2 min denaturation at 95 °C, followed by 35 cycles of: 

denaturation (95 °C, 1 min), annealing (60 °C, 1 min), and extension (72 °C, 2 min). 

The combination of primers produced a ca. 1 kb PCR product, which was gel-purified, 

phenol-chloroform treated and precipitated with 1/10 volume 3 M sodium acetate + 2 

volumes 100% EtOH. Four such PCR products identified as per 2B, per 3B, per 5 and 

per 3 were purified and each was double digested with Ncol and BamHL. The 

expression vector pSE380 was similarly digested and, after gel-purification of the PCR 

products and the vector using the Qiaex II system, the PCR fragments were cloned in 

pSE380 (ligation reaction: 100 ng vector, 25 ng insert, 1 U T4 ligase, 2 |iJ 5X T4 ligase 

buffer in 10 |jJ total volume overnight at 14 ^C). Five jil reaction mix and 100 

competent DH5a cells (grown overnight) were incubated 30 min on ice, then at 42 °C 

for 45 s, and again on ice for 2 min. The cells were mixed with 450 ^ll LB and kept at 

37 °C for 60 min. Cells were plated at various dilution's on LB medium/0.5 mg/ml 

ampicillin/ 2% agar. Two clones p2B 1 and p3B 1, containing per products 2B and 3B 

respectively, were selected for further analysis. 

Northern analysis 

RNA was isolated using TRIZOL Reagent (GibcoBRL Life Technologies, 

Gaithersburg MD), a phenol and guanidine isothiocyanate mixture, following the 

manufacturer's instructions. Pea roots which had been treated with CuCl2 for 1 h and 
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then incubated for various lengths of time were ground in the TRIZOL and after 5 min at 

25 °C, chloroform was added. After vortexing, the samples were centrifuged at 4 °C for 

15 min in a microfiige. RNA in the aqueous fractions was precipitated with 

isopropanol, washed with 75% EtOH and redissolved in diethyl-pyrocarbonate (DEPC) 

treated water. Agarose/formaldehyde gel electrophoresis was performed according to 

(69) in 1 % agarose gels. Blots of the gels were hybridized to ^^p-iabeled p3B 1 insert, 

a a clone of the PCR product "per 3B" described above which codes for sophorol 

reductase. The size of hybridizing bands was calculated by their mobility relative to the 

28S rRNA and 18S rRNA, which are 4718 and 1874 bp respectively (69), as well as to 

RNA size markers 

Genomic DNA characterization and Southern analysis 

Total genomic DNA was purified from pea using a method modified from 

Jorgenson. Thirty g pea seedlings (less cotyledons) were ground in extraction buffer 

(100 mM Tris-Cl pH 8.0, 1.4 M NaCl, 20 mM EDTA, 2% 

hexadecyltrimethylammonium bromide (CTAB) and extracted for 1 h at 60 °C in a 50 ml 

Falcon tube. After cooling to 25 °C, 20 ml chloroform-isoamyl alcohol was added and 

the extract was shaken by hand. The solution was centrifiiged 10 min at 2100 rpm 4 °C 

and the chloroform treatment was repeated again on the supernatant which was again 

centrifiiged. An equal volume of isopropanol was added to the combined supematants, 

mixed and stored overnight at - 20 °C. The precipitated DNA was dissolved in 2 mM 

Tris/1 mM EDTA pH 8.0 (TE), and treated with RNase (20 (ig/ml RNase A at 37 °C 30 

min), and then subjected to phenolxhloroform, and sodium acetate/100% EtOH 

precipitation. The pellet was washed with 70% EtOH and re-dissolved in TE. 

PCR amplification of genomic DNA was compared to that of the cDNA by using 
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several combinations of primers: the primers specific to the 5' and 3' ends of the 

deduced coding region (described above) were used to amplify a 992 bp fragment of the 

cDNA and corresponding genomic DNA. The 5' primer was also combined with an 

internal downstream primer 852 bp after the start of the cDNA coding region. 

Likewise, the primer specific to the 3' end of the gene was combined with an upstream 

primer starting 688 bp from the ATG at the start of the cDNA coding region. Both the 

pi 1-1 cDNA and genomic DNA were used as template in order to detect sequence 

differences such as might arise from an intron. 

Each digestion reaction contained 100 (Xg DNA and restriction enzymes in 100 

(jJ total volume and proceeded overnight at 37 °C. The digested fragments were 

resolved by gel electrophoresis in 0.8% agarose, stained by ethidium bromide (0.5 

|ig/ml, 20 min) for visualization and transferred to Hybond-N+ (Amersham) nylon 

membranes according to the manufacturer's instructions. Before transfer, the gels were 

first placed in 0.25 M HCl for 20 min, rinsed and treated in 2X Southern transfer base 

(0.5 N NaOH/1.5 M NaCl) for 15 min, and rinsed and treated with neutralization buffer 

(0.5 M Tris-Cl pH 8.0, 1.5 M NaCl) 2x for 15 min. The gels were transferred to the 

membrane by capillary blot, using 20 x SSC overnight. The membranes were rinsed of 

agarose and dried, and the DNA was UV-cross linked to the membrane. ^^p-Labeled 

pVRl cDNA and 32p-iabeled p3B 1 insert hybridization probes were made using the 

Prime-It n random labeling kit (GibcoBRL) and the probes were column-purified by 

elution through Sephadex G 50. Pre-hybridization (1 h) and hybridization (overnight) 

were carried out at 65 °C in rotating bottles and the membranes were washed 20 min in 2 

X SSC/0.1% SDS prior to autoradiography. 
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Expression of isoflavanone reductase (SOR) activity in E. coli 

The activity of recombinant sophoroi reductase (SOR) clones was assayed 

according to the method of Guo and Paiva (30). Briefly, overnight cultures of 

individual colonies were grown in LB medium/0.5 mg/ml ampicillin at 37 °C and 100 |il 

was used to inoculate 15 ml LB medium/0.5 mg/ml ampicillin, which was grown to 

ODeoo = 0.6 at 37 °C on a rotary shaker (250 rpm), at which time isopropyl-P-D-

thiogalactopyranoside was added (5 mM) to induce expression of the SOR under control 

of the lac Z promoter. After 2 h growth the cells were lysed as described (see Chapter 

3) and 50 ul of the lysate was assayed in 0.2 mM sodium phosphate, pH 6.0 (500 |j.l 

total volume) using (+) or (-) sophoroi (50 |IM) in the presence or absence of 1 mM 

NADPH for 30 min at 30 °C. The reactions were terminated and extracted with 0.6 ml 

EtOAc, concentrated and analyzed by reverse phase chromatography using the method 

described in chapter 3. The product was identified by co-elution with an authentic 

isoflavanol standard foraied by recombinant vestitone reductase, by acid catalyzed 

conversion to maackiain (29) and by UV spectrophotometry. 



167 

RESULTS 

Isolation of SOR clones 

Clones pl-1, pl-3, pl-4 and pi 1-1, selected for excision into pBS, contained 

strongly hybridizing 0.75 kb £coRI and 0.5 kb EcoRSJXhol fragments in addition to 

other insert DNA. Inidally, the 0.75 kb and 0.5 kb fragments were subcloned from 

pi 1-1 and sequenced. A Blast search of the Genbank database showed that both had 

strong homology to sequences contained in pVRl, which carries the cDNA for vestitone 

reductase from alfalfa. 

The cDNA in pi 1-1 was completely sequenced and revealed that pi 1-1 

contained a 1241 bp insert of the pVRl homologue from pea, encoding a 978 bp open 

reading frame, and included putative translation start and stop sites (Fig. 4.3). The 

mRNA is 83.5 % similar and identical to the cDNA insert in pVRl from alfalfa. The 

deduced amino acid sequences of the VR cDNA and the SOR cDNA are 92.0 % similar 

and 86.5 % identical. A putative isoflavanone reductase'® cloned from soybean 

{Glycine max) was recendy added to the Genbank database and the cDNA sequence is 

70.4% similar and identical to that of the pea homologue, sophorol reductase, cloned 

here, and their amino acid sequences are 79.5 % similar and 70.6 % identical (Fig. 4.4). 

Northern analysis 

The accumulation of pisatin is inducible by CuCl2 and the transcript level of both 

IFR and HMM, two genes involved in pisadn biosynthesis, is similarly increased from 

undetectable levels (21,46). Four day old pea seedlings were treated with CuCl2 to 

'^Accesion # AJ003246, putative 2'-hydroxydihydrodaidzein reductase, from Glycine max, Schopfer, 
C.R., unpublished. 
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Figure 4.3. The nucleotide sequence of the sophorol reductase cDNA (Genbank 

accession # AF107404) in clone pi 1-1 from pea with the deduced amino acid sequence 

below. The reading frame is 83.5 % identical to that of the alfalfa cDNA at the 

nucleotide level. 
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1 Stare GGCACGAGAGAAAGAGTGTCCAAAC 
Met Ala Glu Gly Lys Gly Arg Val Cys Val Thr Gly Gly Thr Gly Phe Leu 17 

26 ATG GCA GAG GGG AAA GGA AGG GTT TGT GTA ACA GGA GGT ACA GGT TTT CTT 
Gly Ser Trp He He Lys Ser Leu Leu Glu Asn Gly Tyr Ser Val Asn Thr 34 

77 GGT TCA TGG ATT ATT AAA AGT CTT CTT GAA AAT GGA TAC TCT GTT AAT ACC 
Thr Val Arg Pro Asp Pro Lys Arg Lys Arg Asp Leu Ser Phe Leu Thr Asn 51 

128 ACT GTT AGA ccr GAT CCA AAA CGT AAG AGG GAT CTT AGC TTC CTC ACA AAC 
Leu Pro Gly Ala Ser Glu Arg Leu His Phe Phe Asn Ala Asp Leu Ser Asp 68 

179 CTT CCC GGT GCA TCC GAA AGG CTC CAT TTC TTC AAC GCG GAT CIA AGC GAC 
Pro Lys Ser Phe Ser Ala Ala Val Lys Gly Cys Val Gly Val Phe His Thr 85 

230 CCA AAA AGT TTC TCC GCA GCA GTC AAA GGC TGC GTC GGG GTA TTC CAC ACG 
Ala Thr Pro Val Asn. Phe Ala Val Ser Glu Pro Glu Lys He Val Thr Lys 102 

281 GCA ACA CCA GTA AAT TTC GCT GTG AGC GAA CCA GAA AAA ATA GTG ACA AAA 
Arg Thr Val Asp Gly Ala Leu Gly He Leu Lys Ala Cys Val Asn Ser Lys 119 

332 AGA ACC GTG GAC GGA GCA TTA GGA ATT TTA AAA GCA TGC GTA AAT TCA AAA 
Thr Leu Lys Arg Phe He Tyr Thr Ser Ser Gly Ser Ala Val Ser Phe Asn 136 

383 ACA CTG AAA AGA TTC ATA TAC ACT TCA AGT GGC TCA GCT GTT TCA TTC AAC 
Gly Lys Asn Lys Glu Val Leu Asp Glu Thr Asp Trp Ser Asp Val Gly Leu 153 

434 GGC AAA AAC AAA GAA GTG TTG GAT GAG ACT GAT TGG AGT GAT GTT GGT TTG 
Leu Lys Ser Val Lys Pro Phe Gly Trp Ser Tyr Ser Vea Ser Lys Thr Leu 170 

485 CTT AAA AGT GTT AAA CCA TTT GGT TGG TCT TAC TCA GTT TCA AAG ACT TTG 
Ala Glu Lys Ala Val Leu Asp Phe Gly Gin Gin Asn Gly He Asp Val Ala 187 

536 GCA GAA AAA GCA GTG CTT GAT TTC GGC CAA CAA AAT GGG ATC GAT GTT GCT 
Thr Leu He Leu Pro Phe He Val Gly Ser Phe He Cys Pro Lys Leu Pro 204 

587 ACT TTG ATT CTT CCT TTT ATT GTT GGT TCT TTC ATT TGT CCT AAG CTT CCT 
Asp Ser Val Asp Lys Ala Leu Val Leu Val Leu Gly Lys Lys Glu Gin He 221 

638 GAT TOT GTT GAC AAA Gcr CTT GTT TTG GTA TTA GGT AAA AAG GAA CAA ATT 
Gly Val Thr Arg Phe His Met Val His Val Asp Asp Val Ala Arg Ala His 238 

689 GGT GTG ACA CGT TTT CAT ATG GTA CAT GTT GAC GAT GTA GCT AGA GCA CAT 
lie Tyr Leu Leu Glu Asn Ser Val Pro Gly Gly Arg Tyr Asn Cys Ala Pro 255 

740 ATA TAT CTA CTT GAG AAT TCT GTT CCT GGA GGG AGA TAC AAT TGT GCA CCA 
Phe lie Val Thr He Glu Glu Met Ser Gin Leu Phe Ser Ala Lys Tyr Pro 272 

791 TTC ATC GTA ACT ATT GAA GAA ATG TCT CAA CTT TTT TCA GCC AAA TAT CCA 
Glu Phe Gin lie Leu Ser Val Asp Glu Leu Lys Glu He Lys Gly Ala Arg 289 

842 GAA TTT CAA ATT CTA TCA GTA GAT GAG TTG AAG GAA ATT AAA GGT GCA AGG 
Leu Ala Glu Leu Asn Ser Lys Lys Leu Veil Ala Ala Gly Phe Glu Phe Lys 306 

893 TTA GCT GAA TTG AAC TCG AAA AAA CTC GTG GCT GCT GGT TTC GAG TTT AAG 
Tyr Ser Val Asp Asp Met Phe Glu Asp Ala He Gin Cys Cys Lys Glu Lys 323 

944 TAC AGT GTT GAT GAT ATG TTT GAA GAT GCG ATT CAG TGT TGC AAG GAA AAA 
Gly Tyr Leu Stop 326 

995 GGA TAT CTC TAA CTGTTGTGTTTGGAAGTTCATGATGTAATATGTTTTAGTTATGAAAAGTTG 
1058 AGAAAATAATMAATGCCTAAGATCAATGATGATGGTTTAGGAGATGTAGTATCAGGTTATGCATTA 
1125 AGTTGTTTA3X3TTGAAGAAACTGGAGAAATGATCAATTTATCTTTCTGAATATTTAAATTAATACTT 
1192 TGTGAAAATGAAAATGAAGTTAATTTGCAATTGAAAAAAAAAAAAAAAAA 
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Figure 4.4. Comparison of the deduced amino acid sequences from sophorol 

reductase (Pea), vestitone reductase from alfalfa (Alf), and the putative 2'-

hydroxydihydrodaidzein reductase from soybean (Soy). Identical amino acids are 

represented by (•) and a hyphen (-) is placed at a gap to facilitate alignment. The 

amino acid sequence from pea is 86.5% identical to that of alfalfa and 70.6% identical to 

the deduced amino acid sequence from soybean. 
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1 50 
Pea MAEGKGRVCV TGGTGFLGSW IIKSLLENGY SVNTTVRPDP KRKRDLSFLT 
Alf I.A.. E V 
Soy .G I H.. A....I.S.. G V 

51 100 
Pea NLPGASERLH FFNADLSDPK SFSAAVKGCV GVFHTATPVN FAVSEPEKIV 
Alf K N.D ..A.-IE... .1 S.ID 
Soy K.K I E ..GP..E... .1 ID ...N...EV. 

101 150 
Pea TKRTVDGALG ILKACVNSKT LKRFIYTSSG SAVSFNG-KN KEVLDETDWS 
Alf V --D -D S. . . 
S o y  . . . A I  G L K A . .  V .  . W  A  . T . . . S S L E E  . D . V . . S V . .  

151 200 
Pea DVGLLKSVKP FGWSYSVSKT LAEKAVLDFG QQNGIDVATL ILPFIVGSFI 
A l f  . . D . . R  N . A  E . .  E  V R . V  
S o y  . . D . . R  S . . . A . . . V  . S  E . .  E . . . L E . T . .  V .  .  . V .  . R . V  

201 250 
Pea CPKLPDSVDK ALVLVLGKKE QIGVTRFHMV HVDDVARAHI YLLENSVPGG 
Alf IE 
Soy ER ..LL E...I.Y F...HPN.K. 

251 300 
Pea RYNCAPFIVT lEEMSQLFSA KYPEFQILSV DELKEIKGAR LAELNSKKLV 
Alf S P L Y...T PD.-T 
Soy S...-P ...lAEII Y..PAL E.V K .PH.T.Q... 

301 
Pea AAGFEFKYSV 
A l f  D . . . D . . . T I  
Soy D.VLSSSIC. 

327 
DDMFEDAIQC CKEKGYL 
E . . . D  
E . I . T . . . E  
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Figure 4^. Northern hybridization analysis of sophorol reductase from pea. Total 

RNA from pea seedlings was resolved on a formaldehyde gel (A), transferred to 

Hybond-N"'" membrane, and hybridized to 32p-iabeled insert from p3B 1, a plasmid 

encoding sophorol reductase. Autoradiogram (B): Lane 1: no CuCl2 treatment, lane's 

2-9: 3, 6, 9, 12, 18, 21, 24 and 30 h post CuCl2 respectively. Size standards are 

marked on the right side (kb). 
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induce pisatin biosynthesis and total RNA was isolated from seedlings at various times 

after the treatment. Using the p3B 1 insert as a probe, a band of approximately 1.35 kb 

hybridized in lanes of RNA isolated from CuCla-treated pea (Fig. 4.5). Hybridizing 

RNA is detectable 

prior to CuCl2 treatment (Figure 4.5, lane 1) but accumulates signiScantly at later time 

points. 

Genomic analysis 

Pea genomic DNA was analyzed for SOR copy number and information aout the 

structure of the gene. Within the SOR cDNA, there is one site each for FcoRI and 

ffindin, and two sites for Dral. There are no BamHI sites in the cDNA. In Southern 

blot analysis of genomic DNA digested by ficoRI, FcoRI/ff/ndlll, Dral and 

BamHI, one strong band was detected in both the EcoRI and BamHL digested DNA 

lanes. HindOl DNA hybridized strongly to one band and weakly hybridized to a ca. 

760 bp band. There is apparendy ano±er Hindm site downstream of the internal site: 

double digestion with EcdRl reduced the size of the 760 bp band by ca. 130 bp, 

approximately the number of bases (125 bp) between the intemal HindSl site and the 

downstream EcoRI site. There was a hybridizing band of about 800 bp corresponding 

to the intemal Dral fragment and it appeared to be identical to the predicted size of a Dral 

fragment from the cDNA, 819 bp (Fig. 4.6). A -4.9 kb HindSl band and a -4.9 kb 

EcoRUHindm differ in size by 125 bp and may not resolve as different sized bands. 

Only one band is hybridized in the EcoRI-digested DNA, despite the presence of an 

intact EcoRI site in the genomic copy of SOR, which gives cause to predict two EcoRI 

bands by Southern hybridization. The SOR probe, which consists of the entire open 

reading frame contained in p3B 1, can adequately hybridize to the 226 bp of homologous 
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Figure 4.6. Southern hybridization analysis of pea genomic DNA. Genomic DNA 

from pea seedlings was digested with the restriction enzymes £coRI (lane 1), ffiru/IH 

(lane 2), £coRI and i/mJDI (lane 3), Dral (lane 4), and BamHI (lane 5). The nylon 

membrane was hybridized to 32p-iabeled p3B 1 insert, a cDNA encoding sophorol 

reductase (SOR). The DNA from M haematococca isolate 77-13-7 was included in all 

genomic Southern analysis and a hybridizing band was never detected by Southern 

analysis (data not shown). A model restriction map is presented that accounts for the 

array of fragments produced by the various digests. Numbers over bands in the 

autoradiogram correspond to similarly numbered fragments in the physical map. 
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DNA in the EcdRUHindSl fragment and hybridization to DNA downstream of the 

internal EcoRI site would be identical, yet a second band is not apparent. Because only 

single bands hybridize in the £coRI and BamHL lanes, it appears that the pea genome 

contains a single copy of the gene coding for sophorol reductase. 

Primers specific to the 5' translational start and 3' termination sites as well as 

internal sites of the cDNA were used to amplify DNA specific to the SOR gene from 

genomic DNA (Fig. 4.7). The PGR products thus made were identical whether ±e 

cDNA or genomic DNA served as template. It appears, therefore, that the SOR 

structural gene is identical to the coding region of the cDNA and no introns are present. 

This is consistent with the size of the intemal Dral fragment appearing identical to a 

predicted cDNA fragment by genomic Southern analysis. 

Expression of sophorol reductase in E. coli 

Cloned PCR products p2B 1 and p3B 1 were expressed in E. coli and the SOR 

activity in the cmde enzyme preparations were compared to the recombinant vestitone 

reductase from pVRl. The protein preparation from both clones catalyzed the reduction 

of (-) sophorol to DMDI in a NADPH dependent manner, identical to the activity of 

recombinant vestitone reductase from alfalfa (Fig. 4.8). The apparent activity of both 

clones and pVRl protein on (+) sophorol may be due to in part to contamination of the 

(+) sophorol stock with (-) sophorol. The UV absorbance spectrum of the DMDI made 

from sophorol reductase was identical to that made from vestitone reductase which was 

converted to maackiain upon treatment with acid (Fig. 4.9). APCI+Q1MS analysis of 

the DMDI did not detect the expected m/z + 1 = 303 molecular ion; the base peak was at 

m/z = 284 + I, which can correspond to either isoflavene or maackiain, both of which 

are dehydration products of DMDI (data not shown). 
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Figure 4.7. PGR amplification of DNA from the gene for sophorol reductase. A 

partial restriction map (A) of the 1241 bp cDNA for sophorol reductase in pi 1-1. 

Arrows above the graphic represent the location and orientation of sequencing primers 

that were used to complete the fiiU sequence. The positions of sites recognized by the 

restriction enzymes used in the genomic Southern analysis (Fig. 4.6) are shown. 

Below the graphic are arrows depicting the position and direction of PGR primers used 

to amplify segments of the sophorol reductase gene using both the cDNA and genomic 

DNA as template in (B). 

Ethidium bromide-stained agarose gel in which PGR reaction products described 

in METHODS have been separated (B). The lane marked "X" contains 1 Kb DNA ladder 

for size reference. The primer combination "996" consists of the mutagenic primers 

used to clone the sophorol reductase gene while simultaneously introducing unique 

cloning sites at the 5' and 3' ends. The expected size of the product amplified from the 

cDNA clone pi 1-1 is 996 bp. Likewise, the primer combinations "337" and "877" 

would amplify products of 337 bp and 877 bp respectively from the cDNA template. 

For each template, single primer control reactions were performed and the negative 

results are not shown. The aligrmient of each of the 3 products relative to the full cDNA 

map is shown in (A). 
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Figure 4.8. Metabolism of (+) and (-) sophorol by vestitone reductase and SOR. The 

pVRl vestitone reductase clone from alfalfa (A) was expressed in E. coli and used to 

metabolize (+) and (-) sophorol (50 |iM) in the presence or absence of I mM NADPH 

for 30 min at 30 °C. The cDNAs contained in p2B 1 (B) and p3B I (C), which encode 

the cDNA for sophorol reductase, were also tested. The product DMDI elutes at - 9.7 

min, and the substrate sophorol at 13.0 min. No metabolism occurred in (-) NADPH 

controls (data not shown). 
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Figure 4.9. HPLC analysis of recombinant sophorol reductase assays: Sophorol (S) 

and maackiain (M) standards and their retention times are in (A). DMDI eiutes at 5.5 

min, sophorol at 8.5 min and maackiain at 13 min. (B), p3B 1 protein + (-) sophorol/ -

NADPH; (C) protein + (-) sophorol/ + NADPH; (D) same as (C) but treated with 0.1 M 

HQ as described in (29) prior to analysis. The UV absorbance spectrum (E) of the 

isoflavanol product DMDI was measured in EtOH (Chapter 3). 
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DISCUSSION 

The predominant model of (+) pisatin biosynthesis predicts that the 

stereochemical configuration at the 6a carbon is determined at the point of isoflavone 

reduction (Fig. 4.1). However, the IFR activity purified from pea and the activity of the 

cloned IFR forms (-) sophorol from the achiral isoflavone (21, 26). (-) Sophorol is also 

a superior in vivo intermediate in (+) pisatin biosynthesis (Chapter 2) and in vitro 

sophorol-metabolizing activity from pisatin-synthesizing pea is specific for (-) sophorol, 

forming DMDI, isoflavene and franj-HMK (Chpt 3). The latter two compounds are 

formed in reactions when DMDI is metabolized by pea enzymes. 

A cDNA library constructed from mRNA isolated from fungus-infected (and 

pisatin synthesizing) pea seedlings contained cDNAs which hybridized to the gene 

encoding vestitone reductase from alfalfa. The cDNA in pea clone pi 1-1 is 83.4% 

identical to the vestitone reductase mRNA from alfalfa'' and its in vitro activity 

expressed in E. coli is analogous, metabolizing primarily (-) sophorol. Messenger EtNA 

hybridizing to a sophorol reductase probe is detected by northern analysis prior to 

CuCl2-induction but increases significantly at subsequent time points after pisatin 

induction . 

The expression of IFR and SOR during (+•) pisatin biosynthesis supports a 

newer biosynthetic model in which the natural intermediates are (-) sophorol and (3/?) 

DMDI as previously discussed in chapter's 2 and 3 (Fig. 4.10). While pterocarpan 

synthesis in alfalfa and other legumes involves analogues of these two compounds, the 

final products are (-), retaining the chirality invoked at the level of the isofiavone 

' 'The open reading frames are 87.8% identical. 
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Figure 4.10. Modified model of (+) pisatin biosynthesis. A proposed model of (+) 

pisatin biosynthesis which involves (-) sophorol and (3R) DMDI but not (+) sophorol 

or (+) maackiain. Enzymes detected in pisatin-synthesizing pea are (A) isoflavone 

reductase (26, 50), (B) sophorol reductase (Chapter 3), and (C) 6a-hydroxymaackiain 

methyltransferase (43, 44). Genes cloned from pisatin-synthesizing pea are (1) IFR 

(21), (2) SOR cDNA clone, and (3) HMM (46). 
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reduction. Thus, the metabolism of DMDI, the stereochemistry of which has not been 

determined, is probably not analogous to isoflavanol metabolism in alfalfa, in which the 

isoflavanol is dehydrated to form the (-) pterocarpan. (-) Maackiain, which can 

accumulate in pea and is probably formed by dehydration of (3R) DMDI (67), is not 

converted to (+) pisatin by pea (39) (and Chapter 2). (3/?) DMDI likely has at least two 

metabolic fates in pea: conversion to (-) pterocarpan under certain conditions (36, 62) 

and exclusive conversion to (+) pisatin during a rapid phytoalexin response. 

Alfalfa is apparently capable of altemative routes of (SR.) isoflavanol 

metabolism, all of which are dehydration steps, forming pterocarpan or isoflavene, or a 

dehydration accompanied by reduction to form isoflavan (35). The vestitone-derived 

isoflavene is proposed as an intermediate in 9-O-methyIcoumestrol biosynthesis in 

alfalfa (32) (Fig. 4.2). Because pea utilizes H2O as the oxygen donor in the formation 

of (+) HMK, a corresponding 7,2'-dihydroxy-4',5'-methylenedioxyisoflav-3-ene 

would be an attractive substrate for hydration, but it was not incorporated in vivo into 

pisatin in isotopic tracer studies (34). Both (+) and (-) 7,2'-dihydroxy-4',5'-

methylenedioxyisoflavan were not incorporated into pisatin either, indicating that the 

gene and the corresponding enzyme which are specific for DMDI metaboUsm during 

pisatin biosynthesis probably do not have corresponding homologues in alfalfa. A 

model for the mechanisms acting in the late pisatin biosynthetic pathway has been posed 

and discussed in Chapter 3. 
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APPENDIX A 

List of abbreviations used: 

IH proton 

2D-NMR two dimensional NMR/ 

2H deuterium 

3H tritium 

APCI Atmospheric Pressure Chemical lonisation 

bp base pair(s) 

C4H cinnamate 4-hydroxylase 

cDNA copy DNA 

CHI Chalcone isomerase 

CHS Chalcone synthase 

CI Chemical Ionization 

d day(s) 

DIP Direct Insertion Probe 

DMI 7,2'-dihydroxy-4',5'-methyIenedioxyisoflavone 

DMDI 7,2'-dihydroxy-4',5'-methyIenedioxyisoflavanol 

EDTA ethylenediaminetetraacetic acid 

EH epoxide hydratase 

EI Electron ionization 

EtOAc Ethyl Acetate 

EtOH ethanol 

h hour(s) 

HCI hydrochloric acid 

HMK 6a-hydroxymaackiain 

HMM hydroxymaackiainmethyltransferase 

HMBC Heteronuclear Multiple Bond Coherence 

HMQC Heteronuclear Multiple Quantum Coherence NMR 

HPLC high performance/high pressure liquid chromatography 

IFR isoflavone reductase 

isoflavene usually 7,2'-dihydroxy-4',5'-methylenedioxyisoflav-3-ene 



Kb kilobase(S) 

M molar 

m/z mass to charge ratio 

mCi milliCurie 

min minute(s) 

ml milliliter 

mRNA messenger RNA 

MS mass spectroscopy 

mw molecular weight 

NADPH nicotinamide adenine dinucleotide, reduced form 

NMR usually proton Nuclear Magnetic Resonance 

NP-HPLC normal phase HPLC 

PAL phenylalanine anamonia-lyase 

PCR polymerase chain reaction 

PKR polyketide reductase 

RP-HPLC reverse phase HPLC 

sec second(s) 

SOR sophorol reductase 

SOR sophorol reductase gene 

TE 2 mM Tris/I mM EDTA pH 8.0 

TLC thin layer chromatography 

|ig microgram(s) 

jil microliter 

UV ultraviolet 

VR vestitone reductase 
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