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Abstract-Feeding experiments with DL-phenylalanine-[ 1-‘4C] have demonstrated the de novo synthesis 
of the pterocarpan phytoalexins demethylhomopterocarpin and maackiain in CuCl,-treated Trifilium 
pratense L. seedlings. 2’,4’,4-Trihydroxychalcone-[curbonyl-14C] and 7-hydroxyA’-methoxyisoflavone- 
[metI~yl-‘~C] (formononetin) were readily incorporated into demethylhomopterocarpin and maackiain, 
but 2’,4’-dihydroxy-4-methoxychalcone-[carbonyl-’4C] and 7,4’-dihydroxyisoflavone-[T] (daidzein) 
proved inefficient precursors. The trihydroxychalcone was also an excellent precursor of formononetin 
in 7: pratense, but the dihydroxymethoxychalcone and daidzein were poorly incorporated. These obser- 
vations offer further evidence that methylation may be an associated part of the mechanism for aryl 
migration in the biosynthesis of formononetin. 

INTRODUCTION 

Pterocarpans have been recognized as natural pro- 
ducts for many years, mainly as heartwood consti- 
tuents of various leguminous plants [l]. Recent 
observations that certain pterocarpans function as 
phytoalexins, antifungal compounds produced in 
growing tissues in response to stress such as viral 
or fungal infection [2], have opened the way to 
biosynthetic studies. Simple precursors such as 
phenylalanine and cinnamic acid were readily in- 
corporated into the 6a-hydroxypterocarpan pisa- 
tin in Pisum satiuum [3] and the isoflavonoid 
nature of pterocarpans was demonstrated by the 
incorporation of 7,4’-dihydroxyisoflavone (daid- 
zein) (1) into phaseollin [4], a phytoalexin pro- 
duced by Phaseolus vulgaris. More recently, 
2’,4’,4-trihydroxychalcone (isoliquiritigenin) (3) 
was established as a precursor of 6a-hydroxy- 
phaseollin in Glycine wzx [S]. 

This communication reports the results of ex- 
periments conducted to study the biosynthesis of 
the two phytoalexin pterocarpans produced by red 
clover [6] (Tuifoliu~z pratense L.), demethylhomo- 
pterocarpin (5) and maackiain (6). 

(1) R=H (3) t?=H 

(2) R =Me (4) R=Me 

R30*Ry 
(5) R,=OMe, Rz=R3= H 
( 6) R,R2= 0-CH2-0, R,= H 
(7) R, = OMe, R2= H, R3= Me 
( 8 ) R,R2= 0 -CH,-0, R3 = Me 

RESULTS 

Demethylhomopterocarpin and maackiain have 
been identified [6] as the phytoalexins produced in 
red clover when leaves were inoculated with Hel- 
mintlzosporium furcicum. Our initial studies indi- 
cated that production of these two pterocarpans 
could also be stimulated by treating the roots of 
red clover seedlings with a dilute solution of 
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CuCl,. No trace of the pterocarpans could be 
detected in untreated tissues. The chemical stimu- 
lation of phytoalexin productiOn has been utilized 
in earlier biosynthetic studies [3.4]. Pterocarpan 
production was monitored by UV absorption of 
the appropriate fraction of the phenolic extract of 
the seedlings. The two pterocarpans can be separ- 
ated only with dificulty. by a procedure [S] inap- 
propriate in biosynthetic studies. although separ- 
ation of the methyl ethers homopterocarpin (7) 
and pterocarpin (8) is easily accomplished [7] by 
fractional crystallization. However. the amount of 

each pterocarpan in a mixture of the two can 
readily be assessed from the UV spectrum, which 
exhibits a band at 310 nm due exclusively to 
maackiain. and two peaks at 287 and 2X2 nm due 
to the combined absorptions of demethylhomo- 
pterocarpin and maackiain. The contribution from 

each can be assessed with a knowledge of the 
extinction coefficients for the individual com- 
pounds. The relative proportions of maackiain to 

demethylhomopterocarpin varied between 0.85 
and I.53 in the feeding experiment (Table I). in- 
creasing steadily as the period between induction 
and sampling lengthened. the maximum total 
pterocarpan content occurring some 24 hr after 
treatment of the seedlings. After this time, the 
content decreased fairly quickly (Table 1). 

To investigate the biosynthesis of demethyl- 
homopterocarpin and maackiain, batches of 4-day- 
old seedlings (from 1 g dry seeds) were treated with 
CuClz for 12 hr. after which time the inducer solu- 
tion was replaced by a solution of r)L-phenyl- 

alanine-[i-‘“Cl. The seedlings were grown on and 
worked LIP after various feeding times. The ptero- 
carpan concentrations of the seedlings were 
assayed by UV; then half of this fraction was 

diluted with inactive (2 )-demethylhomopterocar- 
pin carrier, and the other half with (k )-maackiain 
carrier. The individual ptorocarpans were mcthyl- 
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ated, then purified to constant activity by TLC 
and recrystallization. Table I contains details of 
the pterocarpan content and incorporation data 
for the various feedings. Also included are data for 
formononetin (2) the main phenolic component of 
7: p~arr/~.sr, which might be expected to play a role 
in the metabolic processes leading to the pterocar- 
pans. Formononetin was isolated. assayed. methyl- 
ated and purified by similar methods to those 
employed for the pterocarpans. The incorporation 
of considerable activity into both pterocarpans 
and into formononetin indicated that & wco syn- 

thesis of these compounds was occurring. 
Similar experiments were carried out using 

other possible pterocarpan precursors. The 
labelled chalcones 2’,4’,4-trihydroxychalcone-[cul-- 
honq’I-’ “C] (3) and 2’,4’-dihydroxy-4-methoxychal- 
cone-[ca~ho/f!ll-‘4C] (4). and the isoflavones daid- 
zein-[T] (1) and formononetin-[mrtl~~~I-‘4C] were 
administered as their Na salts to CuCl,-treated 
seedlings. After 12 hr. the seedlings were worked up 
and the incorporations of activity into demethyl- 
homopterocarpin, maackiain and formononetin 
were established. The results of these experiments 
are shown in Table 2 and clearly indicate that only 
2’.4’,4-trihydroxychalcone and formononetin are 
good precursors of the pterocarpans. This chal- 
cone is also an excellent precursor of formono- 
netin. 

DISCC SSlOh 

The feeding of DL-phenylalanine-[ I -14C] to 
7: purrtrr~ was conducted mainly to establish that 

rlr WI:O synthesis of demethylhomopterocarpin 
and maackiain was occurring, and also to find suit- 
able feeding conditions for subsequent exper- 
iments. Both of these objectives were realized, and 
in addition, certain other deductions concerning 
pterocarpan biosynthesis can be made. At the start 
of the experiment. Tpmtt~~~.w contains a fairly 

* Four-day-old. t CuClz mducer added. $ Inducer removed. t~L-phenylalanine-[:l-‘JC] added 
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Table 2. Feeding of labelled chalcones and isoflavones to Trifolium pratrnse seedlings* 

Unabsorbed 
precursor 

(%) 

Demethylhomopterocarpin 

sp act. 1ncorp.t 

(dpm/mMJ Dilutmn 0J 

Maxknin Formononetin 

sp. act. Inc0rp.t sp. act. 1ncorp.t 

(dpm/mW Dilution (%) (dpm/mM) DilUtiOll (“/,) 

?,4’,4-Tnhydroxy- 
CtXGXXle$ 29 1.26 x IO’ 39 0.43 1.05 x IO’ 47 0.40 625 x 106 79 0.44 

2’,GD,hydroxy- 
4.methoxychalcone: 27 I.01 x 10s 4470 OK!6 1.24 x IO’ 3640 0 00x 2.42 x 101 1860 a.019 

Daldzein$ 50 476 x IO’ 1280 O-018 I.06 x IO6 575 004x 159x IO” 3x4 0.09 I 
Formononeunil 28 3.71 x IO’ 32 0.91 2.79 x IO’ 42 0.77 383 x IO* 3.1 24.9 

* Four-dav-old, CuCl, inducer aDDlied for 12 hr. feeding oeriod 12 hr. 7 Incorporation figures are not corrected for unabsorbed 
precursor. 1 ~cnrhonyl-“C]. $ [T]. i/A[methyl-‘4C]. - ‘ 

large pool of formononetin (Table 1, t = - 12) 
which could perhaps be used for phytoalexin syn- 
thesis. Since the specific activities of demethyl- 
homopterocarpin and maackiain always exceed 
the specific activity of formononetin, which remains 
fairly constant during the experiment, it may be 
concluded that this pool of formononetin cannot 
be used as a whole for pterocarpan synthesis. If the 
formononetin pool is metabolically subdivided, 
the picture becomes more complex; the fall in total 
formononetin content during the initial synthesis 
of pterocarpans might offer evidence for this possi- 
bility. However, it is clear that the bulk of ptero- 
carpan synthesis is de novo. 

The specific activities of the two pterocarpans 
decrease markedly between t = 12 and t = 24, in- 
dicating that both of these compounds are subject 
to turnover. During this period, the degradation 
rate must exceed the rate of synthesis since the 
total pterocarpan content is decreasing rapidly. 
Such observations are in keeping with their role as 
phytoalexins. By contrast, turnover in the for- 
mononetin pool is relatively slow. The similar 
changes occurring in the specific activities of 
demethylhomopterocarpin and maackiain during 
the course of the experiment suggest that it is un- 
likely that demethylhomopterocarpin is a biosyn- 
thetic precursor of maackiain. 

The experiments summarized in Table 2 clearly 
indicate that formononetin is an excellent precur- 
sor of both demethylhomopterocarpin and maack- 
iain in 7: pratense. Total incorporation into the 
pterocarpans was 1.68% in 12 hr, a figure which is 
uncorrected for the unabsorbed precursor (28x), 
or the large amount of unchanged formononetin 
(25%) present in the tissue at the end of the exper- 
iment. Although degradations were not performed, 
the O-methyl group of formononetin presumably 
supplies the O-methyl of demethylhomopterocar- 

pin and the methylenedioxy grouping of maack- 
iain. The unmethylated isoflavone, daidzein is a 
much less acceptable precursor for the pterocar- 
pans, even after allowances have been made for un- 
absorbed precursor (50%) and the possibility of 
losing some of the tritium label (especially that at 
position 2’). Conversely, the unmethylated chal- 
cone, 2’,4’,4-trihydroxychalcone is also an excellent 
precursor, whereas the methylated compound, 
2’,4’-dihydroxy-4-methoxychalcone is poorly in- 
corporated. Similar results are noted for the for- 
mononetin isolated, daidzein and 2’,4’-dihydroxy- 
4-methoxychalcone being poor precursors, 2’,4’,4- 
trihydroxychalcone being a good precursor. These 
observations parallel those reported earlier in 
other areas of isoflavonoid biosynthesis. 2’,4’,4-Tri- 
hydroxychalcone, as the glucoside, was readily in- 
corporated into formononetin [S], but 4-methyl- 
ated compounds were incorporated via prior 
demethylation [9, lo], and daidzein was a poor 
precursor [Ill]. 2’,4’,4-Trihydroxychalcone and for- 
mononetin were excellent precursors of the rote- 
noid amorphigenin [ 121 whereas 2’,4’-dihydroxy- 
4-methoxychalcone and daidzein were hardly 
incorporated. All of these results suggest that when 
the aryl migration step characteristic of isofla- 
vonoid biosynthesis takes place in the production 
of formononetin, it must be associated with 4’- 
methylation. Any acceptable hypothesis [12] for 
the aryl migration step should account for these 
observations and assign a role [13] to the 4-hy- 
droxy group of the migrating aryl. However, the 
alternative route to formononetin, by methylation 
of daidzein, as exemplified by the recent isolation 
[14] from Cicer arietinum of an enzyme catalysing 
the 4’-methylation of daidzein and genistein, is 
probably also of some importance. Incorporation 
of daidzein into formononetin and the pterocar- 
pans could be lessened by poor transport and/or 
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rapid turnover. The more complex 2,4- and 2,4,5- 
oxygenation patterns in the D ring of demethyl- 
homopterocarpin and maackiain respectively 
would appear to be built up subsequently from the 
simple 4’-O-methyl group of formononetin, by 
allalogywithbiosyntheticobservationsinthcforma- 
tion of the related isoflavonoids the coumestans 
[15--17] and rotcnoids [113, 171. 

EXPEKIblENTAL 

&m~~crl. Seeds 01‘ 7Yi/ol~um putrt~.se L. were purchased. UV 
spectra were measured in EtOH solution. TLC was carried out 
using 05 mm layers of Si gel (Merck Kiesel gel GF,,,) in: A. 
C,H,--EtOAc MeOH-petrol (60 X0 ), 6:4: I :X: 8, C,,H, 
EtOAc MeOH-petrol (6&X0’). 6:4: I :h; C. <‘hHh. Radioactive 
samples were counted with a Tracerlab Corumatic liquid scin- 
tillation spectrometer in a dioxan-based scintillator. EBiciencies 
were measured h> means of toluene-[‘dC:l or -[T] internal 
standards. 

Rtrriioc,/rc,,tti~cl/.s. r,l.-Phenylalani~~e-[ I-‘*Cl (sp. act. 60 mCi, 
mM) was purchased. The syntheses of 2’.4’.4-trihydroxychal- 
colle-jctr,.ho,~!,l-‘*Cl (0.273 mC’i/mM) . ?‘.J’-dihydroxy&meth- 
oxychalcone-[~u,,~~jJi~/-“CJ (0.103 mCi!mM) and formononc- 
tin-[,llc,tll),/-llC1 (0,535 mCi,:mM) have been described in [ 121. 
Daidzein-[T] (0.775 mCi;mM) ws gcnerouslq donated by Pro- 
fessor W. Barv. Unibersitl of Miinstcr. We\tt:. Germanq. whom 
Iv? thank. 

I+~,~o~~~r~~uf~s. ( 2 )-Demcthylhomopterocarpin [ IX] and ( + )- 
maacklam [ 191 were prepared by NaBH, reduction and sub- 
sequent acid catalysed cych/ation [20] of the appropriate I!‘- 
hydroxyisoflavones which were synthesiLcd by Tl(NO,), OXI- 
dation of chalcones according to the zcneral method of Farkas 
c’f a/. [31] ‘The pterocarpans were p&ficd 17~ TLC (solvent A) 
and crystalliration from aq. Mc:,CO rnp I + )-demcthvlhomo- 
Dterocarr?in IYL 5 (lit. 1181 194 195 ): (+)-maacki;;in 195 
‘lY8 (lit.‘[19] IYJ 195 1.’ _ 

_ 

Pltrr1r rllutcw/l, fccYlirl<] lrc/miqllrs NM1 isollctioll of mrtd?olite.~. 
Seeds of 7: pr”fr’~~.se C I g) uere placed on layers of moist filter 
paper (Whatman seed test, 9 cm dia) in a Pew dish and gcr- 
minated in the dark at 25 for 4 days. Seedlings acre rcmovcd 
from paper and placed m a smaller Petri dish (i.d. 6-5 cm) con- 
taining IO ml ofaq. CuClz (3 x IO A M). and grown in the dark 
for a further I2 hr. The inducer soln was removed from the 
roots, the seedlings washed with HZ0 and the labellcd precur- 
SOT solution added. Phenylalanine was fed in HLO (3 ml) and 
the labelled phenols ((.(I 05 mg) were administered as their Na 
salts in phosphate buffer (0.1 M, pH 7.0. 3 ml). Seedlings were 
transferred to the light for the feeding period. additional Hz0 
being added as required. After the appropriate time. unassimi- 
lated precursor was removed from the roots by washing (using 
first HZ0 then EtOH in the cast of phenollc compounds). and 
the seedlings homogcni~ed by grinding in a mortar with ground 
glass and H,O (co 70 ml). The slurry was then poured into boil- 
ins EtOH (100 ml). After tittering. the trssue \+as re-cltractcd 
with hot EtOH (1 x IOOml) and the combined cstracta were 
evaporated. taken up in Hz0 (SO ml) and extracted with Et20 
(IOOml and then 4 x 5OmI). The Et,0 extracts were cvapor- 
atcd to dryness and separated by TLC’ (solvent B). Bands corre- 
sponding to derncthylhomopterocarpin + maacklain, and for- 
mononetin were eluted with Mc?CO (Analar). and their isofia- 
vonoid content wab assayed h? I;V absorption of EtOH soh- 
tlons: demethylhomopterocarpin. 1,,,,,,~43,29 x IO’ sh (E 13380). 
-3521 x IO’ sh (7760). 34.75 x 103 cm ’ (S6YO)“: tnaackiain. 
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v,,,,,,ca 44.0 x IO3 (E IOZOO). 35.34 x 103 sh (3 760). 34.71 x 10’ 
(447(I)*, 31.99 x IO’ cm- I (737(I)*: formononetin, 1,,,‘,,40.14 x 
IO” cm ’ (27 600) [?I]*. (* Bands used for quantitative assay.) 

The pterocarpan extract was divided into two parts, inactive 
(?)-demeth~lhomopterocarpin (35 mg) being added to one. and 
inactive ( .+ )-maacklain (20 mg) to the other. The individual 
sumplcs ucrc then mcth!latcd in drq McZCO (IO ml) over 
KZCO, (1 g) with Mel (0.5 ml) for I hr. The products %ere iso- 
lated in the usual manner. and purified hl TLC (solvent C) and 
rrcr~stalliration to constant activity from MeOH. The pro- 
ducts, I T )-homopterocarpln and ( f )-pterocarpin had mps 
IZX~l2Y’ (lit. rzil 123 I75 ) and 1X7 IX0 (lit. [2-L] 1X5 156 ) 
respectivclj. 

The formononetin extract uas diluted with carrier for- 
mononetin (20 mg! and mcthylatcd as nbovc. 7.3 -Dimcthoxy- 
isoflavonc was purlficd by TLC (solvent A) and recrystallization 
to constant activity from aq. MeOH. mp 162 I63 (lit. [25] 
I62 164 ). 
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