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Abstract-Six pterocarpans and 11 structurally related isoflavonoids were tested for antifungal activity against Fusa.r- 
ium solani f. sp. cucurbitae and Aphanomyces euteiches. Representatives from the pterocarpan, isoflavan, and 6a,lla- 
dehydropterocarpan classes of isoflavonoids were found that were antifungal. The activity of the antifungal isofla- 
vonoids does not appear to be dependent on a common 3dimensional shape. 

Pterocarpans are isoflavonoids that have the basic ring 
structure illustrated in Fig 1. Several optical isomers are 
possible because of asymmetric centers at C&a and lla. 
However, since the 6a-lla junction has been established 
as a cis-fusion of the two heterocyclic rings, only a pair 
of enantiomers can occur[1,2]. Indeed such enantio- 
merit forms of several pterocarpans have been iso- 
lated [3,4]. On the basis of NMR studies, Pachler and 
Underwood [S] have concluded that the dihydrofuran 
ring is planar, while the dihydropyran ring exists in a 
staggered half&air form. The overall shape of the mol- 
ecule is thus one in which the two aromatic rings are 
almost perpendicular to each other [S, q (Fig. 2). 

The results of a study of eight pterocarpans and 
related compounds led Perrin and Cruickshank [6] to 
propose that the characteristic antifungal activity of the 
pterocarpans may depend on the above described mo- 
lecular shape. in addition, they suggested that small 
oxygen containing substituents, especially at C-3 and 
G9, were required for activity. These apparent require- 
ments led them to speculate that there is a structure-spe- 
cific, bio-receptor site for the pterocarpans in sensitive 
fungi. Our own studies [7, S] on the mode of action of 
the pterocarpan phaseollin (Fig. 3, 11) led us to believe 
that this pterocarpan interferes with some process needed 
for membrane function. Thus the intriguing possibility 
exists that there is a specific receptor site for the ptero- 
carpans in the membranes of sensitive fungi. 

Since Perrin and Cruickshank completed their study 
several new compounds which can provide information 
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Fig. 1. (6aS,llaS) Pterocarpan ring structure. 

pertinent to the structure-activity model have been de- 
scribed. The purpose of the present study was to reeva- 
luate the model utiliig these and additional com- 
pounds. 

RESULTS AND DISCUSSION 

The 6 pterocarpans (1, 2, 5, 11, 14, 16), four 
6a,lla-dehydropterocarpans (3, 4, 15, 17), 4 isofla- 
vans (6, 7, 12, 13), 2 coumestans (9, 10) and one 
isoflavone (8) that were tested for antifungal activity 
are illustrated in Fig 3. Non-pterocarpanoid isofla- 
vonoids with the same substituent patterns as the ptero- 
carpans were purposely selected. Thus a more direct indi- 
cation of the influence of molecular shape on antifungal 
activity is possible because the possible confounding 
effects of diverse substituents is minimized. 

Fusarium solani (Mart.) Sacc. f. sp. cucurbitae (F. R 
Jones) Snyd & Hans. (Class Ascomycetes) and Aphano- 
myces euteiches Drechs. (class Oomycetes) were used as 
test fungi. It was demonstrated previously that these 
fungi are sensitive to the pterocarpans pisatin (1) and 
phaseollin (11) [9]. To permit a semiquantitative com- 
parison of their relative antifungal activity, all com- 
pounds were tested at the same molarity (@l mM) [lo]. 
The et&t of each isoflavonoid on the radial growth of 
the fungi on solid medium was the major criterion of 
antifungal activity. Since some of the compounds poss- 
ibly could be altered during the incubation period of 
the radial growth bioassay!+ a rapid indication of anti- 
fungal activity was desired. Therefore the immediate 
effects of the compounds on both motile zoospores and 
non-motile encysted spores of A. euteiches were observed 

Fig. 2. (6a,R,l IaR) Pterocarpan ring structure. 
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visually. In addition, the effect of a Smin exposure to 
the compounds on the viability of these spores was deter- 
mined. 

In Table 1 (and Table 2) the isofiavonoids are ranked 
according to their increasing ability to restrict the radial 
growth of A. euteiches. Although the sequence was not 
identical, the same general pattern of radial growth re- 
striction is evident for F. solani f. sp. cucurbitue (I = 077, 
p = O-01). Except for glyceollin (14), the visual rating 
of “death” (a rating of 2 and 3) of A. euteiches spores 
was consistent with the subsequent grrouth rzjpotlje or 
the treated spores (Table 2). Houz\er, msral di-crepai- 
ties exist between the effects on radial growth and those 
on spore viability (Tables 1 and 2). Both tuberosin (16) 
and glyceollin (14) markedly inhibited the linear 
growth of A. euteiches but appeared to have little effect 
on spore viability. In contrast ba,lla-dehydrotuberosin 
(17) and 6aJla-dehydroglyceollin (15) had a greater 
effect on spore viability than might be expected from 
their effect on the radial growth of A. euteiches. 

Central to Perrin and Cruickshank’s structure-activity 
hypothesis is their finding that 6a,lla-dehydropisatin 
(3) and coumestans, such as coumestrol (9) and 4’-0- 
methylcoumestroi (lo), lack antifungal activity. Although 
the carbon skeleton of these compounds is analogous 
to that of pterocarpans, they have a markedly different 
molecular shape. Because of the double bond at 6a-lla, 
such compounds are almost planar. Our- tests confirm 
that 6a,l la-dehydropisatin, coumestrol and 4’-O-methyl- 
coumestrol lack antifungal activity (Tables 1 and 2). 
However, in aqueous environments 6a,lla-dehydropisa- 
tin and 4’-0-methylcoumestrol, may not remain in a sol- 
uble form (see Experimental). Thus lack of activity may 
simply result from insolubility. The other Ga,lla-dehyd- 
ropterocarpans that were tested, 3-hydroxy-8,9-methy- 

Table 1. Effect of 01 mM isoflavonoids on the radial growth 
of Aphanomyces euteiches and Fusarium solani f. sp. cucurbitae 

Isoflavonoidt 

6aJ 1 a-Dehydropisatin 
(3) 

4’-O-Methylcoumestrol 
(10) 

Coumestrol (9) 
(+>3,6a-Dihydroxy-8, 

9methylenedioxy- 
nterocaruan (2) 

F&mono&in ii) 
(-)-Vestitol (6)$ 
6a,l la-Dehydrogly- 

ceollin (15) [IO] 
(+)-Pisatin (1) 
( f )-3-Hydroxy-9- 

methixypterocarpan (5) 
( f)-3-Hydroxy-9- 

methoxypterocarpan (5) 
( - )-3-Hydroxy-9- 

methoxypterocarpan (5) 
( - )-Sativan (7) 
Ba,lla-Dehydrotuberosin 

(1’1) 
3-Hyclroxy-&P-methyl- 

enedioxy-6a-11 a- 
dehydropterocarpan (4) 

(-)-GlyceOllin (14j! 
(- LPhaseollin (11) 
( + j-2’-Methox~hkeollin- 

isoflavan (13) 
(+)-T&rosin (16) 
( -)-Phaseolliniso- 

flatin (12) 

% Inhibition* 

Fusarium 
solani 

Aphunomyces f. sp. 
euteiches cucurbitae 

-23” 0.5 

05” 4.3b 
3.8” 4.P 

5.5” 2.P 
16.7b 18.1’ 

25.0 

1 8.4bc 35.6d 
197b” 52.v 

25.5bcd 78.1g” 

3@3bcd 64.6d 

;;;::* 
68.Y’ 
543” 

46@’ 31.4d 

46.1d 38d 
77.T 
858” g$” 

88.f” 79W’ 
96.9’@ 55.v 

96.4 86.7 

*Radial growth measurements were recorded when net 
growth (diam.) in controls was 24 It 3 mm. Values not fol- 
lowed by the same letter are significantly different at the 5:/, 
level. Values are the mean of 3 replicate experiments. t The 
bold Arabic numeral in parenthesis following each isofla- 
vonoid referred to the structures given in Fig. 3. $ This isofla- 
vonoid was bioassayed only once and the datum obtained 
was not included in the statistical analysis. (/ This compound, 
originally incorrectly identified as 6a-h$lrdxyphaseollin [Xj, 
has recently been assigned structure (14) [29]. It ha8 been 
assigned the trivial name glyceollin (Burden, Bailey and Ke&i, 
personal communications). 
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Table 2 Effect of 01 mM isoflavonoids on spores of 
Amphanomyces euteiches 

Treatment 

Effect on 
viability 

(Maximum 
dilution of 

Immediate spore 
effects on suspension 

spores at which 
(Visual growth 

observation)* occurred)? 

2% DMSO 
6a,l la-Dehydropisatin 

(3) 
4’-O-Methylcoumestrol (10) 
Coumestrol (9) 
( + )-3,6a-Dihydroxy-8,9- 

methylenedi- 
oxypterocarpan (2) 

Formononetin (8) 
( - )-Vestitol (6) 
6aJ 1aDehydroglyceollm 

(15) Cl01 
( + )-Pisatin (1) 
( f )-3-Hydroxy-9- 

methoxypterocarpan (5) 
( + )-3-Hydroxy-9- 

methoxypterocarpan (5) 
(-)-3-Hydroxy-9- 

methoxypterocarpan (s) 
( - )-Sativan (7) 
6aJ la-Dehydrotuberosin 

(17) 
3-Hydroxy-8,9-methyl- 

enedioxyda,l la- 
dehydropterocarpan (4) 

( - )-Glyceolhn ‘( 14) 
(-)-Phaseollin (11) 
(+ j-2’-Methoxyphaseol- 

linisoflavan (13) 
(+)-Tuberosin (16) 
( - )-Phaseoilinisoflavan 

(12) 

0 

1 

1 

1 
1 

3 no growth 

3 

lo5 

10; 
104 
lo5 

106 
104 

lo2 
10S 

los 

10s 

lo5 
104 

no growth 
104 
102 

103 
10’ 

102 

*The non-treated control spore suspension consisted of 
30-5~~ swimming zoospores; the rest were non-motile pri- 
mary spores or encysted zoospores. Data in the table rep- 
resents observations at 5 min aher treatment. 0, no obvious 
difference from control; 1, zoospores responded to the treat- 
ments by ceasing to swim and/or erratic movement, and/or 
encystmeut. Few if any spores assumed an irregular shape 
and contained granulated protoplasm; 2, some spores irregu- 
larly shaped with protoplasm appearing granular; 3, most 
spores irregularly shaped with protoplasm appearing granuh~. 
Spores with an irregular shape and granulated protoplasm 
were judged to be dead. 7 Etkct of the compounds on viabi- 
lity of A. euteiches spores was estimated by exposing the 
spores to the compounds for 5 min and then serially diluting 
with liquid growth medium to a lo6 dilution. Presence or 
absence of growth in each dilution was recorded after 3 weeks. 
This table represents a composite of many individual exper- 
iments. The initial spore concentration was adjusted to 
l-2 x lO’/ml. The data in the table was selected only from 
experiments in which the controls showed growth at lo5 and 
no growth at 106. 

1enedioxy&,11a&hydropterocarpan (4), 6aJla-de 
hydroglyceollin (VI), and 6aJla-dehydrotuberosin 
(17J remained soluble in the media and all exhibited 
antifungal activity by all criteria used (Tables 1 and 2). 

The comparison between 3-hydroxy-8,9-methylenedioxy- 
6aJladehydropterocarpan (4) and the analogous 
pterocarpa& 3,6a-dihydroxy-8,9-methylenedioxyptero- 
carpan (2) is particularly interesting. The aplanar ptero- 
carpan appeared to lack antifungal activity, yet the 
planar 6a,lla-dehydropterocarpan was inhibitory. The 
proposed structure-activity hypothesis predicts exactly 
the opposite. 

The previous structure-activity study reported that 
both enantiomers of 3-hydroxy-8,9-methylendioxyptero- 
carpan were equally inhibitory. This original observation 
appears to contradict the hypothesis of a specific stero- 
chemical requirement of the pterocarpans for antifungal 
activity. A specific structural interaction where both ster- 
eochemical isomers are equally active seems unlikely. 
Nevertheless Perrin and Cruickshank recognized that 
the shape of the pterocarpan molecule is such that it 
is possible to superimpose rings A, C and D (but not 
ring B) of enantiomer pairs (Fig. 4). They interpreted 
this to mean that binding to bio-receptors through the 
heterocylic rings is not important. When enantiomer 
models are superimposed on each other as outlined 
above, not every aromatic carbon superimposes on the 
same carbon of the enantiomer. Thus C-3 of one member 
is superimposed on C-3 of its opposite enantiomer, but 
the C-9’s are superimposed on C-8’s (Fig 4). Perrin and 
Cruickshank have suggested that there is specific binding 
of the bioreceptor site to oxygen substituents at C-3 and 
C-9. The enantiomeric pterocarpans that Perrin and 
Cruickshank tested have oxygen substitution at both C-8 
and C-9. Thus in the context of their model it makes 
little difference that C-8 of one enantiomer superimposes 
with C-9 of the other. Substitution at position 8 could 
mimic the group at C-9 of its enantiomer..However, the 
enantiomeric pair of pterocarpans, (-),( +) 3-hydroxy-9- 
methoxypterocarpan (5), that were found to be equally 
antifungal (Tables 1 and 2) did not have oxygen substitu- 
tion at G8. That both enantiomorphs have equal activity 
is inconsistent with the necessity for specific binding to 
substituents at C-9 (C-8 of the active enantiomer). 

Perrin and Cruickshank tested one representative of 
the isoflavan class of isoflavonoids and observed that 
the compound lacked significant antifungal activity. We 
tested 4 other isoflavans: sativan (6), vestitol (7), pha- 
seollmisoflavan (12), and 2’-methoxyphaseollinisoflavan 
(13). All possessed antifungal activity (Tables 1 and 2), 
as has.been reported previously [ll-141. Except for vesti- 
tol, the activity was of the same magnitude as the analo- 
gous pterocarpans, 3-hydroxy-9-methoxypterocarpan (5) 
and phaseollin (11). If the conformation for antifungal 
activity suggested by Perrin and Cruickshank is required, 
it might be expected that the isoflavans would have anti- 
fungal activity. Although the aromatic rings of the isofla- 
vans would not be maintained in the rigid conformation 
relationship of the pterocarpans, the isoflavans and pteri 
ocarpans share a heterocyclic asymmetric carbon atom. 

Fig. 4. Drawing based on Dreiding stereomodels of a super- 
imposed enantiomeric pair of pterocarpans. 
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In isoflavans there is free rotation about the carbon-car- 
bon bond connecting the aromatic ring to this asymmet- 
ric carbon. Therefore the isoflavans can assume a confor- 
mation similar to the 3-dimensional shape of the ptero- 
oarpans and thus they may interact with the same 
hypothetical fungal bioreceptor site as the pterocarpans. 
The antifungal activities of the series of isoflavonoids 
(6, 7, 8, 9) that are closely related to 3-hydroxy-9- 
methoxypterocarpan (5) supports this contention. The 
pterocarpan (5) and the isoflavans (6, 7) are most 
active, while the isoflavone (8) and coumestan (9) 
are less active (Table 1). Neither the isoflavones nor the 
planar cournestans can assume a conformation similar 
to the 3-dimensional shape of the pterocarpans. 

Nevertheless, based on the response of the 17 tested 
lsoflavonoids it appears unlikely that all antifungal iso- 
flavonoids must assume a common 3-dimensional shape 
before they can express activity. Antifungal activity was 
associated with both aplanar pterocarpans and isofla- 
vans, and planar 6a,lia&hydropterocarpaus. The fact 
that 6aJ la-dehydropterocarpans possess antifungal ac- 
tivity also negates one of the major lines of evidence 
that was used by Perrin and Cruickshank to propose 
their structure-activity model for the pterocarpans. Per- 
haps the critical factor for antifungal activity of isofla- 
vonoids is some physiochemical property other than 
three-dimensional shape. Alternatively, it may be that 
different classes of isoflavonoids or individual members 
within a class are antifungal, because they have different 
modes of action. Therefore, different receptor sites may 
exist in the fungal cell, and a common physiochemical 
bases for activity of antifungal isoflavonoids may not 
exist. 

EXPERIMENTAL 

Bioaasuys. Radial growth. These were performed as de- 
scribed previously [9]. The bioassay medium was Martin’s 
[IS] peptone-glucose agar (PGA) medium (10 g glucose, 5 g 
peptone, 1 g KHZP04. 0.5 g MgS04. 7H20, 22 g agar and 11. 
HzO). Each isoflavonoid was bioassayed 3 times in duplicate 
against each orgamsm. 

A. euteiches spores. The fungus was grown in Yang and 
Schulties [16] (Y C S) medium (5.5 g glucose, 4.0 g asparagine, 
@1 g glutathione, 0.02 g CaC&. 2H,O, @4 g MgClz. 6H,O, 
07 g KH2P04, @4g K2HP0,, 11. HZO) and was induced 
to form zoospores by techniques similar to those used by Mit- 
chell and Yang [17]. To observe the visual effects of the isofla- 
vonoids on the spores, a 05 ml aliquot of the spore suspension 
(l--2 x lo5 spores/ml) was treated with 104 of DMSO con- 
taining the isoflavonoid. Immediately, ca 50~1 of the treated 
suspension was withdrawn, placed on a glass slide and 
observed at x 100 and x 400. Observations were recorded at 
ca l-5 min. Care was taken at all times to avoid any sudden 
vibration of the spore suspension as this would cause the 
motile zoospores to encyst. All treatments were coded so that 
the observer was unaware of the compound being tested. To 
test the effects on spore viability of a short exposure to the 
isoflavonoids, 05 ml of spore suspensions, in duplicate, were 
treated with the isoflavonoid as above. After 5min, 45ml of 
Y SL S medium was added. After mixing, 05 ml was withdrawn 
and added to another 4.5 ml of Y h S medium. Serial dilution 
was repeated to a final dilution of 106. All dilutions were 
incubated at 24O + 2” for 3 weeks and then the presence or 
absence of fungal growth was recorded. Each isoflavonoid was 
bioassayed in this manner at least twice. 

ZsoJlraavonoids. Published procedures (some with minor modi- 
fication) were used to obtain (+Zpisatin [18], (+)-3,6a-dihyd- 
roxy-8.9-methylenedioxypterocarpan [I 81, 6a,ll a-dehydropi- 

satin [19]. 3.hydroxy-8,9-methylenedioxy-6a,lla-dehydropter- 
ocarnan r181, f -)-3-hydroxy-9-methoxypterocarpan [14,20], 
(-)-l;ativ& cl3; 141, (-)_veslitol [l3].( Ii-pbaseoilin [Il],(-j- 

glyceollin [22], (-)-phaseollinisoflavan [23], (+)-2’-methoxy- 
phaseollinisoflavan [ 111, 6a-1 la-dehydroglyceollin [24], and 
6a,lla-dehydrotuberosin [25]. Additional samples of (-)-3- 
hydroxy-9-methoxypterocarpan. (-)-vestitol, and (-)-sativan 
were supplied by J. L. Ingham. M. R. Bonde, and P. W. 
Steiner. A sample of (-)-glyceollin was supplied by N. T. 
Keen, All the (+)- and ())-3-hydroxy-9-methoxypterocarpan 
was supplied by W. D. Ollis. Formononetin was supplied by 
A. B. Beck, and S. Shibata. Coumestrol and 4’-O-methylcou- 
mestrol was supplied by E. M. Bickoff, and the (+)-tuberosin 
was supplied by B. S. Joshi. The identity of all compounds 
was verified by comparing the UV absorption spectrum, MS, 
optical rotation, and mp (when available) with literature 
values. All compounds were purified to at least TLC homo- 
geneity. All isoflavonoids (except 6a,lla-dehydroglyceollin 
[lo]) were bioassayed at a final concentration of 0.1 mM. 
Molar extinction coefficients from the cited references were 
used to quantify pisatin [19], 3,6a-dihydroxy-8,9-methylene- 
dioxypterocarpan [18], 6a,lla-dehydropisatin [19], 3-hydroxy- 
8,9-methylenedioxy-6a,l la-dehydropterocarpan [18], 3-hyd- 
roxy-9-methoxypterocarpan [26], vestitol [13], sativan [14], 
phaseollin [27], glyc&in [24], phaseollinisoflavan [12], 
2’-methoxyphaseollinisoflavan [ll], tuberosin [25], 6a,l la- 
dehydrotuberosin [25], and formononetin [28]. Coumestrol 
and 4’-O-methylcoumestrol were quantified by wt. The isofla- 
vonoids were added to the bioassay media in DMSO to facili- 
tate maintainance of the compounds in soln. However, even 
in the presence of DMSO, 6a-lla-dehydropisatin and 4’-O- 
methylcoumestrol formed a ppt. in the media. DMSO had 
no noticeable effect on the linear growth of F. solani f. sp. 
cucurbitae or on spores of A. euteickes. DMSO inhibited radial 
growth of A. euteiches 30409;; in comparison to treatments 
not contaming DMSO. The reported values of the effects of 
the lsoflavonoids on the fungi are in comparison to a DMSO 
control. 

Statistical analysis. Relative growth rate (RGR) for the test 
organism in the presence of each isoflavonoid was expressed 
as a proportion of the growth rate of the comparable control. 
Thus & inhibition = 100 (I-RGR)]. These RGR’s were con- 
verted using the arcsine square root transformation, and an 
analysis of variance was performed on the transformed values. 
Significant differences between individual RGR’s were deter- 
mined by Duncan’s New Multiple Range Test. 
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