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AbstractÐTwenty-eight picrotoxane terpenoids, including picrodendrins isolated from the Euphorbiaceae plant,
Picrodendron baccatum (L.) Krug and Urban, have been evaluated for their ability to inhibit the speci®c binding of

[3H]EBOB, the noncompetitive antagonist of ionotropic GABA receptors, to rat-brain and house¯y (Musca domestica
L.)-head membranes. Picrodendrin Q was the most potent competitive inhibitor of [3H]EBOB binding, with IC50 values
of 16 nM (rat) and 22 nM (Musca). We ®nd that the spiro g-butyrolactone moiety at the 13-position, which contains a

carbonyl group conjugated with an unsaturated bond, and the substituents at the 4-position play important roles in the
interaction of picrodendrins with their binding site in rat receptors. In contrast, such structural features are not strictly
required in the case of the interaction with Musca receptors; the spiro saturated g-butyrolactone moiety at the 13-

position, which bears the 16-sp3 carbon atom, and the hydroxyl groups at various positions are somewhat tolerated.
Quantitative structure-activity studies have clearly shown that the electronegativity of the 16-carbon atom and the
presence or absence of the 4- and 8-hydroxyl groups are important determinants of the potency of nor-diterpenes in
Musca receptors, while the negative charge on the 17-carbonyl oxygen atom is likely important in the case of rat

receptors. These ®ndings indicate that there are signi®cant di�erences between the structures of the complementary
binding sites in rat GABA receptors and Musca GABA receptors. We also infer di�erences between native Musca
GABA receptors and the Drosophila Rdl subunit-containing homo-oligomeric GABA receptors in the structures of

their binding sites. # 1998 Elsevier Science Ltd. All rights reserved.

Introduction

g-Aminobutyric acid (GABA), an inhibitory neuro-
transmitter, binds to two major types of receptors,
GABAA (ionotropic) and GABAB (metabotropic)
receptors, to regulate the central nervous system of ver-

tebrates.1,2 The GABAA receptor belongs to a
family of ligand-gated ion channels composed of
hetero-oligomeric subunits,3 where GABA induces the

opening of the channel and Clÿ in¯ux into the nerve

cell. More than 100 medicinal and toxic compounds
have been reported to act on GABAA receptors.4 Insects

have similar ionotropic receptors with di�erent phar-
macological properties, so that their GABA receptors
are promising targets for insecticides.5

Picrodendrins are a series of terpenoids recently isolated
from the bark and stems of the Euphorbiaceae plant,
Picrodendron baccatum (L.) Krug and Urban.6±12 With

respect to the economic use of this plant, it has been
reported that in the Dominican Republic, leaves of the
Picrodendron, called `mata becerro' (calf killer), are

reduced to powder and used to kill bedbugs and lice.13

Meanwhile, some of these terpenoids have been reported
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to competitively inhibit the speci®c binding of the non-
competitive GABA antagonist [35S]t-butylbicyclophos-

phorothionate (TBPS) to rat-brain membranes14 and to
depress GABA-induced Clÿ currents in the Drosophila
Rdl subunit-containing homo-oligomeric GABA recep-

tors.15 The results of the radioligand-binding and elec-
trophysiological studies indicate that the action of
picrodendrins as the noncompetitive antagonist of

ionotropic GABA receptors underlies the insecticidal
activity of P. baccatum.

In the present study, we have assayed picrodendrins and

other related terpenoids for their inhibition of the spe-
ci®c binding of the noncompetitive GABA antagonist
[3H]40-ethynyl-4-n-propylbicycloorthobenzoate (EBOB)

(Figure 1) to rat-brain and house¯y (Musca domestica
L.)-head membranes. Figure 1 illustrates the structures
of the 28 terpenoids assayed, comprising nor-diterpenes

and sesquiterpenes that are hydroxylated or rearranged
at various positions. Picrodendrins share the picrotox-
ane skeleton with picrotoxinin, a sesquiterpene used as a

standard noncompetitive antagonist in basic research on
GABA receptors. Furthermore, the nor-diterpenes have
a novel, unique skeleton containing a spiro g-butyro-
lactone ring, while the sesquiterpenes are considered as

analogues of tutin, a known sesquiterpene from Coriar-
iaceae plants. Structure±activity relationship (SAR) stu-
dies of these structurally diverse terpenoids might assist

in gaining insight into the molecular topography of
ionotropic GABA receptors. We report here the results
of binding assays, and we infer structural di�erences in

the antagonist binding sites of mammalian and insect
GABA receptors.

Results

E�ects on [3H]EBOB binding to rat-brain membranes

Twenty-eight terpenoids were evaluated as inhibitors of
[3H]EBOB binding to rat-brain membranes. The IC50

values are listed in Table 1, and the concentration±inhi-
bition curves are shown in Figure 2. Eight terpenoids
inhibited speci®c [3H]EBOB binding with IC50 values of

less than 10mM, and the IC50 values of ®ve out of the
eight terpenoids were less than 1mM. Picrodendrin Q,
with an IC50 value of 16 nM, was the most potent
among them, being about 39-fold more potent than the

standard terpenoid antagonist picrotoxinin. Scatchard
plots indicate that picrodendrin Q binds to a site iden-
tical to that of EBOB in rat receptors (Figure 3). Picro-

dendrin M, which is hydroxylated at the 8-position, was
about 9-fold less potent than picrodendrin Q. Hydroxy-
lation at the 4- and 19-positions of picrodendrin Q to

give picrodendrin A resulted in an approximately 17-
fold loss in potency when compared to picrodendrin Q.

Picrodendrin T, the geometrical isomer of picrodendrin
A, was about 36-fold and 613-fold less potent than

picrodendrin A and Q, respectively. Picrodendrin B,
which is unsaturated between the 14- and 16-positions,
was among the weak inhibitors, probably because of the

presence of a hydroxyl group at the 4-position.
Picrodendrin O also exhibited a marked decrease
(525-fold) in potency compared to picrodendrin Q,

although they di�er only in the substitution pattern
at the 16-position. Hydroxylation at the 8-position of
picrodendrin O to give picrodendrin E resulted in an
almost complete loss of activity. Dihydrotutin, a ses-

quiterpene bearing an isopropyl group at the 4-posi-
tion, was an approximately 281-fold less potent
inhibitor than picrodendrin Q. Replacement of the

isopropyl group with an isopropenyl or a hydroxy-
isopropyl group led to an approximately 5-fold
increase or a substantial loss of activity, respectively

(tutin and isohyenanchin).

E�ects on [3H]EBOB binding to Musca-head membranes

Fifteen of the 28 terpenoids exhibited a concentration-
dependent inhibition of speci®c [3H]EBOB binding to
Musca-head membranes, with IC50 values of less than

10 mM (Table 1, Figure 4). Ten out of the 15 terpenoids
had IC50 values of less than 1 mM. Picrodendrin Q was
the most potent inhibitor in the Musca receptors as well,

with an IC50 value (22 nM) similar to that in rat recep-
tors. Picrodendrin Q was more potent than picrotoxinin
only by 4-fold, in contrast to a 39-fold di�erence in rat

receptors. Inhibition of [3H]EBOB by this terpene was
competitive here too (Figure 3). Picrodendrin B, E, F,
G, L, P, and corianin exhibited IC50 values in the 0.3±
4 mM range in Musca receptors, although they were

inactive or weakly active in rat receptors (IC50

>10 mM). Di�erences in potency among the terpenoids
tended to be small compared to those in rat receptors.

Picrodendrin M, A, T, O, E, and dihydrotutin were
approximately 7-, 31-, 118-, 5-, 45-, and 30-fold less
potent than picrodendrin Q, respectively. Picroden-

drin A was only 4-fold more potent than picroden-
drin T in Musca receptors, while being 36-fold more
potent in rat receptors.

In vivo e�ects on cockroaches

To explore the correlation of in vitro and in vivo activ-

ities, 21 terpenoids were examined for their insecticidal
e�ects. Seven out of the 21 tested terpenoids were
insecticidal against German cockroaches (Blattella ger-

manica L.), with LD50 values of less than about 1mg/
roach, when injected after topical treatment of cock-
roaches with piperonyl butoxide, a mixed-function oxi-

dase inhibitor (Table 1). Picrodendrin M and Q were
highly active, with LD50 values of 47 ng (0.11 nmol)/
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Figure 1. Structures of picrotoxane terpenoids and EBOB. Abbreviations of the terpenoids' names are de®ned in Table 1. PS refers to

the picrotoxane skeleton. The numbering system shown on the structures of picrodendrin A, M, Q, and T is based on ref 6.
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roach and 71 ng (0.17 nmol)/roach, respectively, and the
other four terpenoids were moderately active.

Quantitative SAR studies

Traditional quantitative SAR analysis was carried out
to identify the major determinants of potency of nor-
diterpenes containing a spiro g-butyrolactone at the 13-

position. Because the substitution patterns at the 4-, 8-
and 16-positions appeared to be quite important, the
following parameters were used as independent vari-
ables in the present analysis: charges on the 16-, 17-car-

bon atoms (C16_ch, C17_ch) and the 17-carbonyl
oxygen atom (C17O_ch), and an indicator variable for
the presence or absence of the hydroxyl group at either

the 4- or 8-position (C48_OH). As a result of an analysis
of the binding data for the Musca receptors, eq (1) was

obtained for the 12 picrodendrins listed in Table 2.

log�1=IC50�M�� � ÿ2:870��2:231�C16 ch

ÿ 1:419��0:753�C48 OH

� 6:933��0:744�
�1�

n � 12; s � 0:427; r � 0:877;F2;9 � 14:947

In this equation, n is the number of data points, s is the
standard deviation, r is the correlation coe�cient, and F
is the value of the F-test. The ®gures in parentheses are
the 95% con®dence intervals. Considering that the con-

tributions of other parts of the nor-diterpenes were
neglected in the analysis, the correlation coe�cient
(0.877) is satisfactory. The di�erence between the mea-

sured and calculated potency values for picrodendrin E-
18-acetate was largest (Table 2), suggesting a negative

Table 1. Potencies of picrodendrins and related terpenoids in inhibiting [3H]EBOB binding and their insecticidal activities

[3H]EBOB binding, IC50(mM) Insecticidal activity, LD50(mg/roach)
Terpenoid

Rat Musca Blattella

PD-A 0.27�0.04a 0.69�0.34a 1.1 (0.90±1.2b)

-B 13�1a 0.35�0.11a >1 (20c)

-C >10 (33�2d) 12�4a >1 (15c)

-D >10 (12�4d) >10 (40�10d) >1 (5c)

-E >10 (20�9d) 0.99�0.54a >1 (10c)

-E-18-Ac >10 (9�1d) 13�1a >1 (0c)

-F >10 (3�2d) 3.1�0.8a >1 (5c)

-G >10 (6�3d) 3.9�0.4a >1 (43c)

-H >10 (6�12d) >10 (29�1d) Ðe

-I >10 (2�2d) >10 (25�11d) >1 (0c)

-J >10 (1�1d) >10 (2�6d) >1 (0c)

-L >10 (4�6d) 3.5�1.6a >0.25 (0c)

-M 0.15�0.02a 0.15�0.05a 0.047 (0.043±0.052b)

-O 8.4�3.4a 0.11�0.05a 0.37 (0.24±0.57b)

-P >10 (6�1d) 2.8�1.5a >1 (40c)

-Q 0.016�0.004a 0.022�0.002a 0.071 (0.065±0.078b)

-T 9.8�2.3a 2.6�0.7a >1 (5c)

-U >10 (1�8d) >10 (4�2d) Ðe

-X >10 (ÿ1�4d) >10 (4�5d) Ðe

-Y >10 (19�0d) >10 (28�6d) Ðe

-Z >10 (ÿ1�2d) >10 (14�11d) Ðe

-a >10 (ÿ6�2d) >10 (8�3d) Ðe

PDside A >10 (ÿ5�3d) >10 (2�6d) Ðe

Tutin 0.95�0.16a 0.43�0.12a 0.84 (0.75±0.94b)

DHtut 4.5�1.1a 0.65�0.23a >1 (20c)

Corianin >10 (31�11d) 0.33�0.02a 0.11 (0.09±0.13b)

Isohyen >10 (14�6d) >10 (48�0d) >1 (5c)

PTX 0.62�0.11a 0.091�0.001a 0.41 (0.35±0.49b)

a Mean�SD.
b 95% con®dence limit.
c Mortality (%) at indicated dosages.
d Inhibition (%) at 10mM.
e Not determined.

Abbreviations: PD-A to -a, picrodendrin A to a; PD-E-18-Ac, picrodendrin E-18-acetate; PDside A, picrodendriside A; DHtut,

dihydrotutin; Isohyen, isohyenanchin; PTX, picrotoxinin.
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e�ect of the acetyl group at the 18-position. In the
analysis for the 11 compounds, except for picrodendrin

E-18-acetate, the correlation quality was improved
(s � 0:345, r � 0:912, equation not shown). Equation (1)
indicates that the potency of nor-diterpenes increases in

the presence of a more negative charge on the 16-carbon
atom and in the absence of hydroxyl groups at the 4-
and 8-positions. In the case of rat receptors, the number

of active nor-diterpenes was not enough to perform a
detailed analysis. However, it should be noted that
potent picrodendrins (A, M, and Q), with an IC50 value
of less than 1mM, had highly negative charges (<ÿ3)
on the 17-carbonyl oxygen atom (Table 2).

Discussion

SAR in rat GABAA receptors

Picrodendrins and other related terpenoids have pre-
viously been demonstrated to competitively inhibit spe-

ci®c [35S]TBPS binding to rat-brain membranes.14 In the
present study, [3H]EBOB was used to explore the inter-
action of the terpenoids with insect GABA receptors as
well as mammalian GABA receptors, since [3H]EBOB

has been shown to be preferred over [35S]TBPS when
applied to insect receptors.16 Both binding assays using
di�erent radioligands gave similar results in rat recep-

tors, as can be judged from the good correlation
between the log IC50 values of seven active terpenoids in
inhibiting speci®c [35S]TBPS and [3H]EBOB binding to

rat-brain membranes (r � 0:991, plots not shown).

In both cases, picrodendrin Q was found to be more
potent than picrotoxinin and the most potent among the

terpenoids assayed to date. As exempli®ed by the activ-
ities of isohyenanchin, picrodendrin M, and E, which
were lower than those of dihydrotutin, picrodendrin Q,

and O, respectively, the hydroxyl group at the 8-position
appears to exert a negative e�ect on receptor binding.
The isopropyl or isopropenyl group trans to the lactone

moiety connecting the 3- and 5-positions of the skeleton
exerts positive e�ects on receptor binding, as has been
shown with the cis and trans isomers of a caged lactone

bearing a partial skeleton of picrotoxinin.17 As for the
substituent at the 4-position, an isopropenyl group is
preferred over an isopropyl group in rat receptors, as
shown by the approximately 5-fold higher potency of

tutin than dihydrotutin. This suggests that the electronic
nature of the 4-substituent might be favorable for the
interaction of sesquiterpenes with rat receptors. Terpe-

noids containing a lactone ring bridging the 2- and 13-
positions (picrotoxinin), a spiro epoxide at the 13-posi-
tion (dihydrotutin, tutin), and a spiro a-ethyl-g-butyro-
lactone at the 13-position (picrodendrin O) were active
in rat receptors only when they were not hydroxylated

Figure 2. Concentration±inhibition curves of picrotoxane ter-

penoids for speci®c [3H]EBOB binding to rat-brain membranes.

Abbreviations of the terpenoids' names are de®ned in Table 1.

Figure 3. Scatchard plots of [3H]EBOB binding to rat-brain

and Musca-head membranes in the absence and presence of

picrodendrin Q.&, rat, without PD-Q; *, rat, with 16 nM PD-

Q; ~, Musca, without PD-Q; ^, Musca, with 22 nM PD-Q.

Bound, [3H]EBOB bound speci®cally to membranes (fmol/

0.125mg protein (rat) or fmol/0.25mg protein (Musca)); Free,

free [3H]EBOB (fmol). Values are the mean of triplicate deter-

minations, and the graph is typical of two similar experiments.
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Figure 4. Concentration±inhibition curves of picrotoxane terpenoids for speci®c [3H]EBOB binding to Musca-head membranes.

Abbreviations of the terpenoids' names are de®ned in Table 1.

Table 2. Biological data, physicochemical parameters, and an indicator variable

Terpenoid log(1/IC50(M)) C16 cha C17 chb C17O chc C48 OHd

Rat (Obsd) Musca

Obsd Calcd Dev

PD-A 6.57 6.16 6.131 0.029 ÿ0.215 0.379 ÿ0.312 1

-B 4.89 6.46 6.441 0.019 ÿ0.323 0.385 ÿ0.265 1

-E Ðe 6.00 5.626 0.374 ÿ0.039 0.333 ÿ0.298 1

-E-18-Ac Ðe 4.89 5.672 ÿ0.782 ÿ0.055 0.335 ÿ0.294 1

-F Ðe 5.51 5.258 0.252 0.089 0.349 ÿ0.273 1

-G Ðe 5.41 5.588 ÿ0.178 ÿ0.026 0.170 Ðf 1

-L Ðe 5.46 5.264 0.196 0.087 0.346 ÿ0.273 1

-M 6.82 6.82 6.137 0.683 ÿ0.217 0.381 ÿ0.316 1

-O 5.08 6.96 7.065 ÿ0.105 ÿ0.046 0.339 ÿ0.296 0

-P Ðe 5.55 5.637 ÿ0.087 ÿ0.043 0.329 ÿ0.293 1

-Q 7.80 7.67 7.565 0.105 ÿ0.220 0.380 ÿ0.316 0

-T 5.01 5.59 6.096 ÿ0.506 ÿ0.203 0.382 ÿ0.279 1

a±cCharges on the 16- and 17-carbon atoms, and that on the 17-carbonyl oxygen atom, respectively.
dIndicator variable for the presence or absence of the hydroxyl group at the 4- or 8-position.
e Not determined (IC50>10mM).
fNot determined because of the absence of the 17-carbonyl oxygen atom.

Abbreviations of the terpenoids' names are de®ned in Table 1.
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at both the 4- and 8-positions. However, picrodendrin
A, B, M, and T retained activity, despite carrying such

deleterious hydroxyl groups. These terpenoids bear a
spiro a-ethylidene-g-butyrolactone or a spiro a,b-unsa-
turated g-butyrolactone at the 13-position. The presence
of the 17-carbonyl group conjugated with an unsatu-
rated bond is most likely responsible for their relatively
high potency. The calculation of the atomic charges of

this moiety led us to speculate that the highly negative
charge of the 17-carbonyl oxygen might result in the
high potency of picrodendrin A, M, and Q (Table 2).
The potency of picrodendrin T, which was lower than

that of its geometrical isomer, picrodendrin A, could be
explained by the poor negative charge of its 17-carbonyl
oxygen atom. Although corianin and picrodendriside A

have no hydroxyl groups at the 4- and 8-positions, they
were almost inactive, probably because other parts were
either detrimental to activity or insu�cient.

SAR in Musca GABA receptors

With the exception of picrodendrin A, M, and Q, the
terpenoids tested were more potent in Musca receptors
than in rat receptors (Figure 5, Table 1). In particular,
picrodendrin B, O, and corianin proved to be about 37-,

76-, and at least 30-fold more selective inhibitors for
Musca receptors than for rat receptors, respectively.
Also, picrodendrin B, E, F, G, L, P, and corianin were

moderately active in Musca receptors, though inactive
or weakly active in rat receptors. The spiro a-ethyl-g-
butyrolactone ring at the 13-position and the hydroxyl

groups at various positions were better tolerated in
Musca receptors than in rat receptors. Quantitative
SAR analysis has clearly demonstrated that the electro-

negativity of the 16-carbon atom and the presence or
absence of the 4- and 8-hydroxyl groups are important

determinants of the potency of nor-diterpenes. It is
noteworthy that the negative charge on the 16-carbon
atom appears to make a great contribution to the high

potency in Musca receptors, while the negative charge
on the 17-carbonyl oxygen atom makes this contribu-
tion in the case of rat receptors. This di�erence might

re¯ect a di�erence between rat and Musca receptors in
the structures of their binding sites. Although tutin
analogues with hydroxyl group(s) at the 4-, 8-, or both
positions (picrodendrin C, D, I, J, and isohyenanchin)

were inactive or only weakly active in Musca receptors
as in rat receptors, those lacking such a hydroxyl group
(tutin, dihydrotutin, and corianin) were almost equally

potent in Musca receptors, in contrast to big di�erences
in their potency in rat receptors. These ®ndings indicate
that the hydrophobic properties of the 4- and 8-posi-

tions are of critical importance in the interaction
between tutin analogues and Musca receptors. All active
compounds in Musca receptors, as well as in rat recep-

tors, had a lactone ring connecting the 3- and 5-positions
of the skeleton. More analogues need to be assayed to
determine whether this moiety is essential to activity.

Three-dimensional binding-site model

We have previously proposed a model of the binding

site of noncompetitive GABAA receptor antagonists,18

using CoMFA (comparative molecular ®eld analysis),
which is a procedure for three-dimensional quantitative

SAR analyses.19 Picrodendrin Q was aligned according
to the binding-site model, and the superposition of
EBOB on picrodendrin Q is shown in Figures 6±9.
Based on this alignment, the CoMFA was made for the

activity in inhibiting [35S]TBPS binding to the rat
receptors of 27 compounds (see refs 14 and 18 for data),
including picrodendrin A, B, M, O, and Q, together

with the series 1 GABA antagonists used in our pre-
vious study.18 The CoMFA method used was similar to
that described in a previous paper.18 Although a sig-

ni®cant equation (the crossvalidated correlation coef-
®cient, q2 > 0:3) was not obtained because the number
of picrodendrin derivatives used in the analysis was

small, the q2 in the equation obtained was fairly high
(0.255). The superposition of picrodendrins and the
GABA antagonists as well as the CoMFA for the com-
bined set of these compounds is still under investigation.

We attempted to qualitatively explain the SAR for
picrodendrin derivatives using the above most probable

alignment and the CoMFA contour maps generated in
our previous study.18 Figures 6 and 7 represent the
overlay of the structures of picrodendrin Q and EBOB

with the major steric and electrostatic-potential contour
maps, respectively, drawn according to the CoMFA

Figure 5. Relationships between the potencies of picrotoxane

terpenoids in inhibiting [3H]EBOB binding to rat-brain and

Musca-head membranes. Arrows indicate that the compounds

have IC50 values of >>10mM. A±O, E-18Ac, Tut, Dtut, Iso,

Cor, and PTX refer to picrodendrin A±O, picrodendrin E-18-

acetate, tutin, dihydrotutin, isohyenanchin, corianin, and

picrotoxinin, respectively.

Y. Ozoe et al./Bioorg. Med. Chem. 6 (1998) 481±492 487



equation for Musca GABA receptors. Figures 8 and 9
show the compounds with the steric and electrostatic

contour maps, respectively, according to the equation
for rat receptors. The green areas in Figures 6 and 8
indicate regions where the submolecular bulk is well

accommodated with an increase in activity, whereas the
yellow areas indicate regions where the submolecular
bulk is unfavorable to the activity. The red areas in

Figures 7 and 9 indicate regions where the more nega-
tive electrostatic interaction with the receptor binding
site increases the activity, whereas the blue areas show
regions where the reverse is the case. As shown in Fig-

ures 6±9, the 16-carbon atom of picrodendrin Q is loca-
ted close to the 1-carbon atom of the benzene ring of
EBOB, while the 17-carbonyl oxygen atom is close to

the 2- or 6-carbon atom (one of the ortho-carbon atoms).
In Figures 7 and 9, the negative electrostatic-potential
regions of ligands that interact with Musca and rat

receptors appear below the 1-carbon atom and around
an ortho-position, respectively, of the benzene ring of
EBOB. This ®nding seems to be in agreement with the

results of the quantitative SAR analysis, which indicates
the importance of the negative atomic charges on the

16-carbon atom for the activity inMusca receptors while
that on the 17-carbonyl oxygen atom in rat receptors.

Figure 6 shows the region above the benzene ring of
EBOB in which the steric bulk of the ligand sub-

structure is unfavorable in Musca receptors, whereas in
rat receptors sterically unfavorable regions appear not
only above but also below the benzene ring (Figure 8).

The 16-hydrogen atom in picrodendrins that bear the
sp3 16-carbon atom (picrodendrin E, F, L, O, and P)
invades the unfavorable region above the benzene ring
in Musca receptors (stereoviews not displayed) and

probably therefore lowers their activity compared to
picrodendrin Q. In the case of rat receptors, the non-
planar substituents as well as the hydrogen atom at the

16-position protrude into the sterically unfavorable
regions, so the compounds except picrodendrin O might
show no measurable activity.

In Figure 8, the 8-hydroxyl group of picrodendrin E and
M could be located close to the sterically favorable

region around the hydrophobic n-propyl group of
EBOB. Assuming that the hydrophobic interaction of

Figure 6. Orthogonal views of contour diagrams of the steric

®elds according to the CoMFA equation for Musca receptors

with picrodendrin Q and EBOB (orange). See the text for

explanations of the colors of the ®elds.

Figure 7. Orthogonal views of contour diagrams of the elec-

trostatic ®elds according to the CoMFA equation for Musca

receptors with picrodendrin Q and EBOB (orange).
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substituents with receptors is favorable in this region,20

it is likely that the hydrophilic hydroxyl group decreases

the activity of picrodendrin E and M compared to
picrodendrin O and Q, respectively. This region does
not seem to be of critical importance in Musca recep-

tors, as shown in Figure 6. Regarding the 4-position, no
suggestion was obtained from this superposition and the
CoMFA regions in Figures 6±9.

Probing ionotropic GABA receptors of insects

To date, three genes encoding ionotropic GABA recep-

tor-like subunits have been cloned from grape fruit ¯ies
(Drosophila melanogaster Meig.).21±23 One of the gene
products (Rdl ) has been reported to form a functional

homo-oligomeric receptor that shares some pharmaco-
logical properties with native receptors.24,25 Rdl homo-
logues have been identi®ed in other insect species

including M. domestica,26 suggesting that the Rdl sub-
unit is a component of many insect GABA receptors.
The antagonist actions of picrodendrin and tutin ana-

logues have been electrophysiologically examined on
Drosophila Rdl homo-oligomers expressed in Xenopus

oocytes.15 In comparing the results of the electro-
physiological studies with those obtained in the present

studies, several di�erences are evident between the
potencies of the terpenoids as inhibitors of [3H]EBOB
binding in native Musca receptors and as blockers of

GABA-induced Clÿ currents in Drosophila Rdl homo-
oligomeric receptors (Figure 10). Picrodendrins (A, B,
F, and G) with a hydroxyl group at the 4-position were

approximately 10- to 28-fold more potent in cloned Rdl
receptors than in native Musca receptors, while picro-
dendrins (O and Q) without such a hydroxyl group were
less active in Rdl receptors or equipotent between both

receptors. Tutin analogues were approximately 2- to 7-
fold less potent in Rdl receptors than in Musca recep-
tors, regardless of the presence of the 4-hydroxyl group.

Potencies in the Rdl receptors of tutin, dihydrotutin,
and isohyenanchin, which di�er only in the substituent
at the 4-position, were parallel with potencies in rat

receptors rather than those in Musca receptors.

As shown in Figure 11, the correlation of the insectici-

dal (in vivo) activity against B. germanica with the
inhibitory (in vitro) activity of [3H]EBOB binding on

Figure 9. Orthogonal views of contour diagrams of the elec-

trostatic ®elds according to the CoMFA equation for rat

receptors with picrodendrin Q and EBOB (orange).

Figure 8. Orthogonal views of contour diagrams of the steric

®elds according to the CoMFA equation for rat receptors with

picrodendrin Q and EBOB (orange).
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Musca-head membranes was somewhat disappointing.
Despite having IC50 values of less than 1 mM, picroden-
drin B, E, and corianin showed only weak insecticidal

activity. The insecticidal activity of picrodendrin M was
higher than expected from the binding assay results.
However, the high insecticidal activity of picrodendrin
M could be accounted for by bioactivation involving the

dehydration of the hydroxyisopropyl group to an iso-
propenyl group. Omitting these compounds, a reason-
able correlation was obtained between the two

biological activities (r � 0:918). On the other hand,
there seems to be no correlation between the activity as
antagonists in Rdl receptors and the insecticidal activity

(Figure 11). Picrodendrin B, F, and G, having IC50

values of 0.023, 0.317, and 0.140 mM in Rdl receptors,

respectively, exhibited only weak insecticidal activities.
These ®ndings support the view that native insect

GABA receptors contain other subunits,24 although
more studies with the same insect species and by the
same functional assays would be needed.

In summary, we have described a series of picrotoxane
terpenoids that act as the noncompetitive antagonists of

the ionotropic GABA receptors of mammals and
insects. The considerable variation in the structures of
these terpenoids prevented their detailed quantitative
SAR analysis. However, it is clearly demonstrated that

the spiro g-butyrolactone moiety at the 13-position,
which contains a carbonyl group conjugated with an
unsaturated bond, and the substituents at the 4-position

play important roles in the interaction of picrodendrins
with the binding site of rat receptors. In contrast, such
structural features are not strictly required in the case of

the interaction with Musca receptors; the spiro satu-
rated g-butyrolactone moiety at the 13-position, which
bears the 16-sp3 carbon atom, and the hydroxyl groups

at various positions (e.g., positions 4 and 8) are some-
what tolerated. Quantitative SAR studies have clearly
shown that the electronegativity of the 16-carbon atom
and the presence or absence of the 4- and 8-hydroxyl

groups are important determinants of the potency of
nor-diterpenes in Musca receptors, while the negative
charge on the 17-carbonyl oxygen atom is likely impor-

tant in the case of rat receptors. The hydroxyl group at
the 4-position is better tolerated in Drosophila Rdl
homo-oligomers. These ®ndings indicate that there are

signi®cant di�erences between rat and Musca native
GABA receptors and cloned Drosophila Rdl receptors in
the structures of their complementary recognition sites.
Gurley et al. have reported that the threonine residue at

position 246 of b2 subunit is involved in picrotoxinin
binding in rat GABAA receptors containing a1, b2, and
g3 subunits.27 Xu et al. have reported the possibility that

picrotoxinin interacts with the valine residue at position
257 of the a1 subunit in rat GABAA receptors contain-
ing a1, b1, and g2 subunits.28 In Drosophila Rdl homo-

oligomers, replacement of the alanine residue at position
302 with serine confers resistance to picrotoxinin.29 All
of these ®ndings suggest that picrotoxinin binds to a

similar pore-facing region of the GABA-gated channels
to block the channel. The interacting mechanism of
picrotoxane terpenoids with these and other key amino
acid residues remains to be identi®ed.

Experimental

Chemicals

Picrodendrin A±J, L±M, O±Q, T, U, X±Z and a,
picrodendriside A, dihydrotutin, and isohyenanchin

Figure 10. Relationships between the potencies of picrotoxane

terpenoids as inhibitors of [3H]EBOB binding to Musca-head

membranes and antagonists for Drosophila Rdl homo-oligo-

mers. Drosophila data were taken from ref 15. Abbreviations of

the terpenoids' names are de®ned in Figure 5.

Figure 11. Relationships between the in vivo (abscissa, toxi-

cities against Blattella) and in vitro (ordinate, [3H]EBOB bind-

ing inhibition in Musca-head membranes (&) and GABA-

induced Clÿ current block in Drosophila Rdl homo-oligomers

(*)) activities of picrotoxane terpenoids. Abbreviations of the

terpenoids' names are de®ned in Figure 5.
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were isolated from Picrodendron baccatum (L.) Krug
and Urban.6±12 Picrodendrin E-18-acetate was obtained

by treatment of picrodendrin E with acetic anhydride.9

Tutin and corianin were isolated from Coriaria japonica
A. Gray. Picrotoxinin was purchased from Sigma Chem-

ical Co. EBOB was synthesized by the method of Palmer
et al.30 [Propyl-2,3-3H]EBOB (1650.2GBq/mmol) was
purchased from Du Pont/NEN Research Products.

Preparation of rat-brain and Musca-head membranes

Rat brain P2 membranes were prepared from 5-week-

old male Wistar rats by a modi®cation of the method of
Squires et al.31 In brief, forebrains stored at ÿ80 �C
were thawed and homogenized in ice-cold 1mM EDTA

using a Te¯on-glass homogenizer. The homogenate was
centrifuged at 1000 g for 10min. The supernatant was
then centrifuged at 25,000 g for 30min. The resulting

pellet was suspended in 1mM EDTA and dialyzed three
times (2 h each) in cellophane tubing against 2L of dis-
tilled/deionized water at 4 �C. After dialysis, the inner

solution was recentrifuged at 25,000 g for 30min, and
the pellet was stored at ÿ80 �C until use. The frozen
pellet was thawed and suspended in bu�er A (300mM
NaCl/10mM sodium phosphate bu�er, pH 7.5) just

before the binding assays. Musca-head P2 membranes
were prepared from 5- to 10-day-old adult house¯ies
(Musca domestica L.) of WHO strain by a modi®cation

of the method of Deng et al.16 Brie¯y, the heads were
homogenized in 0.25M sucrose/10mM Tris-HCl bu�er
(pH 7.5) with a glass±Te¯on homogenizer, ®ltered

through four layers of 64mm mesh nylon screen and
centrifuged at 500 g for 5min. The supernatant was ®l-
tered through four layers of nylon screen and cen-
trifuged at 25,000 g for 30min. The pellet was suspended

in bu�er A and allowed to stand in an ice bath for
30min. The suspension was centrifuged at 25,000 g for
30min. The pellet was resuspended in bu�er A and used

immediately for binding assays without freezing.

[3H]EBOB binding assays

[3H]EBOB binding assays were carried out according to
Cole and Casida32 and Deng et al.16 Brie¯y, terpenoids

were incubated with rat-brain membranes (125mg pro-
tein) or Musca-head membranes (250mg protein) and
0.5 nM [3H]EBOB in 1.0mL of bu�er A at 37 �C for
90min (rat) or at 22 �C for 70min (Musca). Terpenoids

and unlabeled EBOB were added as DMSO solutions
(4 mL) to reaction mixtures so as to give the desired ®nal
concentrations. After incubation, the mixtures were ®l-

tered through GF/B ®lters and were rapidly rinsed twice
with 5mL of ice-cold bu�er A using a Brandel M-24 cell
harvester. The radioactivity of [3H]EBOB that speci-

®cally bound to membranes on the ®lters was mea-
sured with a Beckman LS 6000SE liquid scintillation

spectrometer. Nonspeci®c binding was determined in
the presence of 5 mM unlabeled EBOB. Each experiment

was performed in triplicate and repeated twice.

In vivo assays

Acetone solutions (1 mL) of piperonyl butoxide (30 mg)
were topically applied to the ventral side of the thorax

of male adult German cockroaches (Blattella germanica
L.). After 1 h, 0.25 mL DMSO solutions containing ter-
penoids were injected into the ventral portion of the
abdomen with a Kloehn microsyringe. After injection,

cockroaches were placed in glass vials with water and
sugar, and held at 25 �C. One to four groups of 10
cockroaches were used for each dosage. Mortality was

recorded 24 h after the injection of terpenoids.

Quantitative SAR analyses

All computations of the molecular modeling were done
with the molecular modeling software package SYBYL,

version 6.2 and 6.3.33 To select the initial conformations
of compounds, we used X-ray crystallographic coordi-
nates for reference compounds. Those for picrodendrin
A and picrodendrin F-18-p-bromobenzoate were

obtained from the Cambridge Crystallographic Data-
base.6,9 The coordinates of picrodendrin B, M, Q, and T
were modi®ed from those for picrodendrin A. The

structures of picrodendrin E, F, G, L, O, P, and E-18-
acetate were modeled from the crystal structure of
picrodendrin F-18-p-bromobenzoate. The coordinates

of the modi®ed portions of these structures were calcu-
lated using the SYBYL standard values for bond
lengths and angles. The initial coordinates thus calcu-
lated were fully optimized by the semi-empirical mole-

cular orbital method, PM3.34±36 For the conformation
with the optimized coordinates, the atomic charges were
calculated using MNDO.34,37,38

Potency in inhibiting [3H]EBOB binding, log (1/IC50

(M)), was analyzed by means of the multiple regression

technique. The atomic charges and the indicator variable
for the presence or absence of the hydroxyl groups at either
the 4- or 8-position were used as independent variables.

Superposition of EBOB on picrodendrin Q

A CoMFA average ®eld was de®ned from the CoMFA

®elds of four highly active GABA antagonists that
appeared in our previous paper;18 TBOB (4-t-butylbi-
cycloorthobenzoate, or 4-t-butyl-1-phenyl-2,6,7-trioxa-

bicyclo[2.2.2]octane), H2BH-1 (5-(4-cyanophenyl)-
2,3:8,7-endo-4,6-dioxatricyclo[7.2.1.02,8]dodecane), com-
pound 18 (10,11-unsaturated analogue of H2BH-1), and

compound 22 (5-(4-chlorophenyl) analogue of com-
pound 18). The alignment of picrodendrin Q was done
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using the Field-®t procedure of SYBYL so that the
CoMFA steric and electrostatic ®elds of picrodendrin Q

®t as well as possible in the corresponding CoMFA
average ®elds. EBOB was aligned so that the root mean
square of the distances of the atomic positions of the

trioxabicyclooctane and benzene rings to the correspond-
ing atomic positions of TBOB was as small as possible.
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