solve this question, they also support the
receptor hypothesis.

REFERENCES AND NOTES

1. P. R. Turner, M. P. Sheetz, L. A. Jaffe, Nature 310,
414 (1984); M. Whitaker and R. F. Irvine, ibid.
312,636 (1984); P. R. Turner, L. A. Jaffe, A. Fein,
J. Cell Biol. 102, 70 (1986); P. R. Turner, L. A.
Jaffe, P. Primakoff, Dev. Biol. 120, 577 (1987); W.
B. Busa, J. E. Ferguson, S. K. Joseph, J. R. William-
son, R. Nuccitelli, J. Cell Biol. 101, 677 (1986); S.
Miyazaki, ibid. 106, 345 (1988); P. R. Turner and
L. A. Jaffe, in The Cell Biology of Fertilization, H.
Schatten and G. Schatten, Eds. (Academic Press,
Orlando, FL, in press).

2. D. Kline and L. A. Jaffe, Biophys. J. 51, 398a
(1987).

3. D. Kline, Dev. Biol. 126, 346 (1988).

4. P. M. Wassarman, Annu. Rev. Cell Biol. 3, 109
(1987). This reference describes the sperm receptor
protein, ZP3, in the mouse zona pellucida. A recep-
tor mediating sperm binding to the vitelline enve-
lope of the sea urchin egg has also been reported [N.
Ruiz-Bravo, D. Earles, W. J. Lennarz, Dev. Biol.
117, 204 (1986)].

5. L. Stryer and H. R. Bourne, Annu. Rev. Cell Biol.
2, 391 (1986); A. G. Gilman, Annu. Rev. Biochem.
56, 615 (1987); H. G. Dohlman, M. G. Caron, R.
J. Lefkowitz, Biochemistry 26, 2657 (1987); B. K.
Kobilka et al., Science 238, 650 (1987).

6. N. Dascal et al., Mol. Brain Res. 1, 201 (1986); Y.
Nomura, S. Kaneko, K. Kato, S. Yamagishi, H.
Sugiyama, ibid. 2, 113 (1987); T. Takahashi, E.
Neher, B. Sakmann, Proc. Natl. Acad. Sci. U.S.A.
84, 5063 (1987).

7. H. Liibbert et al., Proc. Natl. Acad. Sci. U.S.A. 84,
4332 (1987). The partial ¢cDNA clone for the
5HTc receptor, described in this reference, has
sequence homology with other receptors that acti-
vate G proteins (H. Lester, personal communica-
tion).

. T. Kubo et al., Nature 323, 411 (1986).

. K. Fududa et al., ibid. 327, 623 (1987).

. T. I. Bonner, N. J. Buckley, A. C. Young, M. R.
Brann, Science 237, 527 (1987).

11. M1 and M2 muscarinic receptor clones were provid-
ed by T. I. Bonner (10). For synthesizing M1
muscarinic ACh receptor RNA, genomic DNA en-
coding the human M1 receptor (10) was ligated into
the Sma I and Xho I sites of the Bluescript in vitro
expression vector (Stratagene). The M1 recombi-
nant was linearized with Xho I before transcription
with T3 polymerase (Stratagene). M2 muscarinic
ACh receptor RNA (10) was transcribed from the
human M2 receptor DNA cloned into the Pst I and
Bam HI sites of Bluescript. The M2 recombinant
was linearized with Not I before transcription with
T7 polymerase (Stratagene). The size and amount of
the M1 and M2 receptor transcripts were estimated
after electrophoresis in a 0.8% agarose gel, by using
RNA molecular size markers of known concentra-
tions.

12. R. D. Grey, M. J. Bastiani, D. J. Webb, E. R.
Schertel, Dev. Biol. 89, 475 (1982).

13. D. J. Webb and R. Nuccitelli, ibid. 107, 395
(1985).

14. L. A. Jaffe, R. T. Kado, S. Hagiwara, ibid. 67, 243
(1978); L. A. Jaffe and L. C. Schlichter, J. Physiol.
(London) 358, 299 (1985).

15. A. Peres and G. Bernardini, Pfluegers Arch. 404, 266
(1985).

16. G. Bernardini, M. Ferraguti, A. Peres, Gamete Res.
14, 123 (1986).

17. R. P. Elinson, Dev. Biol. 47, 257 (1975).

18. A. Ashkenazi et al., Science 238, 672 (1987).

19. E. J. Longo, J. W. Lynn, D. H. McCulloh, E. L.
Chambers, Dev. Biol. 118, 155 (1986).

20. M. Gould, J. L. Stephano, L. Z. Holland, ibid. 117,
306 (1986); M. Gould and J. L. Stephano, Science
235, 1654 (1987).

21. In noninjected immature oocytes, small ACh re-
sponses have been reported, even after apparent
defolliculation. These responses were rarely ob-
served in our experiments and, when present, were
much smaller than those seen after mRNA injection.

S \O o

22 JULY 1988

Responses to ACh were never seen in noninjected
mature eggs. Responses to SHT in noninjected
immature oocytes have been reported to be absent
or very small; they were not seen in our experiments.
[K. Kusano, R. Miledi, J. Stinnakre, J. Physiol.
(London) 328, 143 (1982); N. Dascal and S. Cohen,
Pfluegers Arch. 409, 512 (1987); (6-9)].

22. S. S. Cooperman, S. A. Grubman, R. L. Barchi, R.
H. Goodman, G. Mandel, Proc. Natl. Acad. Sci.
U.S.A. 84, 8721 (1987).

23. The somewhat smaller conductance seen with SHT
could be related to these eggs having been matured
in vitro, compared to in vivo maturation for the
fertilization series. Biological variation is also proba-
bly an important factor because a previous study
(13) reported a peak conductance of 13 pS during
fertilization of Xenopus eggs in F1 medium.

24. The series of experiments with M1 (Fig. 2C) was
done at a different season than the series of experi-
ments with sperm and SHT (Fig. 2, A and B); this
may account for the approximately 20% smaller
initial capacitance values in the M1 series. Another

study of the capacitance of the unfertilized Xenopus
egg gave an even smaller value (55 nF) (15), sup-
porting the idea that there may be considerable
biological variation among frogs. The shorter dura-
tion of the capacitance response may be due to
biological variation or may be a real difference
between sperm and ACh activation.

25. M. Charbonneau, M. Moreau, B. Picheral, J. P.
Vilain, P. Guerrier, Dev. Biol. 98, 304 (1983).

26. We thank L. F. Muncy for preparing oocytes and
histological sections; E. Brault and C. Batini for
providing the rat brain polyadenylated mRNA for
some carly experiments; and P. Brehm, W. B. Busa,
A. Fein, H. Lester, P. Primakoff, P. R. Turner, A. E.
Warner, and M. Whitaker for critical comments and
discussion. Some of the work was performed at the
Marine Biological Laboratory (MBL), Woods Hole,
MA. Support was provided by NIH training grants
to the embryology and neurobiology courses at
MBL and by NIH grants'(D.K., G.M., and L.A.J.).

28 March 1988; accepted 10 May 1988

RH 5849, a Nonsteroidal Ecdysone Agonist:
Effects on a Drosophila Cell Line

KerrH D. WING

The steroid molting hormone 20-hydroxyecdysone is the physiological inducer of
molting and metamorphosis in insects. In ecdysone-sensitive Drosophila K, cells, the
insecticide RH 5849 (1,2-dibenzoyl-1-tert-butylhydrazine) mimics the action of 20-
hydroxyecdysone by causing the formation of processes, an inhibition of cell prolifera-
tion, and induction of acetylcholinesterase. RH 5849 also competes with [*H]ponas-
terone A for high-affinity ecdysone receptor sites from K, cell extracts. Resistant cell
populations selected by growth in the continued presence of either RH 5849 or 20-
hydroxyecdysone are insensitive to both compounds and exhibit a decreased titer of
measurable ecdysone receptors. Although it is less potent than 20-hydroxyecdysone in
both whole-cell and cell-free receptor assays, RH 5849 is the first nonsteroidal

ecdysone agonist.

HE TWO NONPEPTIDE HORMONES
known to regulate insect metamor-
phosis and development are the ses-
quiterpenoid juvenile hormone and the ste-
roid molting hormone 20-hydroxyecdysone
(Fig. 1) (2). Juvenile hormone, which is
responsible for maintenance of a larval or
nymphal state in immature molting insects,
has been the subject of intensive chemical
research and has served as a model for an
entire class of structurally diverse molecules
that mimic juvenile hormone (2). By con-
trast, although the use of ecdysones as insec-
ticides has been considered (3), progress has
been hampered by the structural complexity
and synthetic inaccessibility of the active
steroids for commercial scale field applica-
tion. In addition, insects have developed
powerful mechanisms for catabolizing and
clearing ecdysones between molts (4). Thus
the molting hormones have received little
attention from the pesticide industry.
The discovery made over 50 years ago
that keto-phenanthrenes can have estrogenic

Research Labs, Rohm and Haas Co., Spring House, PA
19477.

effects spawned both an active area of basic
biomedical research and an approach to
novel drug development (5). However, the
absence of such nonsteroidal ecdysone ago-
nists and antagonists has prevented similar
advances in the field of insect endocrinol-
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Fig. 1. Structures of (top) the invertebrate molt-
ing hormone 20-hydroxyecdysone and (bottom)
RH 5849.
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ogy. I report here that the insecticide RH
5849 [1,2-dibenzoyl-1-tert-butylhydrazine
(Fig. 1) (6)] is a nonsteroidal ecdysone
agonist in Drosophila K. cell extracts and
whole cells and in larval Lepidoptera (7).
The K. cell line, originally derived from

Fig. 2. Scanning electron micrographs of Drosoph-
ila K, cells after treatment with (A) DMSO carrier
(B) 1 x 107°M 20-hydroxyecdysone and (C)
1 x 107*M RH 5849. Note that the cells in (B)
and (C) have become irregularly shaped, have
clumped, and have formed long, spindly process-
es. Cells were incubated with the compound for
48 hours in M3 medium (18) containing 12.5%
fetal bovine serum (Gibco). The cells were then
allowed to stick for 30 min to glass slides coated
with polylysine (Sigma, molecular weight
>300,000). After being fixed in 2.5% glutaralde-
hyde (Sigma) in 0.1M sodium cacodylate (pH
7.4) buffer for 30 min, they were fixed for 60 min
in 1% osmium tetroxide in cacodylate buffer. The
samples were dehydrated through a 30 to 100%
ethanol series (10 min per wash), incubated in 50
and then 100% amyl acetate for 10 min each, and
dried in a Denton DCP-1 Ciritical Point Drying
Apparatus. They were then gold-coated in a Den-
ton Desk II Sputter Coater before examination
with an Amray 1200C Scanning Electron Micro-
scope. All cells used in this study were from
A3ALl1 clone provided by P. Cherbas.
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Drosophila embryos (8), has proved to be an
excellent model system for the study of
ecdysone action on differentiation and mor-
phogenesis (9) and early events in genomic
regulation of protein synthesis (10). Naive
K. cells divide every 24 hours and are
roughly spherical; however, they differenti-
ate after exposure for 2 days or more to
ecdysones by halting their proliferation,

clumping tghty, and forming long,
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Fig. 3. Both 20-hydroxyecdysone (20-OH E) and
RH 5849 induce process elaboration (A) and

inhibition of cell proliferation (B) in K cells in a

dosc-dcg)cndent manner. Initial cell density was
2 X 10° cells per milliliter; after incubation of 1-
ml aliquots of the cells with the compound for 48
hours the cells were triturated gently. The per-
centage of cells responding [with processes longer
than approximately 17 pm (11)] and total cell
density were determined by hemocytometer
counting, relative to ethanol (1 ul)-treated con-
trols. Determinations were in triplicate for each
dose. Data are means + SD. For 20-hydroxyecdy-
sone ECso was 0.035 pM, whereas for RH 5849,
ECso was 4.8 pM. This was a 148-fold difference
[+35 (SD)] for three separate determinations.

Fig. 4. Induction of acetylcholinesterase by vary-
ing concentrations of 20-hydroxyecdysone and
RH 5849. K, cells at an initial density of 3 x 10°
cells per milliliter (10 ml per sample) were incu-
bated with the agonist for 3 days. After harvesting
by centrifugation at 3000g, the cell pellets were
washed with Robb’s Drosophila saline (19) (twice
with 5 ml) at 4°C, then lysed by sonication in 1 ml
of 0.1M phosphate buffer (pH 7.4) that contained
0.5M NaCl, 0.25M EDTA, and 0.5% Triton X-
100 (12). After centrifugation at 16,000¢ the
supernatants were assayed for acetylcholinesterase
activity by an adaptation of the method of Ellman

branched processes (11). RH 5849—treated
cells were in all respects indistinguishable
morphologically from  20-hydroxyecdy-
sone—treated cells (Fig. 2). However, the
hormone concentration for 50% of maximal
response or ECso (0.035 pM) was about
1/137 of that for RH 5849 (ECso = 4.8
M) as measured by process elaboration and
inhibition of proliferation (Fig. 3). These
characteristic responses have heretofore
been restricted to active ecdysones and can-
not be induced by cyclic nucleotides, di-
methyl sulfoxide, various mammalian
growth factors, or serum deprivation (11).

In addition, both 20-hydroxyecdysone
(ECsp = 0.007 nM) and RH 5849
(ECsp = 1.05 wM) cause an increase in the
specific activity of acetylcholinesterase (Fig.
4), also a response previously restricted to
the ecdysones (12). 20-Hydroxyecdysone is
150 times as potent in this assay as RH
5849. The slopes of the dose-response
curves for process elaboration, cell density,
and acetylcholinesterase induction are
roughly parallel for both compounds, argu-
ing for the action of both the steroid and
RH 5849 at the same receptor but with
different affinities.

Figure 5A shows a Scatchard plot of
[*H]ponasterone A (13) binding to K, cell
cytosol extracts in the presence of RH 5849;
increasing concentrations of RH 5849 lead
to an increase in the equilibrium dissocia-
tion constant (Kg), whereas the concentra-
tion of the maximum number of ligand
binding sites (Bmax) remains the same.
These binding thermodynamics indicate a
competitive mode of inhibition of [*H]pon-
asterone A binding and imply that ponaster-
one A and RH 5849 share a common
binding domain in the receptor. The experi-
mentally determined value of Ky from the
binding isotherm in the absence of RH
5849 (0.29 nM) is lower than a value re-

-1
% 1604 20-OH E RH 5849
2 o 1 -
gg 140+ /7 /
o E 1001 !
£
S8 80 h
e )
T e 4 0
EE 201 $--0 &
£ O

0 0.001 0.01 0610 1.00 10.0 100.0
Agonist concentration (uM)

et al. (20), by subtracting any 412-nm absorbance observed in incubations in the presence of 2 x 107°M
eserine sulfate. Thus reaction mixtures contained 50 pl of enzyme extract, 20 pl eserine (blank tubes
only), and 1.0 ml of 0.5 mM acetylthiocholine, 0.3 mM dithiobisnitrobenzoic acid in 0.1M phosphate
buffer (pH 7.1). Incubations were at 25°C for 2 hours; reactions in active tubes were terminated by
addition of eserine. Absorbance at 412 nm was then measured. Protein concentration in extracts was
measured by the Bio-Rad method (15). Data are means of triplicate cell incubations plus or minus the
standard deviation. After subtraction for eserine-sensitive acetylcholinesterase activity in nontreated
cells (30 nmol/hour per milligram of protein) the values for ECs, for 20-hydroxyecdysone and RH
5849 were determined to be 0.007 and 1.05 pM, respectively, a 95-fold difference [+27 (SD)] for three

separate determinations.
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Fig. 5. (A) Scatchard 1.5
plot of [*H]ponasterone A
A binding to K. cell
cytosolic receptor  ex-
tracts (21) in the pres-
ence of differing concen-
trations of RH 5849.
RH 5849 was added in
1 pl of DMSO to 50 pl
of radioligand in 10 mM
tris buffer (pH 7.2) and
50 pl of undiluted cyto- -

sol extract. After incuba- -
tion overnight at 0.5°C
bound label was separat-
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washed charcoal (Sigma)
and 0.1% Dextran T70
(Pharmacia) in tris
buffer,  centrifugation
(13,000¢, 3 min, 4°C),
and determination of ra-
dioactivity by  liquid
scintillation  spectrome-
try of a 300-pl aliquot
of the supernatant in 15
ml of Hydrofluor (Na-
tional Diagnostics).
Points represent single
tubes; all data are cor-
rected for nonspecific
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unlabeled 20-hydroxyecdysone). For incubations in the absence of RH 5849, Ky = 0.30 + 0.02 nM
and Bpax = 0.71 £ 0.02 nM (mean * SD, for three separate determinations). (B) Relative ability of
20-hydroxyecdysone and RH 5849 to displace [*H]ponasterone A from cytosolic receptor extracts.
Conditions were as in (A) except that only 0.5 nM ponasterone A was used. Points are means of

duplicate ~ determinations.  For

20-hydroxyecdysone

ECso=0.1 £0.01; for RH 5849

ECsp = 3.03 £ 0.59 M (mean *+ SD, for five separate determinations). Control binding was 10 fmol
of [*H]ponasterone A bound per milligram of cytosol protein.

ported in the literature (Kgq = 3.4 nM) (14)
and seems to be due to use of a different
batch of radioligand. The observed Bpax
(0.71 nM) is consistent with that reported
previously (Bmax = 1.4 nM) (14). 20-Hy-
droxyecdysone (ECso = 0.1 wM) is 30
times more potent than RH 5849
(ECso = 3.0 uM) at displacing 0.5 nM
[*H]ponasterone from its receptor (Fig.
5B).

When K, cells are incubated for 4 weeks
in cither 1 X 107®M 20-hydroxyecdysone
or1 x 107*M RH 5849, the surviving cells
do not respond to either compound by
elaborating processes or slowing their pro-
liferation. Both of these resistant popula-
tions also show a dramatically reduced ca-
pacity to bind [*H]ponasterone A relative to
untreated cells (15). This cross-resistance is
compelling evidence that 20-hydroxyecdy-
sone and RH 5849 act through the ecdy-
sone receptor.

The benzoylphenylurea insect growth
regulators Dimilin and CGA-112913 (16) at
saturating concentrations failed to produce
ecdysone-like responses in whole K. cells
and did not displace [*H]ponasterone A
from cytosolic receptor extracts. Thus, at the

22 JULY 1988

biochemical and cellular levels RH 5849 is
distinct in its actions from the benzoylphen-
ylureas.

The ecdysone receptors of Drosophila cells
and tissues have become the focus of increas-
ing research interest and seem to be repre-
sentative models for other steroid hormone
receptors (17). My data indicate that the
insecticide RH 5849 and its analogs could
prove to be useful tools with which to study
ecdysone action. RH 5849 and its analogs
are more synthetically accessible than the
steroids, and thus could be used to “map”
the receptors, or to provide affinity ligands
for purification. In tissues and whole orga-
nisms, these compounds could aid in the in
vivo localization of receptors, and possibly
in classification of ecdysone receptors in
invertebrate phyla based on binding to se-
lected agonists.

Note added in proof: The kinetic off-rate
constant kg for the binding of [*H]ponaster-
one A to the receptor is unaffected by the
presence of 3 wM RH 5849, while the on-
rate k, is lowered. These data are consistent
with ponasterone A and RH 5849 binding
to a common as opposed to an allosteric
receptor site.
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