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The rare phytoecdysteroid canescensterone is a potent acti-
vator of both natural and engineered ecdysteroid receptor
(EcR) gene-expression systems. This steroid also shows a re-
markable selectivity towards non-lepidopteran compared
with lepidopteran EcRs in gene-switch assays, a property
that makes it a novel candidate lead compound for use in
insecticide discovery and gene-switch design. Canescen-
sterone possesses an unusual ecdysteroid structure, includ-
ing a pyrrole-2-carboxylate group attached to C-24, a moiety

not yet found in any other natural ecdysteroid. We have in-
vestigated the ambiguous stereochemistry at C-24 of this ste-
roid by 1D and 2D solution NMR experiments, which re-
sulted in the assignment of the 24R-configuration and deter-
mination of the side-chain conformation. The complete
stereochemical assignment allowed the generation of dock-
ing models of canescensterone in both a lepidopteran EcR
and a non-lepidopteran EcR, which helps to explain its selec-
tive biological activity.

Introduction

Phytoecdysteroids are plant steroids chemically related to
the insect ecdysteroid hormone 20-hydroxyecdysone (20E;
1, Figure 1), which coordinates major events in insect devel-
opment, notably embryogenesis, moulting and metamor-
phosis.[l Structurally, they are characterised by a high de-
gree of hydroxylation (typically at the 2-, 3-, 14-, 20-, 22-
and 25-positions), an a,B-unsaturated ketone at the 6/7-po-
sition and a cis-A/B-ring junction. Ecdysteroid hormonal
actions are triggered by the recognition of hormonally
active molecules by ecdysteroid receptors (EcRs), nuclear
transcription factors found in arthropods and probably
other invertebrate phyla too.”) 20E is the most common
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moulting hormone among arthropods and also the most
widespread plant-derived ecdysteroid (phytoecdysteroid).
Several hundred 20E related analogues have been identified
from plants,®! where they accumulate as part of defence
strategies against arthropod predators through the disrup-
tion of moulting hormone activity on ingestion or by im-
parting anti-feedant activity.[*l

As a consequence of their ability to mimic the actions
of arthropod moulting hormones while being non-toxic to
vertebrates, phytoecdysteroids are interesting lead com-
pounds for the development of environmentally friendly in-
vertebrate pest control agents.’1 Furthermore, steroidal and
non-steroidal ligands for natural and mutated EcRs have
been used successfully in EcR-based inducible gene expres-
sion systems for the modulation of the expression of a gene
of interest within a host celll® and animal models.”! Gene-
switch technology finds applications in several fields of the
life sciences, including functional genomics, drug discovery
and gene therapy.[®8 Because neither ecdysteroids nor
their cognate receptors are synthesised in vertebrates, EcR-
based gene switches are attractive systems for the regulation
of genes of interest such as therapeutic genes in vertebrates,
including humans.[®!

Over 200 ecdysteroids and related compounds have been
screened for ecdysteroid activity to date, primarily by means
of the fruit fly (Drosophila melanogaster) By cell assay.l]
Among them, canescensterone (2; Figure 1) is distinguished
by its very high potency (ECsy = 5.2 1071°m). The By
cellular activity of 2 is similar to that of the most active
ecdysteroid known to date, ponasterone A (PoA, 25-de-
oxy20E; ECsy = 2.3X 1079 M), and almost 15-fold higher
than that of 20E itself (ECs, = 7.5X 10~ m). Several phy-
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2: canescensterone

Figure 1. Structures of canescensterone and related analogues.

toecdysteroids, including PoA and muristerone A (5B,11a-
dihydroxyPoA), have been previously established as effec-
tive EcR-based gene-switch actuators in mouse models
using non-therapeutic reporter genes.’>!%1 However, these
ecdysteroids are simply non-selective across EcRs from dif-
ferent species. In contrast, canescensterone shows a remark-
able selectivity for non-lepidopteran EcRs, with an approxi-
mately 50-fold increase in potency and almost 5000-fold in-
crease in efficacy over lepidopteran EcRs (moths and but-
terflies) when measured against a set of 10 EcRs represent-
ing nine arthropod species in a common gene-switch for-
mat.l1

Canescensterone is a rare phytoecdysteroid isolated from
the bark of Vitex canescens, a tree endemic to Thailand.['?!
This compound possesses an unusual ecdysteroid structure
insofar as it lacks the typical hydroxy group at the 22-posi-
tion, which usually enhances activity, whereas it bears a
pyrrole-2-carboxylate group attached to C-24, a moiety not
yet found in any other natural ecdysteroid. The unexpec-
tedly high hormonal activity of canescensterone has been
associated with the presence of the pyrrole-2-carboxylate
substituent at C-24.113] However, the stereochemistry at C-
24 has been ambiguous until now and consequently its
structure-activity relationship has remained unclear. Be-
cause configurations can only be determined by NMR spec-
troscopy when the conformation is known, the main diffi-
culty in determining the configuration was that C-24 is in
a potentially flexible side-chain and thus several conforma-
tions have to be taken into account. Moreover, the very
limited amount of this phytoecdysteroid from natural
sources, the arduous chromatographic isolation and a chal-
lenging synthetic chemistry have further hampered its struc-
5792
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3: pinnatasterone

tural investigation. In recent studies, a residual dipolar cou-
pling (RDC)-based approach has been used for the stereo-
chemical analysis of some natural products.'¥ However, in
the case of canescensterone, the small amount of available
sample prohibited the measurement of RDCs. Therefore we
investigated the ambiguous stereochemistry at C-24 of
canescensterone by robust and established 1D and 2D solu-
tion NMR experiments.

Results and Discussion

Canescensterone (2; Figure 1) is the 24-O-(pyrrole-2-
carboxylate) ester of pinnatasterone (3; Figure 1), a minor
ecdysteroid from Vitex pinnata”* Upon hydrolysis with
guanidine, canescensterone can be transformed into pinnat-
asterone,!'?l which indicates the same stereochemistry of the
steroid ring system and the side-chain at C-17. In the Musca
domestica bioassay, canescensterone showed higher activity
than pinnatasterone, which indicates the importance of the
substituent. Moreover, dependent on the side-chain, the ste-
reochemistry at C-24 can influence the biological activity,
as was shown for 24-epi-pterosterone which is seven-fold
less active than pterosterone.’>) However, the phytoecdys-
teroids with a simple 24-OH substitution identified so farl?!
provide no clear precedent for a stereochemical assignment
at C-24, as exemplified by three pairs of epimers: pinnatas-
terone (3) and 24-epi-pinnatasterone, abutasterone and 24-
epi-abutasterone, and pterosterone and 24-epi-pteros-
terone.[?”]

An incomplete assignment of canescensterone in [Dg]pyr-
idine has previously been published by Suksamrarn et al.[?]
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To determine the absolute configuration of C-24, it was nec-
essary to assign the molecule completely, including the side-
chain. This was achieved by a combination of 1D 'H NMR,
2D 'H-'H PE.COSY, 'H-'H NOESY, 'H-'H TOCSY, 'H-
13C HSQC and "H-'3C HMBC spectra, which were mea-
sured in DMSO using less than 1 mg of the compound. The
'H and '3C NMR chemical shifts obtained for canescen-
sterone (2) are listed in Table S1 of the Supporting Infor-
mation).

Stereochemical NMR Analysis

There are two stereocentres in the acyclic side-chain sep-
arated by three single rotatable bonds. It is already known
that the stereocentre at C-20 is S, but the absolute configu-
ration of ecdysteroids with an identical pattern of substitu-
ents has not been determined. In this study we addressed
the absolute configuration at C-24. To transfer the stereo-
chemical information from C-20 to C-24, a J- and NOE-
based conformational analysis was performed. Because the
coupling constants separated by three bonds (3Jyyy or 3Jcy)
are directly related to their dihedral angles they are particu-
larly useful for this purpose. We extracted homonuclear
3Jun coupling constants from a P.E. COSY spectrum. Ow-
ing to the very limited amounts of the compound, hetero-
nuclear long-range 3Jcy couplings at natural abundance
could not be determined accurately and therefore only a
qualitative interpretation of the coupling constants could
be obtained. Strong signals in the '*C HMBC spectrum
indicate large 3Jy coupling constants whereas weak signals
or no signals suggest small 3Jcy coupling constants. Thus,
with the help of reference coupling constants, we could de-
cide whether the respective atoms are anti or gauche in the
staggered rotamers. Additional support for stereochemical
assignments came from NOESY data. In this respect, NOE
integrals, usually categorised as strong, medium or weak,
were considered. The predictions were then compared with
model structures. The side-chain of canescensterone con-
sists of five rotatable bonds. To determine the main confor-
mation of the side-chain, a J- and NOE-based conforma-
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tional analysis was extensively used for each bond. The pre-
dicted main conformers of the staggered form of each C,
fragment along with the J couplings and NOESY data are
depicted in Figures 2, 4 and 5.

In the C17-C20 fragment, the absolute configurations of
C-17 and C-20 were already known. Within the fixed abso-
lute configuration of a C, fragment there are three possible
conformations (Figure 2). Because 17-H has no HMBC sig-
nal to C-21 and C-22, it was deduced that 17-H is in a
gauche position with respect to C-21 and C-22. By this ar-
gument, only conformer 1-b was possible, representing the
trans orientation between C-13 and C-22. Further support
for conformer 1-b could be found in the NOESY spectrum;
21-H has a strong NOE with 17-H, the intensity of which
is comparable to that of the NOE between 1-He and 18-H.
Atoms 18-H and 1-He are in a gauche conformation with
respect to each other and both atoms are a part of the rigid
ring system. Furthermore, there are strong NOEs between
21-H/12-He and 21-H/12-Ha such that the possibility of
conformation 1-a could be excluded. The expected NOEs
presented in Figure 3 show clearly that if conformation 1-a
were the major one, the strong NOEs should not be seen.

For the C20-C22 fragment there are three conformations
possible. Owing to the prochiral protons at C-22, 22-Ha
and 22-Hb, with 22-Ha as the proton at low field and 22-
Hb at high field, two assignments are possible for each of
the conformations. The Newman projections in the top half
of Figure 4 differ from those in the bottom half by exchang-
ing the assignment of these two prochiral protons. The
HMBC spectrum shows that C-17 has a much larger cou-
pling to 22-Hb than to 22-Ha based on the intensity of the
respective cross-peaks. The intensity of the signal between
C-17 and 22-HD is comparable to that of the cross-peaks
between C-17 and 15-Ha. The bond between C-17 and 15-
H is part of a rigid ring system and the two atoms are ne-
arly in an antiperiplanar conformation relative to each
other. This means that C-17 and 22-Hb are also antiperi-
planar in the staggered rotamers. From this observation,
only conformers 2-b and 2-d are possible. Furthermore, C-
21 shows very weak cross-peaks to both 22-Hb and 22-Ha,
and 21-OH shows a larger NOE to 22-Hb than to 22-Ha.

Cc22 (o] Cc21
Cc13 Cc16 C13 Cc16 C13 C16
OH Cc21 Cc21 C22 Cc22 OH
H17 H17 H17
1-a 1-b 1-c
Fragment 3JHH (Hz) Selected 3JCH Selected NOEs
C17-C20 - H17-C21 (n) H21-H17 (s)
- H21-H12a (s)

H17-C22 ()
- H21-H12e (s)

Figure 2. Three possible conformers of the C17-C20 fragment. The framed conformer is the determined main conformation. Selected
3Jcn couplings and NOE integrals in the table below are qualitatively classified: no signals (n) and strong signals (s).
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Strong NOEs
between H21
and H12

conformer 1-b

No strong NOEs _-*~ ===
between H21 ,-* .
and H12 4

HO,

HO

conformer 1-a

Figure 3. Expected NOE signals between 21-H and 12-H in conformers 1-b and 1-a. The strong NOE integrals in the NOESY spectrum
additionally support our conclusion that the conformer 1-b is the major conformer of the C17-C20 fragment.

c23 H22b H22a
c21 OH21 c21 OH21 c21 OH21
H2b H22a H22a c23 c23 H22b
c17 c17 c17
2-a 2-b 2-c
c23 H22a H22b
c21 OH21 c21 OH21 c21 OH21
H22a H22b H22b C23 C23 H22a
c17 c17 ci7
2-d 2-e 2f
Fragment *Juu (Hz) Selected *Jcy Selected NOEs
C20C22 - C17-H22b (s) OH-H22b (s)
- C17-H22a (w) OH-H22a (w)

C21-H22a (w)
C21-H22b (w)

H22a-H17 (s)

Figure 4. Possible conformers of the C20-C22 fragment. The Newman projections on top differ from those at the bottom by exchange
of the assignments of the prochiral protons. The framed conformer is the determined main conformation. Selected 3Jcy; couplings and
NOE integrals in the table below are qualitatively classified: weak signals (w) and strong signals (s).

This supports the idea that 2-b is the major conformer and
therefore 22-Ha, with a chemical shift of 1.367 ppm, was
assigned as pro-R and 22-Hb as pro-S. Based on the C-17/
22-Ha torsional angle of +60° and the 17-H/C-22 torsional
angle of —60°, a very strong NOE cross-peak between 22-
Ha and 17-H was expected and observed (see below). In
this conformation the methyl group at C-21 is trans to C-
23.

With the assignment of the prochiral protons at C-22,
the prochiral protons at C-23 could subsequently be as-
signed. As in the previous step, three conformations for
each prochiral assignment are possible. The 3/ values of
the C-22 and C-23 atoms determined from the PE.COSY
spectrum are reported in Table 1. The 3Jyy values observed
between 22-Ha and 23-Hb, and 22-Hb and 23-Ha are in
the 13.3-13.4 Hz range whereas the values between 22-Ha
and 23-Ha, and 22-Hb and 23-Hb are in the range of 4.10-
4.30 Hz. This clearly suggests a major conformer with a
trans orientation of the carbon substituents at C-20 and C-
24, which was further supported by two other sets of NMR
5794
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data: first, C-20 has neither an HMBC cross-peak with 23-
Ha nor with 23-Hb and, secondly, 23-Ha has a larger NOE
with 22-Ha than with 22-Hb. In this way, 23-Ha, with a
chemical shift of 1.768 ppm, was assigned as pro-R and 23-
Hb as pro-S.

Table 1. NMR analysis of various fragments.?!

Fragment  3Jyy (Hz) Selected 3Jcy Selected NOEs
C22-C23 3 iamatinz = 425 C20-H23a (n) H23a-H22a (s)
3 amats = 13.33 C20-H23b (n) H23a-H22b (w)
“Jrob-p23a = 1340 — -
b = 415 - -
C24-C25 - C26-H24 (s) H24-H27 (s)
- C27-H24 (w) H24-H26 (w)
— - OH-H23a (s)
- - OH-H23b (s)
- - OH-H24 (s)

[a] Selected 3Jy couplings and NOE integrals in the table are qual-
itatively classified: no signals (n), weak signals (w) and strong sig-
nals (s).

Eur. J. Org. Chem. 2010, 5791-5799
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OR Cc25 H24
H23 H23a H23b H23a H23b. H23a
H24 C25 RO H24 C25 OR
C22 Cc22 C22
3-a 3-b 3-c
OR C25 H24
H23b. H23a H23b. H23a H23b H23a
c25 H24 H24 OR RO C25
c22 Cc22 Cc22
3-d 3-e 3f
Fragment 3JHH (Hz) Selected 3JCH Selected NOEs
C23-C24 3.]].{233,}124 =1.54 C25-H23a (Il) -

> Juzsp-roa = 10.96

C25-H23b (n) ~
C22-H24 (m) -

Figure 5. Possible conformers of the C23-C24 fragment. The Newman projections on top differ from those below by exchange of the
assignments of the prochiral protons. The framed conformer is the determined main conformation. Selected 3Jcy couplings and NOE
integrals in the table below are qualitatively classified: no signals (n), medium-strong signal (m).

Figure 6. The main conformation of the side-chain of canescensterone, as determined by extensive J and short-range NOE analyses, is

further corroborated by the presence of several long-range NOEs.

In the analysis of the C23-C24 fragment, six conformers
again had to be compared (Figure 5). Because C-25 shows
no HMBC cross-peak to 23-Ha and 23-Hb, conformers 3-
b and 3-e are possible. Because 24-H has a small homonu-
clear coupling constant with 23-Ha (*Jyy = 1.54 Hz) and a
large coupling with 23-Hb (3Jyy = 10.96 Hz), it was de-
duced that conformer 3-b is the major one, again with a
trans orientation of the carbon substituents at C-22 and C-
25. In addition, there is a minor conformer 3-¢, which can
be seen from the existence of a medium HMBC cross-peak
between 24-H and C-22. From this information it was con-
cluded that the absolute configuration at C-24 is R.

By using long-range NOEs, the two prochiral methyl
groups at C-25 could be assigned. On the basis of the NMR
results reported in Table 1, the dominating conformer of
the C24-C25 fragment has a trans orientation between the
oxygen substituents at C-24 and C-25. NOEs from the pyr-
role substituent to protons of the side-chain were not de-

Eur. J. Org. Chem. 2010, 5791-5799
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tected, likewise the HMBC signal between 24-H and COO
(ester) indicated no conformational preferences for the pyr-
role-2-carboxylate substituent.

Based on the above conclusion, the major conformer of
canescensterone with the correct configuration R at the ste-
reocentre C-24 is shown in Figure 6. Long-range NOEs
cross-validated this conformer: 1) two strong long-range
NOEs between 17-H and 22-Ha, and 22-Ha and 24-H and
2) 23-Ha and 23-Hb have considerably stronger NOEs with
26-H than with 27-H. These two arguments give additional
support to the proposed configuration of the side-chain of
canescensterone.

Configuration of the Side-Chain

Ecdysone, 20E and several other members of the ecdys-
teroid class possess a high degree of hydroxylation which
supports the formation of a water network. This was shown

5795
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in the X-ray analysis of suitable crystals.?®) The conse-
quences are at least two-fold. 1) The biological activity is
modulated, as exemplified by a thermodynamic analysis of
the binding of 20E to the ecdysteroid receptor EcR—Ultras-
piracle complex.[>2) Comparison with the complex formed
with PoA, which only differs from 20E by the absence of
the 25-OH group, shows the gain in the binding energy
through the 25-OH group in 20E is counterbalanced by its
larger desolvation cost.?°41 This interpretation may explain
the higher affinity of PoA compared with 20E. 2) The ste-
reochemical analysis of the side-chain might be heavily in-
fluenced by the presence or absence of substituents, in con-
junction with the solvent used. In our experiments DMSO
might favour a dominating conformation of the side-chain,
thereby facilitating the transfer of stereoinformation. In ad-
dition, the unusual pyrrole-2-carboxylate substituent masks
one of the OH groups, but at the same time favours steri-
cally and stereoelectronically the trans orientation of the
oxygen substituents at C-24 and C-25. Although we have
identified only a small number of structural factors, the
side-chain appears to be conformationally rigid enabling
our type of configurational analysis. This is promising for
a number of steroids with side-chains of unknown stereo-
chemistry that might also be more rigid than anticipated.
In canescensterone there are two methylene groups be-
tween C-24 and the tetracyclic ring of the steroid. Interest-
ingly, a literature search revealed that the side-chain config-
uration for a number of ecdysteroids, especially with two
methylene groups in the side-chain, has only been assigned
tentatively.’*?71 In the past, differences in chemical shifts
were used to identify the configuration at C-24.281 However,
some ecdysteroids show negligible differences in their '*C
chemical shifts even though they represent epimers (e.g.,
20,26-dihydroxyecdysone).”! On the basis of our study we
therefore anticipate that by a similar approach to that
shown for canescensterone, the configuration at C-24
should be determined unambiguously. Another class of mo-
lecules with similar constitution and undetermined configu-
ration are cucurbitanes, triterpenoids typically found within
Cucurbitaceae. Spectral comparisons with literature data
were used to identify the configurations of a number of cu-
curbitane glycosides with side-chains similar to canescen-
sterone.[3%1 However, at least in the case of two compounds
(Siamenoside I and 11-oxomogroside V), reference to Kasai
et al.BY does not allow an unambiguous assignment of the
configuration at C-24. Again, a similar approach to that
described for canescensterone should resolve the ambiguity.

Models of the Ecdysteroid Receptor—Canescensterone
Complex

Canescensterone diverges from most 20E analogues,
which are generally non-selective towards insect species, in
that it favours non-lepidopteran EcRs. In a multi-receptor
gene-switch screening employing 10 different EcR ligand-
binding domains (LBDs) from nine arthropod species, this
phytoecdysteroid showed an approximately constant in-
5796
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crease in responsiveness towards the six non-lepidopteran
EcRs over the four lepidopteran EcRs studied, both in
terms of potency (ECsy) and efficacy [RMFI (maximum
fold induction relative to a gene-switch activator stan-
dard)].l'! In particular, the highest responsiveness was ob-
tained with the EcR from the homopteran Bemisia ar-
gentifolii (Ba; silverleaf whitefly) for which ECsy = 0.2 um
and RMFI = 4.881 (cf. ECsy > 10 um and RMFI = 0.001
with lepidopteran EcRs). The screened lepidopteran recep-
tors include a variant EcR from the lepidopteran Choris-
toneura fumiferana (Cf; spruce budworm), dubbed VY-
CfEcR.[18:32]

The complete stereochemical assignment of canescen-
sterone allowed a docking study to be undertaken aimed at
unravelling the molecular basis of canescensterone selectiv-
ity. BaEcR and VY-CfEcR are suitable representative pro-
teins for this task, not only because of the availability of
homogeneous activity data with both these receptors,!'!] but
also because of the existence of X-ray crystallography data
for identical or closely related EcCR LBDs complexed to an
ecdysteroid analogue, that is, the EcCR LBDs from the he-
mipteran Bemisia tabaci (Bt; sweet potato whitefly) com-
plexed with PoA,['*1 which is identical to the BaEcR LBD,
and the lepidopteran Heliotis virescens (Hv; tobacco bud-
worm) complexed with PoA?%! and 20E,2%] which differs
for two residues from the VY-CfEcR LBD. The binding
pose of the ligand is essentially identical in all the ecdys-
teroid-bound EcR crystal structures deciphered to
date.[1%20-33] Moreover, the pattern of ligand—receptor inter-
actions is maintained, including the hydrogen bonds involv-
ing 2-OH, 3-OH, 14-OH, 20-OH, 22-OH and, in the case
of 20E, 25-OH. Previous canescensterone docking models
were generated by manually superimposing both 24-epimers
of the steroid (because the stereochemistry at C-24 was un-
known) on the crystal structure of PoA in its EcR-bound
conformation.l''] Herein, we report a computer-aided mo-
lecular docking study of canescensterone using the 24 R-epi-
mer as the correct formula (2).

Docking calculations were performed by using the
GOLD genetic algorithm for the ligand 2 in both BaEcR
LBD and VY-CfEcR LBD. Notably, for each of these com-
plexes, the docked ligand resulted in substantially the same
orientation as 20E and PoA in their respective EcR-bound
crystal structures (Figure 7, I and II). Thus, the GOLD al-
gorithm was able to identify the correct steroid-binding site
of the EcR and detected the same binding pose for the ste-
roid core of canescensterone as for 20E and PoA.

The binding pocket in the docked complexes is character-
ised by a hydrophobic region (Figure 7, orange contours)
that embraces the steroid ring system of 2 and extends
towards the ligand side-chain. The 24-pyrrole-2-carboxylate
group overlaps with the extended C20-C27 side-chain of
the PoA or 20E crystal structures with the pyrrole ring in
van der Waals contact with Ba-W445 and C427 (VY-Cf-
W521 and C503, respectively). Thus, the docking pose of 2
differs from the 20E and PoA crystal structures with respect
to the orientation of the C25-C27 steroid tail as the rela-
tively bulky pyrrole-2-carboxylate group of 2 is best accom-

Eur. J. Org. Chem. 2010, 5791-5799
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Figure 7. Docking models of (24R)-canescensterone (2; carbon
atoms in green) in the binding cavity of I) the homopteran BaEcR
(carbon atoms printed in cyan) superimposed on the BtEcR-bound
ponasterone A crystal structure (carbon atoms printed in yellow)
and II) the lepidopteran VY-CfEcR (carbon atoms printed in pur-
ple) superimposed on the HvEcR-bound 20-hydroxyecdysone crys-
tal structure (carbon atoms printed in grey). Part III is a superim-
position of part I and part Il (in part I1I, the VY-CfEcR-docked
(24 R)-canescensterone is represented by carbon atoms printed in
black). Atom colour code: red for oxygen, blue for nitrogen and
grey for sulfur. Proximal secondary structure designations are in
black and more distant ones are in gray. Only selected residues
within 4.0 A of 2 that are important for the binding are displayed.
Dashed lines indicate hydrogen bonds between 2 and amino acid
residues. Blue labels refer to residues that differ between the two
EcRs. The hydrophobic surface (orange contours) of the binding
cavity of each receptor is displayed (isovalue: 0.83).
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modated in the ample and hydrophobic region of the pocket
formed by portions of helices 10-12.

The pattern of hydrogen-bonding interactions between
the steroid ring system (2-OH, 3-OH, 14-OH), the 20-OH
and the C-6 carbonyl of 2 and each of the two docked re-
ceptors is similar to those observed in the EcR-bound 20E
and PoA crystal structures (cf. hydrogen-bonded residues
Ba-A319, E232, R304, T267, T264, Y329 and A319). Over-
all, the major distinction between the docked BaEcR and
VY-CfEcR complexes involves the region in contact with
the 25-OH of 2. In the BaEcR complex, this group points
towards an hydrophilic area formed by Ba-T337 (7-H) and
T426 (11-H), with which it may form one or possibly two
hydrogen bonds (3.039 and 3.420 A between the 25-OH of
2 and the T337 and T426 hydroxy group oxygen atoms,
respectively). In contrast, when the VY-CfEcR binding
pocket is presented with the 25-OH of 2, analogous hydro-
gen bonds are simply not possible owing to the lipophilic,
non-hydrogen-bonding side-chains of the corresponding
residues, Val411l and Met502 (Figure 7, II). Notably, Ba-
T337 is conserved in several non-lepidopteran EcRs (Bt-
Thr304, Aedes aegypti Thrd58, Tenebrio molitor Thr377,
Tribolium castaneum Thr435) or substituted by other polar
amino acids (cf. Drosophila melanogaster Asn540, Ambly-
omma americanum Ser459), but not found in Lepidoptera
in which a valine residue is strictly conserved at this posi-
tion (e.g., Cf-V411, Hv-V416, Bombyx mori V475, Manduca
sexta V417).[11:34

A third hydrogen bond can be formed between the ester
sp® oxygen of 2 and the side-chain amide nitrogen of Ba-
N423 (distance O-N: 3.386 A). Similarly, in the VY-CfEcR
complex, a hydrogen bond may form between the ester sp?
oxygen of 2 and the side-chain amide oxygen of VY-Cf-
N499 (distance O-O: 3.485 A). In the 20E-HvEcR complex
crystal structure, the side-chain amide oxygen of the corre-
sponding asparagine residue (Hv-N504) is hydrogen-
bonded to the 25-OH of 20E.?%] However, as this residue
is strictly conserved across insect species, the additional hy-
drogen-bonding contribution exploited by the GOLD pro-
gram for docking 2 into each of the two complexes does
not help explain canescensterone discrimination between
lepidopteran and non-lepidopteran EcRs.

In summary, the (24 R)-canescensterone docking models
in the representative non-lepidopteran BaEcR (highly re-
sponsive) and lepidopteran VY-CfEcR (poorly responsive)
suggest binding poses in which the pyrrole-2-carboxylate
group is propitiously located in an ample hydrophobic re-
gion of the binding site of both receptors. Furthermore,
binding to the BaEcR exploits the favourable contribution
from hydrogen-bonding entities pointing towards the 25-
OH of 2, whereas VY-CfEcR disadvantageously juxtaposes
lipophilic residues on this group (Figure 7, III).

The previous models of (24S)- and (24R)-canescen-
steronel!!l were generated on the principle of minimal per-
turbation of PoA in its HVEcR-bound conformation so that
overlap of common substructures in the two steroids were
maximised. This led to a complete match of the 17-carbon
steroid core and 8-carbon side-chain (C20-C27). The latter
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chain includes the 25-OH group in the case of canescen-
sterone. Consequently, the 25-OH group was placed in the
hydrophobic region of the binding pockets, whereas the 24-
pyrrole-2-carboxylate group was placed in the region in
contact with Ba-T337 and/or Ba-T426, yielding plausible
poses characterised by additional hydrogen bonds between
the pyrrole ring of (24S)- and (24 R)-canescensterone and
either Ba-T337 and/or Ba-T426. Despite the opposite orien-
tation of the 24-pyrrole-2-carboxylate compared with 25-
OH of canescensterone, both the manual and computer-
aided models can explain the divergent responsiveness of
lepidopteran and non-lepidopteran EcRs in terms of varia-
tion in the polarity characteristics of specific regions of
their binding cavities in contact with the distinguishing
chemical features of this phytoecdysteroid. Although fur-
ther investigation of canescensterone—EcR complexes by X-
ray crystallography and/or NMR would further assist in the
elucidation of the binding mode, the full configurational
assignment of canescensterone greatly advances structure—
activity relationship studies aimed at developing novel com-
pounds for agrochemical research and actuators for ligand-
inducible EcR-based gene regulatory systems.

Conclusions

The information relating to the configuration of canes-
censterone was successfully transferred from C-17 of the
steroid nucleus to C-24 of the side-chain and the absolute
configuration at C-24 was determined as R. This was
achieved exclusively by NMR spectroscopy. No additional
information from chemical synthesis had to be included.
The J- and NOE-based analysis has been proven in this
case to be a powerful tool for the stereochemical determi-
nation of the acyclic side-chain.** Because enough infor-
mation could be obtained from established and robust 2D
NMR spectra, the conformation of each C, fragment could
be defined without computational simulation. The stereo-
chemistry at C-24 of canescensterone allowed us to con-
struct docking models in both a lepidopteran and a non-
lepidopteran EcR based on the solved crystal structures of
homologous ecdysteroid ligand-receptor complexes. The
models allowed canescensterone selectivity for non-lepidop-
teran EcRs to be rationalised in terms of different steroid-
tail contact residues in lepidopteran versus non-lepidop-
teran receptors.

Experimental Section

Phytoecdysteroid: Canescensterone (2) was isolated from Vitex
canescens by using the method described previously!’?! with some
modification. Briefly, the pulverised dry bark (420 g) of V. canes-
cens, obtained from the same location as in the previous study, was
extracted successively with n-hexane and methanol. The concen-
trated MeOH extract was extracted with 1-butanol. The butanol
extract was repeatedly chromatographed on silica column using
CHCI5/MeOH as eluent to yield compounds 1 (310 mg) and 2
(3 mg). The "H NMR spectroscopic data of 1 and 2 were consistent
with those of the previous report.['?!
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NMR Analysis: All NMR spectra of canescensterone were recorded
at 25°C in [D¢]DMSO. Chemical shifts were reproducible to
+0.01 ppm for '3C NMR and *0.001 ppm for '"H NMR, respec-
tively.

1D "H NMR spectra, 2D heteronuclear-correlated '*C HSQC and
13C HMBC spectra were recorded with a Bruker Avance 600 spec-
trometer (599.90 MHz for 'H) using a 5-mm cryoprobe head. A
standard Bruker pulse sequence was used to record the 3C HSQC
spectrum. The '*C HMBC spectrum was recorded with a modified
13C HMBC sequencel'® that allowed accurate extraction of long-
range '3C and 'H couplings. However, owing to the very limited
amounts of the compound at natural abundance, only a qualitative
interpretation of the coupling constants could be obtained. The 'H
NMR spectrum was acquired by using 16K data points at a spec-
tral width of 7 kHz with 16 scans and a 2.0 s delay between tran-
sients. The data matrix was zero-filled to 32K points and processed
with an exponential window function. Both heteronuclear 2D spec-
tra were measured over 4K complex points in F>, 320 increments
in F, for 3C HSQC and 512 for '3C HMBC, collecting 80 (HSQC)
or 160 (HMBC) scans per increment with a relaxation delay of
2.0 s. The spectral widths in the F, and F; dimensions were 7 and
20 kHz (HSQC), and 7 and 30 kHz (HMBC), respectively.

2D homonuclear-correlated TOCSY, PE.COSY!'Y and NOESY
spectra were recorded with a Bruker Avance 700 spectrometer
(700.13 MHz for 'H) using an inverse-detection triple resonance
5 mm probe head (TXI). The spectral widths of these three spectra
were 7.2 kHz in both F, and F; domains. 4K X 1K data points were
acquired with 24 scans per increment for the PE.COSY experi-
ment, 4K X 952 data points with 88 scans for the NOESY experi-
ment and 4K X 880 data points with 24 scans for the TOCSY ex-
periment. Relaxation delays of 2.0 s were used for all experiments
and the mixing time in the NOESY experiment was set to 400 ms.

Molecular Modelling and Docking: The input protein structures for
(24 R)-canescensterone docking calculations were 1) the ligand-
binding domain (LBD) from the homopteran Bemisia argentifolii
(Ba) EcR['" and 2) the LBD from a mutant (E274V/V3901/Y410E)
of the lepidopteran Choristoneura fumiferana (Cf) EcR, dubbed
VY-CfEcR."&181 The BaEcR and VY-CfEcR structures were pre-
pared from homologous receptors whose ecdysteroid-bound LBD
crystal structures have been solved, that is, the hemipteran Bemisia
tabaci (Bt) EcR!" and the lepidopteran Heliotis virescens (Hv),%!
respectively, as follows. The crystal structure of 20E-bound HvEcR
LBD (PDB 2R40) (as both the 20E- and PoA-bound HvEcR LBD
crystal structures have been solved and canescensterone bears the
25-OH as does 20E, we selected the 20E-bound, rather than the
PoA-bound, HVEcR LBD as input protein structure for docking
calculations) was superimposed on the crystal structure of PoA-
bound BtEcR LBD (PDB 1Z5X) in PyMOLP! to give a root-
mean-square (rms) deviation of 0.740 A for C, atoms. Structures
were imported into Maestro v. 8.0.?2l HvEcR LBD was mutated
at two positions (Hv-V395 to VY-Cf-I1390 and Hv-Y415 to VY-
Cf-E410) to obtain the VY-CfEcR LBD (residues 284-524). No
mutations were made to the BtEcR LBD to obtain the BaEcR
LBD (residues 213-448) as the amino-acid sequences of these two
LBDs are identical. The respective ligands were removed and hy-
drogen atoms were added. The structure of 2 was built from the
available EcR-bound 20E crystal structure followed by minimi-
sation of the 24-pyrrole-2-carboxylate group (OPLS-2005 Force
Field in MacroModel??)). The software GOLD (Genetic Optimis-
ation for Ligand Docking) v. 3.21?31 was used to calculate plausible
binding poses of 2 in the VY-CfEcR and BaEcR LBDs. The input
protein structure was kept rigid, except for the torsion angles of
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the Ser, Thr and Tyr hydroxy groups, which are optimised by the
algorithm. To avoid bias with the known ecdysteroid-binding cavity
from the solved crystal structures, we decided to keep the input
ligand-binding site on each of the two docked receptors largely
undefined, that is, including all atoms and associated residues
within 20 A of the 17-carbon steroid core of the reference steroid
crystal structure (HvEcR-bound 20E and BtEcR-bound PoA for
docking VY-CfEcR LBD and BaEcR LBD, respectively). In this
way, we could test the ability of the algorithm to identify the correct
steroid-binding site of the EcR. The GoldScore Fitness Function,
as implemented in the GOLD program, was used to evaluate the
energy of interaction between 2 and each of the two EcRs and to
score the different binding poses. This function is made up of the
following components: protein-ligand hydrogen-bonding energy,
protein-ligand  van der Waals energy and ligand internal
van der Waals and torsional strain energies. The best-ranked solu-
tions for 2 docked in the VY-CfEcR and BaEcR LBDs had fitness
scores of 50.86 and 56.10, respectively, and were taken into account
for visual examination of the corresponding binding modes.

Supporting Information (see also the footnote on the first page of
this article): "H and '*C NMR chemical shift data and *Jyy; cou-
pling constants of 2.
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