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The ecdysone receptor is a hormone-dependent tran-
scription factor that plays a central role in regulating the
expression of vast networks of genes during development
and reproduction in the phylum Arthropoda. The func-
tional receptor is a heterodimer of the two nuclear recep-
tor proteins ecdysone receptor (EcR) and ultraspiracle
protein. The receptor is the target of the environmentally
friendly bisacylhydrazine insecticides, which are effec-
tive against Lepidoptera but not against Hemiptera or
several other insect orders. Here we present evidence
indicating that much of the selectivity of the bisacylhy-
drazine insecticides can be studied at the level of their
binding to purified ecdysone receptor ligand-binding do-
main (LBD) heterodimers. We report the crystal structure
of the ecdysone receptor LBD heterodimer of the hemi-
pteran Bemisia tabaci (Bt, sweet potato whitefly) in com-
plex with the ecdysone analogue ponasterone A. Although
comparison with the corresponding known LBD struc-
ture from the lepidopteran Heliothis virescens (Hv) ecdys-
one receptor revealed the overall mode of ponasterone A
binding to be very similar in the two cases, we observed
that the BtEcR ecdysteroid-binding pocket is structured
differently to that of HvEcR in those parts that are not in
contact with ponasterone A. We suggest that these differ-
ences in the ligand-binding pocket may provide a molec-
ular basis for the taxonomic order selectivity of bisacyl-
hydrazine insecticides.

The nuclear receptor (NR)! family of proteins plays a crucial
role in the regulation of transcription, and its members include
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the receptors for steroid hormones, vitamins, thyroid hor-
mones, and bile acids (1). The human genome contains about 48
members of this family, and these have been studied exten-
sively as therapeutic targets (2). The Arthropoda display a
more limited suite of NRs (3) about 21 of which occur in Dro-
sophila melanogaster. Among these is the receptor for the ma-
jor arthropod steroid hormone, 20-hydroxyecdysone, which is
involved in the regulation of insect molting, metamorphosis,
and reproduction (4-9). The receptor is absent from mammals
and is thus potentially useful as a safe insecticide target. In-
deed members of the bisacylhydrazine family exert their insec-
ticidal activity by binding to the ecdysone receptor and exhibit
remarkable taxonomic order selectivity (10, 11). These com-
pounds act selectively on the Lepidoptera and certain Coleop-
tera (10) but are ineffective against insects of the hemipteran
order and therefore cannot be used to control certain insect
pests. A study (12) of two hemipteran insect predators (Geoco-
ris punctipes and Orius insidiosus) showed that these benefi-
cial (predatory) hemipterans are relatively insensitive to the
bisacylhydrazine tebufenozide, whereas lepidopteran insect
pests are susceptible. An improved understanding of variation
in the structure of the ligand-binding pockets of ecdysone re-
ceptors and the basis of the specificity of these compounds at
the atomic level of detail of their interaction with the receptor
may aid the discovery of novel insecticidal ligands with new
defined spectra of activity.

Structural studies across the NR family have shown that its
members share a common modular structure (13—-15) with the
most highly conserved C and E domains being associated with
DNA binding and ligand binding, respectively. The NR ligand-
binding domains (LBDs) share a fold characterized by 12 a-hel-
ices (H1-H12) arranged as an antiparallel three-layer sand-
wich with a B-hairpin in the loop between helices H5 and H6.
The ligand-binding pocket lies in a topologically conserved re-
gion within the canonical a-helical sandwich and is formed by
side chains of residues from helices H3, H5, H7, H11, and H12
and the B-hairpin. The ecdysone receptor itself is a heterodimer
of two partner nuclear receptor proteins, EcR (which contains
the binding pocket for ecdysteroids) and the ultraspiracle pro-
tein (USP), a homologue of the retinoid X receptor (RXR) (5-7).

Three-dimensional structures of the lepidopteran Heliothis

B. tabaci; PonA, ponasterone A (25-deoxy-20-hydroxyecdysone); LXRp,
liver X receptor-B; FXR, farsenoid X-activated receptor; RAR, retinoic
acid receptor.
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virescens ecdysone receptor LBD heterodimer (HvEcR/HvUSP-
LBD) have been described recently (16) in complex with the
ecdysteroid ponasterone A (PonA, 25-deoxy-20-hydroxyecdys-
one) and with the non-steroidal bisacylhydrazine agonist
BYI06830. PonA is identical to the native ligand (20-hydroxy-
ecdysone) except that it lacks a hydroxyl group at the C-25
position so its mode of binding to the EcR-LBD likely mimics
that of 20-hydroxyecdysone. The BYI06830-bound structure
demonstrates that the ecdysteroid-binding pocket of the
HvEcR-LBD distorts to allow the binding of this compound. In
particular, accommodation of the 1,4-dioxan ring of the com-
pound requires the opening up of a cleft between helices H7 and
H10 at one end of the pocket as well as side chain and backbone
rearrangements of residues at the opposite end of the pocket to
fill in the otherwise unoccupied volume of the ecdysteroid-
binding pocket. This mode of binding was entirely unantici-
pated and demonstrated that the ecdysteroid-binding pocket of
this EcR-LBD has a level of flexibility not normally seen in
nuclear receptor LBDs. It was proposed (16) that the relative
specificity of BYI06830 for the lepidopteran EcR relates to
amino acid variation at a site corresponding to Val-384 in
HvECcR that is substituted by methionine in other insect orders
(including the hemipterans). The presence of a larger methio-
nine side chain at this position in the latter orders was argued
to have the potential to interfere either directly or indirectly
with the binding of bisacylhydrazine compounds such as
BYI06830. The structure of HvUSP-LBD in its heterodimeric
form is essentially identical to that of the HvUSP-LBD mono-
mer (17, 18) and that of the D. melanogaster USP-LBD mono-
mer (17) (DmUSP-LBD). In all of these USP-LBD structures,
lipid occupies volume that coincides in part with that of the
canonical NR-LBD binding pocket with the lipid head group
protruding from the protein surface.

We report here that much of the selectivity of the bisacylhy-
drazine insecticides can be observed at the level of binding to
purified recombinant LBD heterodimers of the ecdysone recep-
tor derived via a baculovirus expression system. In this regard
our results showed that the bisacylhydrazine compound
tebufenozide has a much lower affinity for the ecdysone recep-
tor of the hemipteran insect Bemisia tabaci (sweet potato
whitefly) than it does for the corresponding receptor of the
lepidopteran insect Helicoverpa armigera, thereby reflecting
results obtained in vivo and in the field (10-12).

We also determined the three-dimensional structure of the
ecdysone receptor LBD heterodimer of B. tabaci in complex
with PonA. Comparison of our structure with those of the
H. virescens ecdysone receptor LBD heterodimer revealed that
regions of the ligand-binding pocket not in contact with the
hormone vary significantly between the two structures. We
tentatively propose that these differences at the atomic level of
detail underlie the selectivity of the bisacylhydrazine insecti-
cides. This first three-dimensional structure of a hemipteran
ecdysone receptor LBD heterodimer is of potential value for the
molecular design of new insecticides with selective toxicity for
plant-sucking bugs.

MATERIALS AND METHODS

Cloning, Expression, and Purification of Ecdysone Receptor LBDs—
The cloning, baculovirus-driven expression, and purification of the re-
combinant ecdysone receptor LBD heterodimer and the corresponding
heterodimers from the cloned ecdysone receptors of Lucilia cuprina
(Diptera), Myzus persicae (Hemiptera), and H. armigera (Lepidoptera)
will be described in detail elsewhere but are in part based on the
methods used for the L. cuprina receptor (19, 20). In the case of the
B. tabaci receptor, cDNAs encoding BtEcR-LBD and BtUSP-LBD were
screened out of a high quality B. tabaci ¢cDNA library in Lambda ZapII
(Stratagene) using the corresponding homologous C domain probes
PCR-amplified from B. tabaci genomic DNA. Segments encoding the D
and E domains of BtEcR (residues from Pro-120 to Ser-416) and BtUSP
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TaBLE 1
X-ray data collection and crystallographic refinement statistics
No. of frames 302

Oscillation increment (°) 0.5

No. of measurements 191,046
No. of reflections 16,756
Measurement multiplicity 11.4 (10.5)"
Resolution range (A) 30.0-3.07
Completeness (%) 99.9 (100.0)
I/o(I) 19.3 (5.6)
R’ 0.13 (0.51)

ey’ 0.203
Ry (5% of total reflections) 0.275
rm.s.d.? from ideality

Bond lengths (A) 0.012

Bond angles (°) 1.6
No. of protein atoms 3,475
No. of ligand + solvent atoms 53

“ Numbers in parentheses refer to statistics in the highest resolution
shell (3.11-3.07 A).

bRsym = Ehziuih - <Ih>‘/zh2i‘lih|‘

“Reyst = Eh‘FhObS - thcalc‘/EhWhobsL

< Root mean square deviation.

(residues Lys-246 to Ser-496) were subcloned into pFastBac Dual (In-
vitrogen) with a hexahistidine-encoding tag incorporated N-terminal to
the BtEcR segment and a FLAG-encoding tag N-terminal to the BtUSP
segment. Analogous constructs were prepared for expression of the
ecdysone receptor LBD heterodimers from the other insects. The seg-
ments were transposed into a bacmid for baculovirus construction and
expression in Hi-5 insect cells. Expressed recombinant ecdysteroid-
binding protein was saturated with PonA (a gift from Denis Horn) and
purified in the presence of 2-mercaptoethanol and PonA by nickel-
nitrilotriacetic acid-agarose affinity chromatography followed by high
performance gel filtration (with >60% yield for each step). Polyacryl-
amide gel electrophoresis of freshly purified ecdysone receptor LBD
heterodimers showed bands corresponding to the full-length recombi-
nant polypeptides.

Competitive Inhibition of Ligand Binding—The binding of 1.3 nMm
[*H]ponasterone A (PerkinElmer Life Sciences) to purified recombinant
receptor LBD heterodimer was measured in the presence of different
concentrations of non-radioactive bisacylhydrazine insecticide RH5992
(tebufenozide, N-tert-butyl-N'-(4-ethylbenzoyl)-3,5-dimethylbenzohy-
drazide). After 4 h at 21 °C, bound tracer was measured using a mod-
ification of a standard method (4) and expressed relative to that in
RH5992-free assays. The resulting activity values were corrected for
any effects of the dimethyl sulfoxide used as solvent for RH5992 (<1%
(v/v) final concentration). IC;, values were obtained from smooth curves
drawn through the data points, and from these K; values were calcu-
lated using the Cheng-Prusoff equation (21).

Crystallization—Crystals of the PonA-complexed B. tabaci ecdysone
receptor LBD were grown by vapor diffusion (22) using as well solution
1.0 m NH,H,PO,, 4.5% (w/v) D-(+)-trehalose dihydrate, 10 mm dithio-
threitol in 0.1 M NaHEPES buffer (pH 7.5). Hanging drops contained 1
ul of well solution plus 1 ul of protein solution at 40 mg/ml in 0.23 M
NaCl, 10% (v/v) glycerol, 10 mM dithiothreitol, 3 mM NaN,, 3 uM PonA,
and 50 mMm Tris/HCI buffer (pH 7.5). Crystallization trays were main-
tained at room temperature in a nitrogen environment. Crystals ap-
peared after 3 months and had a maximum dimension of 0.5 mm.
SDS-PAGE analysis of crystals and of stored protein revealed polypep-
tides of somewhat lower molecular weight than expected, presumably
the result of progressive proteolysis. N-terminal sequencing of major
bands extracted from the gel (data not shown) succeeded in identifying
one band as corresponding to a sequence starting at BtUSP residue
Leu-285, i.e. midway through helix H1.

Diffraction Data Collection and Processing—A single crystal of the
PonA-complexed B. tabaci ecdysone receptor LBD was transferred to a
solution identical in composition to the well solution but with 30% (v/v)
glycerol incorporated as cryoprotectant. Diffraction data were then
collected at —160 °C using an R-AXIS IV image plate detector (Rigaku-
MSC) mounted on a rotating anode M18XHF-SRA x-ray generator
(Siemens). All data processing was conducted with HKL (23). The
relevant statistics are shown in Table I. The crystal belonged to space
group P4,2,2 with a« = b = 143.01 A, ¢ = 84.01 A and diffracted to
~3.0-A resolution.

Structure Determination and Refinement—The initial structure was
determined using molecular replacement. As this task was performed
prior to the structure of the H. virescens ecdysone receptor LBD becom-
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Fic. 1. Competitive inhibition of [PH]PonA binding to recom-
binant ecdysone receptor LBD heterodimers by the bisacylhy-
drazine RH5992. Receptor LBDs used are the dipteran L. cuprina (O),
the hemipterans M. persicae (A) and B. tabaci (@), and the lepidopteran
H. armigera (M). Data are means = S.E. with n = 4 (except for
H. armigera where n = 2).
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ing available, molecular replacement used as search object a homology
model of the B. tabaci ecdysone receptor LBD built from the structure
of the RAR/RXR-LBD heterodimer (24). Molecular replacement was
performed using the program MOLREP (25) within CCP4 (26). Iterative
crystallographic refinement and model building were conducted using
CNS (27) and O (28), respectively, and yielded a model encompassing
residues Pro-179 to Val-415 of BtEcR and Val-300 to Ser-492 of BtUSP
(i.e. encompassing helices H1-H12 of the BtEcR-LBD and helices H3—
H12 of the BtUSP-LBD). The ligand PonA was clearly visible within the
BtEcR-LBD, and the orientation and location of the four-member ring
complex and the alkyl chain could be modeled unambiguously. Also
included in the model were three phosphate ions, presumably arising
from the solution used for crystallization of the heterodimer. The final
crystallographic refinement statistics (Table I) are acceptable given the
resolution limit of the data. PROCHECK (29) revealed that only two
residues (BtEcR Ile-180 and BtUSP Thr-363) lay in the disallowed
regions of the Ramachandran plot. Atomic coordinates have been de-
posited in the Protein Data Bank under code 1Z5X.

Structural Analysis—Protein cavity analysis and cavity volume
computation were conducted with VOIDOO (30) and O (31) using a
1.4-A probe radius unless otherwise stated. A 1.2-A probe radius was
used to detect features not detected by the larger probe radius cavity
calculations (32). Particular care was taken in detecting cavities
connected to the surface using the “atom fattening” van der Waals
growth factor parameter within VOIDOO. Protein structural overlays
were computed using LSQMAN (33) or O (31), molecular surface
areas were computed using the program MS (33), surface hydropho-
bicity analysis was carried out using AREAIMOL (26), atom contact
analysis was done using CNS (27), and hydrogen bond calculations
were carried out using HBPLUS (34).

RESULTS

Binding of the RH5992 to Cloned Ecdysone Receptor LBDs—
Fig. 1 shows a direct comparison of the ability of the bisacyl-
hydrazine insecticide RH5992 to compete with tritiated PonA
in vitro for binding to the purified recombinant ecdysone recep-
tor LBD heterodimers from lepidopteran, dipteran, and
hemipteran ecdysone receptors. The competition curves
showed that the compound RH5992 has highest affinity for the
heterodimer of the lepidopteran insect H. armigera (K; ~ 4 nm),
intermediate affinity for the dipteran insect L. cuprina (K; ~
240 nM), and minimal affinity for the hemipteran insects
B. tabaci (K; = 480 um) and M. persicae (K; = 140 um). The K;
values we obtained with the recombinant L. cuprina and
H. armigera heterodimers are close to the dissociation con-
stants reported for RH5992 with cellular extracts from other
dipteran (192 nm) and lepidopteran insects (3—13 nm), respec-
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USP

Ancillary
pocket

Major pocket

Fic. 2. Schematic diagram of the structure of the B. tabaci
ecdysone receptor LBD heterodimer showing the ecdysteroid-
binding pocket. BtEcR-LBD is shown in yellow, and BtUSP-LBD is
shown in cyan. Individual helices are shown as cylinders, and individ-
ual B-strands are shown as arrows. The observed termini of each LBD
are labeled. PonA is shown in green with oxygen atoms in red. Helices
H3 and H12 of BtEcR-LBD are rendered ¢ransparent to enable viewing
of the PonA moiety. The surface of the binding pocket is shown in
transparent gray. The figure was produced using MOLSCRIPT (54),
CONSCRIPT (55), and RASTER-3D (56).

tively (10). Thus the ranking of the affinities we obtained for
each taxonomic order mimics that observed in vivo (10, 11).

Tertiary Structure of the B. tabaci Ecdysone Receptor LBD
Heterodimer—Our atomic model of the B. tabaci ecdysone re-
ceptor LBD heterodimer encompasses residues Pro-179 to Val-
415 of the BtEcR polypeptide and residues Val-300 to Ser-492
of the BtUSP polypeptide (Figs. 2 and 3) and has been crystal-
lographically refined to a resolution of 3.1 A with an R-factor of
0.203 (R4 = 0.275 (35)). Both the BtEcR-LBD and the BtUSP-
LBD have the anticipated canonical NR fold. The B-sheet of the
BtEcR-LBD is, like that of HvEcR-LBD, elaborated by a short,
additional B-strand (denoted s0) N-terminal to the first canon-
ical B-strand. Helix H12 of BtEcR-LBD is in the canonical
agonist conformation (15), and PonA is bound in a totally
enclosed pocket within the a-helical sandwich of the BtEcR-
LBD. The BtEcR-LBD pocket exhibits a J-shaped architecture
(Fig. 4) composed of an elongated portion containing the ligand
PonA (the “major pocket”) and an additional curved portion
(which we term the “ancillary pocket”). The average tempera-
ture factor for the PonA atoms is 34 A% compared with 42 AZ for
the 19 BtEcR atoms within 3.5 A of the ligand, implying that
PonA is well ordered within the protein environment. The
interactions between BtEcR-LBD and PonA include seven po-
tential hydrogen bonds as well as a large number of hydropho-
bic interactions (Fig. 4). These interactions are listed in Table
II and will be discussed in more detail in the following section.
The contribution of the various residues to the ancillary pocket
is listed in Table III.

No electron density is present for BtUSP residues prior to
Val-300 (i.e. for residues prior to the N terminus of helix H3).
The absence of these residues most likely results from the
proteolytic loss of residues prior to BtUSP Leu-285 (see “Ma-
terials and Methods”) with consequent destabilization of
BtUSP residues Leu-285 to Pro-299. Comparison with other
USP-LBD structures indicates that BtUSP residue Leu-285
lies at the approximate midpoint of helix H1 in those struc-
tures. No ligand is bound in our BtUSP-LBD structure, and
helix H12 lies in the canonical antagonist conformation.

A large electron-dense feature within the BtEcR-LBD/
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FiG. 3. Stereoviews of overlaid C* backbone traces of the B. tabaci and H. virescens ecdysone receptor LBDs. a, BtEcR-LBD (black
lines) and HvEcR-LBD (gray lines). The location of the ligand PonA is effectively identical in both LBD structures and is shown in ball-and-stick
representation. b, BtUSP-LBD (black lines) and HvUSP-LBD (gray lines). Also shown is the location of the bound phospholipid in the HvUSP-LBD
structure (ball-and-stick representation). The absence of helix H1 and the helix H1 to helix H3 connection is apparent in the BtUSP-LBD as well
as the movement of the helix H6 to helix H7 loop and the helix H10 to helix H12 loop into the volume occupied by lipid in the HvUSP-LBD structure.
The canonical a-helices H1-H12 are labeled in both @ and b as are the observed N and C termini. The figure was produced using MOLSCRIPT (54)

and RASTER-3D (56).

BtUSP-LBD heterodimer interface was modeled as a single
phosphate ion, coordinated by the side chain of Arg-384 in
BtEcR and the side chains of Arg-383 and Arg-456 in BtUSP.
The source of this ion is potentially the crystallization mother
liquor (see “Materials and Methods”), and its physiological
relevance, if any, is thus unclear.

Comparison of the Structures of BtEcR-LBD and HvEcR-
LBD—The overall structures of the PonA-bound LBDs of
BtEcR and HvEcR are closely similar as anticipated by their
~56% sequence identity (Fig. 5). Their polypeptide backbones
can be overlaid with a root mean square deviation of 1.1 A for
228 corresponding C“ atoms out of a total of 241 (Fig. 3).
Differences in backbone conformation are restricted to loop
regions in particular (i) the helix H2 to helix H3 loop with the
loop in BtEcR being two residues shorter than its HvEcR coun-
terpart, (ii) the helix H8 to helix H9 loop, and (iii) the helix H9
to helix H10 loop. The stereochemical conformation of the
bound PonA is effectively identical in the two structures. The
volume of the entire BtEcR-LBD pocket is ~766 A? of which
about 650 A® comprise the major pocket and 116 A® comprise

the ancillary pocket. Although the PonA-bound HvEcR-LBD
ligand-binding pocket does not exhibit an extension equivalent
to the ancillary pocket of the BtEcR-LBD, our inspection of that
structure reveals the existence of a previously unobserved cav-
ity in a location equivalent to that of the ancillary pocket in
BtEcR-LBD but unconnected to the PonA-binding pocket (Figs.
6b and 7a). For ease of comparison, we nevertheless refer to the
PonA-binding pocket of the HvEcR-LBD as the major pocket
and the smaller disjoint cavity as the ancillary pocket. The
respective volumes of these two HvEcR-LBD pockets are 639
and 103 A3, j.e. comparable in sum to the single BtEcR-LBD
pocket. The relative loss of connectivity of the major and ancil-
lary pockets in HvEcR-LBD is a consequence of differing rota-
meric conformations of the side chains of Glu-309 and Arg-516
compared with their BtEcR equivalents (Glu-119 and Arg-402,
respectively). The ancillary pockets in both the BtEcR-LBD and
HvEcR-LBD structures appear unoccupied, although we note
that the limited resolution of these structures (3.1 and 2.9 A,
respectively) precludes the detection of small or weakly ordered
solvent molecules.
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\t333

Ancillary pocket

Q195

Ancillary pocket

Major pocket

F285

Fic. 4. Stereoviews of the opened out ecdysteroid-binding pocket of BtEcR. The intact pocket is regenerated by rotating each of the lower
pair of images by 180° about a vertical in-page axis and placing them on top of the upper pair of images. PonA is shown with black bonds, black
carbon atoms, and red oxygen atoms. Surrounding residues (with selected side chain or main chain groups omitted for clarity if their atoms do not
contribute to the cavity wall) are shown with orange carbon atoms if conserved across all EcR sequences considered in the construction of Tables
II and III; otherwise they are shown with green carbon atoms. Red dotted lines show hydrogen bonds between the BtEcR-LBD and PonA. The
molecular surface of the ligand-binding pocket is in transparent gray and is concave in each stereopair, corresponding to the opening out and
removal of the respective upper portion of the pocket. The figure was produced using MOLSCRIPT (54), CONSCRIPT (55), and RASTER-3D (56).

We now turn to a more detailed comparison of the PonA-
binding pockets of the BtEcR-LBD and the HvEcR-LBD based
on the analysis presented in Table II. Seven potential hydrogen
bonds are formed between the ligand and the receptor in each
case and involve identical residues in the two structures.
Where these interactions involve residue side chain atoms, the
rotameric conformations of the side chains are effectively iden-
tical in the two structures. Furthermore almost all of the res-
idues involved in these interactions are completely conserved
across insect orders. Eighteen BtEcR residues have side chains
that are in non-polar interaction with PonA. Fifteen of these
residues are conserved in HvEcR and display equivalent rota-
mer conformations and make somewhat similar area contribu-
tions to the pocket surface in both structures. Three of the
BtEcR residues that are in non-polar interaction with PonA are
not conserved in HvEcR, and the effect of these substitutions
on the pocket wall is as follows. The replacement of BtEcR
Ile-230 by HvEcR Met-342 resulted in an ~1-A deeper intru-
sion of the pocket wall into the protein atomic volume adjacent
to PonA atom C-4. The replacement of BtEcR Met-272 by
HvEcR Val-384 and of BtEcR Ile-283 by HvEcR Val-395 had no
significant effect on the pocket geometry at these locations.
However, in the instance of the BtEcR Met-272/HvEcR Val-384
substitution, conservation of pocket geometry was mediated in
part by the rearrangement of the side chain of the structurally
adjacent, conserved, and non-ligand-interacting residue BtEcR
Leu-308 (see below). Further inspection of Table II shows that
these 15 conserved non-polar residues identified in the BtEcR-
LBD structure are also highly conserved across available EcR

sequences of hemipteran, lepidopteran, dipteran, and co-
leopteran orders. In summary, therefore, we conclude that the
parts of the ligand-binding pocket surface in contact with the
PonA ligand appear remarkably well conserved in the B. tabaci
and H. virescens structures not only in shape but also in overall
hydrophobic and polar character. Based on the interorder EcR
sequence variation presented in Table II, the conservation of
shape and character of the PonA-interacting surface likely
persists across the Arthropoda.

However, the same is not true of those parts of the major
binding pocket formed by residues that do not contribute to the
interaction with the PonA ligand. Nine BtEcR residues that
contribute atoms to the formation of the surface of the major
pocket do not interact directly with PonA. Three of these resi-
dues (viz. BtEcR His-200, Arg-274, and Leu-284) contribute to
the pocket surface in the vicinity of the A-ring of the ligand. Of
these, BtEcR Arg-274 is conserved as HvEcR Arg-386, and
although the modeled rotameric conformation of these residues
differ, their side chains lie in similar locations with respect to
the ligand-binding pocket. We note that BtEcR Arg-274
(HvEcR Arg-386) is involved in charged interaction with BtEcR
Glu-199 (HvEcR Glu-309), and it is the differing conformation
of the respective glutamate side chains that leads to the sev-
ering of the major and ancillary pockets in the HvEcR-LBD.
BtEcR His-200 makes only a small contribution to the pocket
surface, whereas its counterpart HvEcR GIn-310 makes no
contribution at all. BtEcR Leu-284 is conserved as HvEcR
Leu-396, and because only the main chain atoms of each of
these residues contribute to the pocket surface, no appreciable
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TaBLE II
Residues forming the major ligand binding pockets of BtEcR- and HvEcR-LBDs and their conservation across insect orders

The alignment data for the hemipteran (Hemip.), lepidopteran (Lepidop.), dipteran (Dip.), and coleopteran (Coleop.) EcR residues shown were
extracted from a sequence alignment of the following EcR sequences: the hemipteran sequence of B. tabaci and a further in-house hemipteran
sequence (Noyce, L., Eaton, R. E., Graham, L. D., Hannan, G. N., and Hill, R. J., in preparation; Pawlak-Skrzecz, A., Hannan, G. N., Graham,
L. D., Hales, D. F., and Hill, R. J., in preparation); the lepidopteran sequences of Choristoneura fumiferana (AAC61596), Bombyx mori (AAA87340),
Manduca sexta (ECR_MANSE), H. virescens (ECR_HELVI), Junonia coenia (QIUORY), Bicyclus anynana (Q9U3U4), and Chilo suppressalis
(Q8MYAT7) and a further in-house lepidopteran (H. armigera) sequence (Earnshaw, R., Noyce, L., Hannan, G. N., Simpson, A. M., and Hill, R. J.
in preparation); the dipteran sequences of Chironomus tentans (ECR_CHITE), Aedes albopictus (Q9U3Y4), Ceratitis capitata (076827), L. cuprina
(ECR_LUCCU), Anopheles gambiae (EAA00117), Calliphora vicina (Q9GPH1), and D. melanogaster (ECR_DROME); and the coleopteran sequence
of Tenebrio molitor (002035), citing the appropriate GenBank™ or Swiss-Prot data base accession code or locus in parentheses.

rBezlEﬁi Suﬁ%c/%égea HvECcR residue Su{\f/iag/es(a:rea ¢ orﬁiﬁ?ﬁiﬁnb glftfzggﬁg Hemip. Lepidop. Dip. Coleop.
A? A?
Glu-199 15/22 Glu-309 20/20 n 0O < 2-OH, 3-OH Glu Glu, Asp Glu Glu
Thr-231 0/29 Thr-343 4/33 y 0Y < 14-OH Thr Thr Thr Thr
Thr-234 2/35 Thr-346 3/37 y 0" < 14-OH Thr Thr Thr Thr
Arg-271 16/62 Arg-383 8/64 (y) N < 2-OH Arg Arg Arg Arg
Ala-286 7/11 Ala-398 6/10 N < 6=0 Ala Ala Ala Val
Tyr-296 0/29 Tyr-408 0/27 y 0" < 20-OH Tyr Tyr Tyr Tyr
Pro-201 0/14 Pro-311 0/14 y vdW¢ Pro Pro Pro Pro
Ile-227 8/18 Ile-339 4/12 y vdW Ile, Leu Ile Ile Thr
Thr-228 6/15 Thr-340 5/13 y vdW Thr Thr Thr Thr
Ile-230 0/24 Met-342 7/23 N vdW Ile, Met Met Ile, Val Ile
Leu-233 0/5 Leu-345 0/6 (y) vdW Leu Leu Leu Leu
Leu-237 0/9 Leu-349 0/6 (y) vdW Leu Leu Leu Leu
Met-268 4/30 Met-380 8/26 y vdW Met Met Met Met
Met-269 4/21 Met-381 0/18 y vdW Met Met Met Met
Arg-271 16/62 Arg-383 8/64 (y) vdW Arg Arg Arg Arg
Met-272 10/36 Val-384 7/20 N vdW Met, Val Val Met Met
Arg-275 0/27 Arg-387 0/26 (y) vdW Arg, Lys Arg Arg Arg
Ile-283 0/21 Val-395 0/12 N vdW Ile Val Ile Ile
Phe-285 8/28 Phe-397 6/28 y vdW Phe Phe Phe Phe
Ala-286 7/11 Ala-398 6/10 vdW Ala Ala Ala Val
Met-301 0/25 Met-413 0/27 (y) vdW Met, Leu Met, Phe Met, Val Met
Cys-394 0/12 Cys-508 0/24 y vdW Cys Cys Cys Cys
Leu-397 0/14 Leu-511 0/11 y vdW Leu Leu Leu Leu
Trp-412 0/14 Trp-526 0/12 y vdW Trp Trp Trp Trp
His-200 0/9 GIn-310 0/0 N None His, Ala Gln Gln His
Arg-274 0/25 Arg-386 0/10 (y) None Arg Arg Arg Arg
Leu-284 5/0 Leu-396 8/0 n None Leu, Val Leu, Met Phe Leu
Thr-304 0/13 Val-416 6/31 N None Thr, Ala, Val Val Asn, Thr Thr
Leu-308 2/38 Leu-420 0/26 n None Leu, Gln Leu Leu Leu
Met-389 0/12 Gln-503 0/9 N None Met, Glu, Gln Gln Gln, Lys Gln
Thr-393 0/22 Met-507 0/16 N None Thr, Leu, Met Met Met Met
Val-404 0/10 Leu-518 0/24 n None Val, Leu Leu Leu Leu
Leu-408 0/10 Leu-522 3/19 (y) None Leu Leu Leu Leu

“ MC/SC, surface area contributed to the pocket wall by residue main chain atoms and residue side chain atoms, respectively.

® The following scheme is used to indicate side chain rotamer conservation: y, rotamer conserved; n, rotamer not conserved; (y), rotamer not
conserved but side chains occupy similar volumes; N, residue not conserved.

°vdW, van der Waals.

TaBLE IIT
Residues forming the ancillary pockets of BtEcR- and HvEcR-LBDs and their conservation across insect orders

The interorder residue variation was derived from the same sequence alignment used in the construction of Table II. Hemip., hemipteran;
Lepidop., lepidopteran, Dip., dipteran; Coleop., coleopteran.

BtEcR residue Surface area MC/SC* HvECR residue Surface area MC/SC Hemip. Lepidop. Dipt. Coleop.
A? A?
Gln-195 14/19 Gln-305 13/26 Gln Gln Gln Gln
Ile-238 8/7 Ile-350 3/17 Ile Ile Ile Ile
Phe-241 0/33 Phe-353 0/32 Phe Phe Phe Phe
Val-267 0/19 Val-379 0/9 Val, Ala Val Val Val
Phe-270 2/8 Leu-382 2/7 Phe, Leu Leu Leu Phe
Arg-274 0/25 Arg-386 0/10 Arg Arg Arg Arg
Tyr-325 0/3 Tyr-437 0/7 Tyr Tyr, Phe Tyr Tyr
Ala-326 0/4 Ala-438 0/7 Ala Ala Ala Ala
Thr-329 0/22 Thr-441 0/24 Thr Thr Thr Thr
Ile-333 6/5 Ile-445 0/6 Ile Ile Ile Ile

“ MC/SC, surface area contributed to the pocket wall by residue main chain atoms and residue side chain atoms, respectively.

change in pocket geometry was observed at this location. The Leu-408 are conserved in HvEcR (as Leu-420 and Leu-522,
six remaining residues contributing to the pocket surface but respectively); however, the rotameric conformation of the side
not interacting with the ligand (viz. BtEcR Thr-304, Leu-308, chain of BtEcR Leu-308 differs significantly from that of its
Met-389, Thr-393, Val-404, and Leu-408) lie in the vicinity of HvEcR counterpart. The combined effect of these five substi-
the alkyl tail of PonA. Of these six residues, only Leu-308 and tutions and the relative rotameric change at the BtEcR Leu-
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BtBcR 222 277
HvEcR 334 389
LXRf} 266 321
FXR 279 334
BtEcR 278 332
HvEcR 390 444
LXR 322 377
FXR 33s 386
BtEcR 333 387
HvECR 445 499
LXRB 378 430
FXR 387 439
BtEcR 386
HvEcR 500
LXRp 431
FXR 440
BtUSP 267 307
HVUSP 204 253
DmUSP 230 285
298 343
BtUSP 308 358
HVUSP 254 309
DmUSP 286 341
RXRf 344 369
BtUSP 359 3s2
HvUSP 310 D 356
DmUSP 342 397
370 428
BtUSP 393 448
HVUSP 357 412
DmUSP 398 453
RXRf 429 484
BtUSP 449 496
HVUSP 413 466
DmUSP 454 508
485 538

-

Fic. 5. Sequence alignment of the LBDs of BtEcR, HVEcR, LXRg, and FXR (a) and BtUSP, HvyUSP, DmUSP, and RXRg (b). Included
in the alignment are the location of the secondary structural elements observed in the BtEcR-LBD heterodimer structure presented here (helices
are shown as cylinders; strands are shown as arrows). Helix H1 in b is unobserved in our BtUSP-LBD structure (see text), and its location is based
upon the HvUSP-LBD structure. Residues highlighted against a gray background are conserved in all four sequences in each alignment block,
whereas those highlighted by outlining are conserved in two or three of the sequences within each alignment block. Indicated underneath the
EcR-LBD alignment are the residues contributing to the surface of the ecdysteroid-binding pocket within the BtEcR-LBD (¥, major pocket residue
in contact with PonA; m, major pocket residue not in contact with PonA; a, ancillary pocket residue). Indicated (*) beneath the USP-LBD alignment
are residues involved in lipid contact in HvUSP-LBD. The sequences shown are those of the respective Protein Data Bank structures: a, entries
175X (this work), 1R1K, 1P8D, and 10SV; and b, entries 1Z5X (this work), 1R1K, 1HG4, and 1UHL. Residues shown in lowercase are missing in
the respective Protein Data Bank entry. The alignment was generated using ClustalW (57), and the figure was produced using ALSCRIPT (58).
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Fic. 6. The ligand-binding pockets of the BtEcR-LBD showing PonA bound (a), HvEcR-LBD showing PonA bound (b), and
HvEcR-LBD showing BYI06830 bound (¢). All pockets are shown in equivalent orientations for ease of comparison with the dotted line tracing
through a common coordinate. The side chains of selected residues discussed in the text are shown in stick representation with C* atoms shown
as small spheres. Pockets were generated using VOIDOO (30) both with the default 1.4-A probe radius (¢ransparent green) and a 1.2-A probe radius
(black mesh) in an endeavor to locate more loosely packed regions of the pocket wall. The looser packing of the walls of the HvEcR-LBD
ligand-binding pocket in the vicinity of residues Leu-420, Val-416, and GIn-503 is evidenced by both by the orientation of the side chains of these
residues and by the intrusion into the protein atomic volume of the ecdysteroid-binding pocket wall calculated with a 1.2-A probe radius. The
opening up of this region upon BYI06830 binding is evident in ¢ with the pocket volume now opening outward to solvent. No such region of looser
packing is evident in the walls of the ligand-binding pocket of BtEcR-LBD. The figure was produced using MOLSCRIPT (54), CONSCRIPT (55),

and RASTER-3D (56).

Fic. 7. Ligand-binding pockets of
HvEcR-LBD complexed with PonA
(16) (Protein Data Bank entry 1R1K)
(a), BtEcR-LBD complexed with PonA
(b), LXRB complexed with 24(S),25-
epoxycholesterol (47) (Protein Data
Bank entry 1P8D) (c), and FXR com-
plexed with 6-ethyl-chenodeoxycholic
acid (48) (Protein Data Bank entry
10SV) (d). All LBDs are shown in equiv-
alent orientations for ease of comparison.
Pockets were calculated using VOIDOO
(30) with the default 1.4-A probe radius
and are shown in t¢ransparent green. Li-
gands are shown in cyan, and bound water
molecules are shown in red. Helices are
shown in orange except for helix H1, which
is shown in green, and helix H12, which is
shown in mauve. Helix H3 is rendered
transparent to allow viewing of the pockets.
In ¢, the ancillary pocket, when computed
with a probe radius of 1.2 A (not shown),
opens to the surface as in d. The figure was
generated using MOLSCRIPT (54), CON-
SCRIPT (55), and RASTER-3D (56).

308 position produces a significant difference in the pocket
shape and structure in this vicinity (Fig. 6) that will be de-
scribed in more detail in the next section. We suggest that this
difference in architecture may underlie the differential affinity
of the hemipteran and lepidopteran EcR-LBDs for the bisacyl-
hydrazine compounds.

In the BtEcR-LBD and HvEcR-LBD PonA-bound struc-
tures, the interaction of helix H12 with PonA is limited to a

van der Waals interaction between the ring of the conserved
tryptophan at position BtEcR Trp-412 (HvEcR Trp-526) and
the terminus of the PonA alkyl tail. The interactions between
helix H12 and the remainder of BtEcR-LBD include (i) a
conserved salt bridge between the side chains of BtEcR Asp-
413 (HvEcR Asp-527) at the C terminus of helix H12 and
BtEcR Lys-261 (HvEcR Lys-373) within helix H4 and (ii) a
conserved polar interaction between BtEcR Trp-412 N¢!
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(HvEcR Trp-526) and the hydroxyl of BtEcR Ser-264 (HvEcR
Ser-376) within helix H5. The conserved salt bridge between
helices H12 and H4 appears equivalent to that observed
between the same elements in agonist-bound vertebrate NRs
(36), although in the latter cases the salt bridge uses a
glutamate located one turn closer to the N terminus of helix
H12 (equivalent to BtEcR Glu-410).

Bisacylhydrazine Specificity—The above analysis reveals
that significant differences in ligand-binding pocket geometry
arise in the vicinity of the residues that are not in contact with
PonA in particular in the vicinity of BtEcR Thr-304, Leu-308,
Met-389, Thr-393, Val-404, and Leu-408. In BtEcR-LBD, the
rotameric conformations of Met-389 (within helix H10) and
Leu-308 (within helix H7) place the side chains of these resi-
dues in contact with each other (Fig. 6a). In the HvEcR-LBD,
the rotameric conformations of the equivalent residues (Gln-
503 and Leu-420, respectively) are distinctly different (Fig. 6b).
Indeed the side chain of HvEcR GIn-503 is oriented away from
the bound ligand with its terminal amide group exposed on the
outer surface of the protein, whereas the side chain of HvEcR
Leu-420 is directed toward HvEcR residue Val-384. These ar-
rangements are indicative of a weaker interaction at this loca-
tion between helices H7 and H10 in the HvEcR-LBD compared
with that in BtEcR-LBD. Pocket surface calculations with a
probe radius of 1.4 A revealed a small indentation of the pocket
wall into the HvEcR-LBD protein volume between residues
Val-416, Leu-420, and GIn-503 (Fig. 6b) that is absent in
BtEcR-LBD (Fig. 6a). Calculation of the pocket surface with a
1.2-A probe, however, revealed a larger extraversion of the
pocket in this region. Intriguingly it is precisely here that the
1,4-dioxan ring of BYI06830 inserts itself into the protein
atomic volume (Fig. 6¢). Given the high level of structural
conservation in those regions of the ligand-binding pocket that
interact with the ecdysteroid PonA, it appears that it is the
structural variability in the vicinity of this indentation (which
does not interact directly with the ecdysteroid) that may un-
derpin the differential binding affinity of the bisacylhydrazine
compounds across taxonomic orders. We note that the struc-
tural variability is not derived from any single amino acid
substitution but instead probably reflects the combined effect
of coordinated residue substitutions on an order-by-order basis.

A number of other changes to the pocket architecture of the
HvEcR-LBD accompany the binding of BYI06830 (16). The first
of these is a disruption of the hydrogen bond interactions be-
tween the second and third strands of the p-sheet, allowing the
inward motion of the aromatic side chains of residues Phe-397
and Tyr-403, which then fill that part of the binding cavity
otherwise occupied by the A-, B-, and C-rings of PonA in the
ecdysteroid-bound structure of HvEcR-LBD. Both of these aro-
matic residues are conserved in BtEcR (as Phe-285 and Tyr-291,
respectively), and these positions are also conserved as aromatics
in known EcR sequences (Table II). However, we note that the
residue N-terminal to HvEcR Tyr-403, viz. Ala-402, is a proline in
BtEcR (Pro-290) and in other hemipteran EcRs. This change may
restrict backbone flexibility in this region and prevent the rear-
rangements necessary to accommodate a compound such as
BYI06830 in the manner seen in HvEcR-LBD. Lepidopteran and
dipteran EcR sequences appear to have serine and alanine resi-
dues at this position, and these orders are susceptible to bisacyl-
hydrazine insecticides (10, 37). However, we note that Coleoptera
are susceptible to bisacylhydrazines (10) but that the only avail-
able coleopteran sequence retains a proline at this position.
Hence the presence of a proline at this position cannot by itself
account for the poor ability of the corresponding LBDs to bind
bisacylhydrazine compounds. The remaining structural change
in HvEcR-LBD upon binding of BYI06830 is the destabilization
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of helix H2, directing the side chain of GIn-310 into that part of
the pocket occupied by the ligand A-ring in PonA-bound HvEcR-
LBD. This residue is conserved as a glutamine in dipteran and
lepidopteran EcR sequences but is substituted either by smaller
residues (alanine or serine) or by residues having fewer confor-
mational degrees of freedom (histidine) in EcR sequences from
other insect orders. This suggests that in a hemipteran EcR-LBD
these residues may be unable to fill in the unoccupied volume
that arises in this region upon bisacylhydrazine binding. Finally
we note that three HvEcR residues (viz. Thr-343, Tyr-408, and
Asn-504) form polar interactions with BYI06830 and that these
residues are highly conserved in EcR sequences across all orders.
The BtEcR equivalents of these three residues are Thr-231, Tyr-
296, and Asn-390, respectively, and inspection reveals that these
residues enjoy conformations similar to their HvEcR counter-
parts in the respective PonA-bound structures. It is thus unlikely
that these residues are responsible for the very different bisacyl-
hydrazine affinities exhibited by these two receptors.

Binding Activity of Other Ecdysteroids—Extensive studies of
the relative binding activities of various ecdysteroids to the
ecdysone receptor have been reported in the literature. Struc-
tural interpretation must necessarily be cautious given the
flexibility of the ecdysteroid-binding pocket and the use of
different assay techniques (predominantly bioassays, the re-
sults of which need not directly reflect the affinity of the ecdys-
one receptor LBD heterodimer for the ligand). Nevertheless the
existing LBD structures do provide insight into the degree of
substitution tolerated within the ecdysteroid ring system. For
example the interaction between the 20-hydroxyl group of
PonA and the hydroxyl group of the conserved residue HvEcR
Tyr-408 (BtEcR Tyr-296) almost certainly underpins the well
established higher activity of ecdysteroids possessing a 20-
hydroxyl group, in particular the increased activity of the na-
tive hormone 20-hydroxyecdysone over ecdysone for dipteran
and lepidopteran receptors (38). A similar hydrogen bond in-
teraction between PonA and a tyrosine residue was observed in
the corresponding HvEcR structure (16). Polypodine B (a phy-
toecdysteroid) contains an additional B-hydroxyl substituent at
C-5 within the ecdysteroid ring and exhibits higher activity
relative to 20-hydroxyecdysone in the case of the Dm receptor
(39). This increased activity may result from the C-5 B-hy-
droxyl group forming a hydrogen bond with (BtEcR) Arg-275
N¢, a residue conserved in both HvEcR and DmEcR. Ecdys-
teroids with an a-hydroxyl substituent at C-11 show reduced
activity (39), and inspection of the ligand-binding pocket of our
structure and that of the PonA-bound H. virescens ecdysone
receptor LBD heterodimer suggests that such a substituent
cannot readily be accommodated without some alteration to the
pocket geometry. The reduced activity of malacosterone (20-
hydroxyecdysone with a B-hydroxyl at the C-16 position) in
D. melanogaster (39) is potentially explained by a clash of the
additional hydroxyl with the side chain hydroxyl of Tyr-296 in
the BtEcR-LBD or of Tyr-408 in the HvEcR-LBD. In the same
study, the relative activities of ecdysteroids with methyl sub-
stituents near the terminus of the alkyl tail appeared to have
no effect or to slightly increase their binding affinity for EcR.
However, modeling their mode of binding would be daunting in
that one would have to allow for (i) the alkyl tail potentially
adopting a different conformation, (ii) the residues lining the
ligand pocket adopting altered rotameric conformation, and/or
(iii) more extreme change in the conformation of the pocket to
accommodate the substituent, as seen in the complex of the
H. virescens LBD heterodimer with BYI06830.

Comparison of the BtUSP-LBD and HvUSP-LBD Struc-
tures—The polypeptide backbones of BtUSP-LBD and HvUSP-
LBD (Fig. 3b) are closely similar in conformation (1.3-A root
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mean square deviation for 169 corresponding C* atoms out of
193). All three previously determined USP-LBD crystal struc-
tures display phospholipid bound in a cleft partly overlaying
the canonical location of the hormone-binding pocket within
the NR fold (16-18); no lipid is, however, observed bound to
BtUSP-LBD. This absence of lipid appears to correlate with a
number of conformational differences in the vicinity of the
putative ligand-binding pocket in BtUSP-LBD compared with
its HvUSP-LBD and DmUSP-LBD counterparts, and these
differences will now be described. In the HvUSP-LBD struc-
ture, the lipid is bound in a cleft, the walls of which are formed
by residues located within (i) the loop connecting helix H6 to
helix H7, (ii) the N-terminal portion of helix H3 and part of its
connection to H1, and (iii) the C terminus of helix H10. The
hydrophobic tails of the lipid are directed into this cleft,
whereas the polar head group protrudes out of the LBD. The
site of protrusion is structurally distinct from that “capped” by
helix H12 when in the agonist position. In the BtUSP-LBD
structure, volume equivalent to that forming the lipid-binding
cleft in HvUSP-LBD is occluded by a “folding in” of the loop
connecting helix H6 to helix H7 (Fig. 3b). There is also a folding
in of the loop connecting helix H10 to helix H12 into volume
that might otherwise be occupied by the connection between
helix H1 and helix H3 in an intact LBD. Part of the “folded in”
helix H10 to helix H12 loop also overlays volume equivalent to
that forming the lipid-binding cleft in HvUSP-LBD. Similar
observations arise upon comparison of our structure with that
of D. melanogaster USP-LBD monomer (17).

The reason for the absence of bound lipid in BtUSP-LBD is
not clear. Inspection of the sequence alignment of the LBDs of
BtUSP and HvUSP (Fig. 5b) revealed that of the 16 residues
that are in contact with lipid (3.8-A cutoff) in HyUSP-LBD nine
(Asn-287, Leu-290, GIn-338, Ala-339, Val-341, Ser-431, His-
434, Phe-438, and Leu-440) are conserved and three (Leu-249,
Met-323, and Leu-331) are conservatively replaced in the
BtUSP sequence (Ile-303, Ile-359, and Val-367, respectively).
Four residues (Leu-230, Val-238, Pro-239, and Phe-242) are
missing in the shortened BtUSP sequence region between helix
H1 and helix H3. Three explanations may thus be advanced for
the absence of bound lipid in BtUSP-LBD. One possibility is
that although lipid may bind to an intact BtUSP-LBD, the
absence of all BtUSP residues prior to Leu-285 (see above)
makes collapse of the helix H6 to helix H7 loop into the lipid-
binding region more energetically favorable than lipid binding
itself. The folding in of the loop connecting helix H10 to helix
H12 also appears feasible in the absence of residues prior to
Leu-285 and may be mediated in part by the observed involve-
ment of that loop in a crystal contact. A further possibility is
that the lipids seen in other USP-LBDs arise as a consequence
of bacterial expression and are not observed here because the
recombinant receptor was expressed in insect cells (see “Mate-
rials and Methods”). A third explanation is that intact BtUSP-
LBD is structurally distinct from HvUSP-LBD and DmUSP-
LBD in a way that precludes lipid binding. Indeed we note that
part of the lipid-binding cavity in HvUSP-LBD is formed by
three residues (HvUSP Val-238, Pro-239, and Phe-242) in the
13-residue insertion that is present in the HvUSP sequence but
not in that of the BtUSP (Fig. 56). The path of this loop must,
therefore, be different in the two USP-LBDs and possibly al-
lows the observed rearrangement of the helix H10 to helix H12
connection in BtUSP-LBD compared with HvUSP-LBD. We
note further that if the structure of the helix H10 to helix H12
loop observed here corresponds to a native-like antagonist con-
formation of helix H12, then the helix H10 to helix H12 loop
will have to undergo significant rearrangement if helix H12
were to move to a classical agonist position. The absence of
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residues prior to BtUSP Leu-285 in our structure, however,
precludes us from commenting further on whether or not helix
H12 is locked (17, 18) in the antagonist conformation observed.

It has been pointed out (40) that the USP-LBDs of the Pan-
orpida (which includes the dipteran and lepidopteran orders)
are more distant from the chordate RXR-LBDs than are the
USP-LBDs of other insect orders. Indeed we note that BtUSP
bears a closer sequence relationship to human RXR than to
HvUSP (Fig. 5b) in the regions responsible for lipid binding.
The RXR-LBD can bind fatty acids in this location regardless of
the conformation of the loop connecting helix H1 to helix H3
(24, 41) so this distinction between USP-LBD sequences of
different orders is unlikely to explain the absence of bound lipid
in our structure.

Comparison of the Ecdysone Receptor LBD Heterodimeric
Interfaces—The overall mode of assembly of the B. tabaci and
H. virescens ecdysone receptor LBD heterodimers is very
similar, brought about primarily by a pseudo 2-fold interac-
tion between the helices H9 and H10 in the EcR-LBD with
the corresponding helices in the USP-LBD. Some caution
must, however, be exercised in comparing the detail of the
interfaces of these two structures, given that the inclusion of
a phosphate ion within the B. tabaci ecdysone receptor LBD
heterodimer interface is probably a crystallization artifact
that likely distorts the conformation and/or packing of the
surrounding side chains compared with their structure in
solution. Table IV presents the charged and polar interac-
tions observed within the respective ecdysone receptor LBD
heterodimer interfaces. Two intermolecular salt bridges and
one hydrogen bond are conserved in both interfaces, but these
are supplemented by a number of non-conserved salt bridges
and polar interactions in each case. The H. virescens het-
erodimer interface buries about 30% more surface area than
that of its B. tabaci counterpart (2230 versus 1660 A2, respec-
tively). The larger buried surface area in the H. virescens
heterodimer is associated with three regions in the interface.
The first is in the vicinity of the loop connecting EcR helix H9
to helix H10 (Fig. 3a). In HvEcR-LBD, this segment is folded
further into the interface than the corresponding segment in
BtEcR-LBD, resulting in the burial of additional molecular
surface. However, because most of this additional buried
surface area is associated with contacts between this loop and
the poorly ordered residue HvUSP Arg-404, it may not be
significant. The side chain of the corresponding residue in
BtUSP, Arg-440, adopts a rotameric conformation different
than its HvUSP counterpart and is involved in an intramo-
lecular salt bridge with Glu-436. This residue is conserva-
tively replaced in HvUSP by Asp-400, but the reduction in
side chain length does not appear to preclude the formation of
an analogous intramolecular salt bridge. The second region of
reduced buried surface area in the B. tabaci heterodimer
interface relative to its H. virescens counterpart is in the
vicinity of the loop connecting helix H10 to helix H12. In
BtUSP-LBD parts of this loop are relatively disengaged from
the interface. The change in conformation within this loop
region has already been discussed in connection with the
absence of bound lipid in BtUSP-LBD, and its significance is
unclear. The third region of difference results from a reduced
contact between BtUSP-LBD helix H7 and the loop connect-
ing helices H8 and H9 in BtEcR-LBD relative to their
H. virescens counterparts and is likely related to the incor-
poration of the phosphate ion in that region of the interface.
Analysis of the hydrophobicity of the constituent interface
surfaces of both heterodimers reveals that they are each
about 55—-60% hydrophobic in character, which is toward the
lower end of the range associated with protein-protein inter-
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TaBLE IV
Interactions within the ecdysone receptor LBD heterodimeric interfaces
BtEcR BtUSP d HvEcR HvUSP d
A A
Conserved salt bridges Glu-347 O<! Lys-391 N*¢ 3.0 Glu-459 O« Lys-355 N* 3.0
Glu-382 O<! Arg-461 N2 4.1 Glu-496 O<? Arg-425 N 3.2¢
Arg-461 N 3.2 Arg-425 N2 3.1
Conserved hydrogen bonds Arg-384 N Ser-462 O 3.2 Arg-498 N© Ser-426 O 3.0
Non-conserved salt bridges Glu-336 O<! Lys-391 N¢ 3.3
Glu-351 O Lys-452 N*¢ 3.20
Lys-375 N¢ Glu-429 O< 3.20
Arg-470 N2 Glu-411 O 2.9
Asp-448 O°' Glu-351 O<2 2.8
Glu-496 O<* Asp-378 0% 3.0
Non-conserved hydrogen bonds Glu-355 O<! Ser-447 O 3.3°
Lys-358 N*¢ Ser-447 O 3.2°
His-422 N<? Asp-3780 26
Ser-429 O7 Arg-385 N"* 2.9
Thr-499 O* Arg-425 N 2.7
Arg-463 N°© Glu-411 O 2.9
BtEcR PO, d BtUSP PO, d
A A
Interactions with buried phosphate ion® Arg-384 N™ 0-3 3.0 Arg-383 N 0-3 2.9
Arg-384 N2 0-2 3.0 Arg-383 N2 0-3 2.8
Arg-384 N™ 0-2 3.3 Glu-387 O 0-1 2.6
Arg-456 N2 0-1 3.0

@ This salt bridge involves both N and N of the respective Arg side chains in each USP.
® This pair of salt bridges within the B. tabaci ecdysone receptor LBD heterodimeric interface is symmetrically arranged with respect to the
heterodimer pseudo 2-fold axis, linking BtEcR-LBD helix H9 to BtUSP-LBD helix H10 on one hand and BtEcR-LBD helix H10 to BtUSP-LBD helix

H9 on the other.

¢ The arrangement of the phosphate-coordinating residues suggests that in the absence of the ion an additional salt bridge could be formed by

rearrangement of the side chains of BtEcR Arg-384 and BtUSP Glu-387.

actions (42) and may reflect a capacity for the EcR-LBD and
USP-LBD to exist as monomers under some circumstances.
None of the above differences in the LBD heterodimer inter-
faces of the B. tabaci and H. virescens ecdysone receptors can
be readily related to the differing bisacylhydrazine affinities
of ecdysone receptors from different insect orders.

DISCUSSION

Early in vitro studies on the ability of bisacylhydrazine in-
secticides to compete with tritiated PonA for binding to ecdys-
one receptors used nuclear extracts from insect cells (10). More
recently, similar studies have been performed on EcR-USP
heterodimers produced from cloned sequences in rabbit reticu-
locyte lysates or in extracts from bacterial cells expressing
recombinant EcR-USP fusion proteins (37). Such studies have
indicated that much of the selective toxicity of these compounds
results from their specificity of binding to the different ecdys-
one receptors. Our studies have taken this approach further to
the level of purified ligand-binding regions subcloned from
EcR-USP pairs and co-expressed in cultured recombinant in-
sect cells. Our data demonstrate the relevance of studies on
purified recombinant ecdysone receptor LBD heterodimers (in-
cluding the interactions of these simpler proteins with ligands
in vitro) to whole-insect physiology and development.

Our structural data show that differences in architecture
exist between the ligand-binding pocket of the hemipteran
ecdysone receptor and its lepidopteran counterpart and that
these can tentatively be correlated with the different affinity of
receptors from these orders for bisacylhydrazine compounds.
We note that BYI06830 contains a relatively large dioxan ring
substituent on the bisacylhydrazine B-ring where other
bisacylhydrazine compounds carry smaller substituents, and
thus it has yet to be established that the observed mode of
binding of BYI06830 to HvEcR-LBD is representative of all
members of this insecticide family. Nevertheless the involve-
ment of the least conserved region of the ecdysteroid-binding
pocket in interactions with BYI06830 is consistent with our

suggestion that this region is the source of differential bisacyl-
hydrazine affinity.

Cavities within proteins are a relatively common occurrence
and are believed to arise as a compromise imposed by the limits
of conformational flexibility versus attempts on the part of the
protein to achieve close packing (43). They may also reflect re-
gions of the protein that are purposefully less well packed to
allow conformational flexibility or dissociation of the surrounding
structural elements particularly in domain motions (44). The
presence of the ancillary pocket and its structural conservation in
both receptors is thus intriguing and may be indicative of flexi-
bility in the protein structure at that location. The structural
conservation of this cavity extends further: analogous cavities
(Fig. 7) occur in this vicinity in the liver X receptor-g (LXRB) and
in the structure of the farsenoid X-activated receptor (FXR). In
the complex of LXRB-LBD with GW3965 (45), this cavity is
occupied by isopropanol, whereas in the complex of LXRB-LBD
with 24(S),25-epoxycholesterol (46) the cavity is occupied by wa-
ter molecules. Single water molecules also occupy volume in this
region in the structures of LXRB-LBD in complex with ligands
T-0901317 (47) and A1462 (47). In the structure of FXR-LBD
complexed with 6-ethyl-chenodeoxycholic acid (48) and in the
structures of LXRB-LBD in complex with 24(S),25-epoxycholes-
terol (46) the volume corresponding to this cavity extends to the
surface of the molecule at a location surrounded by residues from
the helix H1/H2 region, the C terminus of helix H5, strand s1,
and the N terminus of helix H8. It is reasonable to speculate that
if ecdysteroid entry into the EcR-LBD occurs by insertion of the
ecdysteroid A-ring into the ligand-binding pocket at a location
later capped by helix H12, then the non-planar nature of the
ecdysteroid ring system demands flexibility at the base of the
pocket as it adjusts to accommodate the ligand. This is a possible
reason for the existence of the ancillary cavity. The existence of
the cavity may also be related to the observed ability of both the
EcR-LBD and LXRB-LBD to accommodate ligands of stereo-
chemistry quite different than that of the natural ligand, allow-
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ing levels of flexibility that might otherwise be precluded. Some
of these non-native ligands may also conceivably enter the li-
gand-binding pocket at the opposite end to that associated with
capping by helix H12, perhaps through modes of structural open-
ing such as that seen in the complexed structures of FXR-LBD
and LXRB-LBD mentioned previously. In contrast, the structure
of BY106830-bound HvEcR-LBD shows the ancillary pocket has
been “filled in” by structural rearrangements, in particular by the
side chains of residues Arg-383 and Tyr-437. Further under-
standing of the subtleties of packing and of the ligand-induced
flexibility in the ecdysone receptor LBD will come from three-
dimensional structural data for ecdysone receptors complexed
with different ligand chemistries, for example with tetrahydro-
quinolines (49).

The ability of EcR-LBD to bind ecdysteroids is intimately re-
lated to its heterodimerization with USP-LBD (8, 50, 51). It has
also been pointed out that the primary sequences of dipteran and
lepidopteran USPs are distinct from those of other insect orders
(40) with the non-lepidopteran/non-dipteran USPs bearing a
closer relationship to mammalian retinoid X receptor proteins
than to dipteran or lepidopteran USPs. Because these divisions
correlate to some extent with the susceptibility of different insect
orders to bisacylhydrazine compounds, this prompted us to com-
pare the heterodimer interface in our hemipteran structure with
that in the lepidopteran HVECR-LBD structure in a search for
differences that might be associated with differential bisacylhy-
drazine affinity. However, none of the differences described
above have an obvious correlation with bisacylhydrazine affinity,
so we look primarily to the EcR component for the basis of the
selectivity of this insecticide family.

Tryptophan/histidine activation switches (52) have been pro-
posed for both LXR (46) and FXR (53). The tryptophan residue
implicated in these models is equivalent to the residue BtEcR
Trp-412, whereas the histidine is replaced by BtEcR Asn-390,
an asparagine conserved in all EcR sequences. The perpendic-
ular orientation of the side chains of Trp-412 and Asn-390 in
our BtEcR-LBD structure (Fig. 4) suggests an interaction be-
tween the m-electron system of Trp-412 and the terminal amino
group of Asn-390 that could be further stabilized by interaction
of the Asn-390 0°! atom with the hydroxyl group at the C-25
position of the natural ligand 20-hydroxyecdysone. However,
such a direct ligand-mediated switch cannot be essential for
transactivation as it would not explain why PonA, which lacks
a hydroxyl group at C-25, is a very effective agonist.

In conclusion, we have (i) demonstrated that much of the
selectivity of the bisacylhydrazine insecticides can be ob-
served at the level of binding to purified recombinant ecdys-
one receptor LBD heterodimers, (ii) solved the x-ray struc-
ture of the first hemipteran ecdysone receptor LBD
complexed with an ecdysteroid, and (iii) proposed a tentative
explanation for the selectivity of the bisacylhydrazine insec-
ticides, this explanation being derived from differential pack-
ing of residues within the walls of the ecdysteroid-binding
pockets in EcRs from different taxonomic orders. The silver-
leaf whitefly ecdysone receptor LBD structure reported in
this communication will also be of value in the future design
of new hemipteran-selective insecticides.
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