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Effects of the structures  of  ecdysone  receptor

   ultraspiracle  (USP) on  the ligand-binding

               of  the EcR/USP  heterodimer
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N-tert-Butyl-N,N'-diacylhydrazine (DAH) analogs  are  nonsteroidal  ecdysone  agonists, The binding activity  of

DAH  analogs  to the heterodimer of  the ecdysone,receptor  (EcR) and  ultraspiracle  (USP) is diverse among  insect

species,  which  is probably the main  factor causing  their selective  toxicity. "le prepared EcR  and  USP  proteins
from Lepidopteran C7iiio stvrpressalis,  dipteran Drosophila melanagaster  and  coleopteran  Leptinotansa decemlin-

eata,  and  measured  the binding activity  of  ecdysone  agonists  against  various  hybrid EcRfUSP  heterodimers.
There was  a linear relationship between binding actiyities (plCso values) before and afier replacing native  USP
with  that derived from other  insects, suggesting that the selective  toxicity of  DAH  anaiogs  is mainty  dependent

on  the EcR  structure  and  not  the USP  structure.  @Pesticide Science Society efJapan

KeJ,words: nonsteroida1  ecdyEone  agonists,  ecdysone  receptor,  ultraspiracle,  selective  toxicity,

Introduction

Insect molting  and  metamorphosis  are  regulated  by the bind-
ing ef  a molting  hormone, 20-hydroxyecdysone (20E, I; Fig,
1), to its recepter; the heterodirner of  the ecdysone  receptor

(EcR) and  ultraspiracle (USP), a homolog of  vertebrate

retinoid X  receptor  (RXR). Both EcR and  USP  belong to the
nuclear  reccptor  superfamily  and  are  copstructed  fi'om A/B, C

(DNA-binding domain; DBD), D, E (ligand-binding demain;
LBD), and  F regions.i) The transactivation of target genes is
initiated by the binding of the 20E-EcRfUSP (or EcRfRXR)
complex  to ecdysone  respense  elements  (EcREs), which  trig-

gcrs subscquent  ecdysone  cascade  evcnts.i4) In the fruit fly
D}vsophila melanqgaster,  it has been suggested  that ligand-
free EcRIUSP (or RXR)  can  also  function as  a  suppressor  to

regulate  a  part of  steroid-driven  devclopment,S)

 NLtert-Buty1-N,N'-diacylhydrazine (DAH) and  its analogs

(Fig. 1, II) are  known as  synthetic nonsteroidal  ecdysone  ago-

nists,  and  fbur potent DAH  analogs,  tebufenozide  (RH-5992),
methoxyfenozide  (RII-2485), halofenozide (RH-0345), and

"
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chromafenozide  (ANS-1 18), are  currently  on  the market  to

control  agricuttural  pests.6'TO) Although 20E  is a  cornmon

molting  hermone  in all insects, the insecticidal toxicity of

DAH  analogs  varies  dramatically among  insect species,  par-

ticularly ameng  insect orders. For example,  tebufenozide,

methoxyfenozide,  and  chromafenozide  are highly toxic

against Lepidoptera but not so toxic to other taxonomic insect
orders such  as  Dipt¢ ra  and  Coleoptera.7) It has been suggested

that the selective toxicity of DAH  analogs  could  be attributecl
to differences in their receptor  binding activity and  exclusion

mechanisms,  rather than a difference in detoxifying activity

among  insect species.]i-i3) Previously we  shGwed  that the
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Fig. 1. Structures of  2e-hydroxyecdysone (I) and  nonsteroidal

ecdysene  agonists  (II). RH-5849, ×
.=Y,=H;

 tebufenozide (RH-
5992), X.=3,5-(CH,),,  Y.==4-C,H,;  methoxyfenozide  (RH-2485),
X.=3,5-(CH3),, Y.=2-CH,-3-OCH,; halofenozide (RH-0345),
X.-H,  Y.==4-Cl; chromafenozide  (ANS-118), X,=3,5-(CH3)2,

Y.=2-CHj'3,4-(-CH2CH2CH!O-)'

x"-OS,W'N,5k)-y,
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                 Results

1. Gelmobilityshijtassays
In order to sec if EcR  and  USP  from different insect species
could  fbrm a  functional, hybrid-type heterodimer, we  per-
formed gel mobility  shift  assays  with  combinations  of EcR
and  USP  from C st{ppngssalis  and  D, meianogaster.  Although
CsEcR, CsUSR  DmEcR,  and  DmUSP  did not  individually
bind to the hsp27 EcRE  probe, probe binding was  detected
for CsEcRIDmUSP  and  DmEcRYCsUSR  as  well  as

CsEcRICsUSP  and  DmEcRIDmUSP  (Fig. 2). These results

indicate that EcR  and  USP  from different insect species  can

form functional hybrid-type heterodimers that can  bind to

EcRE,

2, Binding activity ofecclysteroids and  IMH  analogs  to

   bybrid EcR/USP  heterodimens
The plCso va]ues  of  five ecdysteroids  and  five DAH  analogs

for binding to six  hybrid-type ecdysteroid  receptors (CsEcRl
DmUSR  DmEcRICsUSR  CsEcRYLdRXR, LdEcRICsUSR
DmEcRILdRXR,  LdEcRIDmUSP)  are listed in Table 1, As
we  reported  previously, plCso va]ues  are highly reproducible,
usually  varying  by less than O.15 standard  deviation,

 The binding activity  of  five ecdysteroids  to the wild-type

recepter  DmEcRIDmUSP  decreased after  replacement  of

DmUSP  with  CsUSP or  LdRXR,  For example,  the ICso reduc-
tion of  20E  was  about  2- to 3-fold. On  the other  hand, the

binding actiyity of  ecdysteroids  to wild-type  ecdysteroid  re-

ceptors from C, stmpressatis  (CdEcRfCsUSP) and  L. decem-
tineata (LdEcRILdRXR) was  slightly increased after replace-

ment  of  USP with  DmUSP  (CsEcRfCsUSP vs. CsEcRY

DmUSR  LdEcRILdRXR  vs. LdEcRfDmUSP),  although  the

difference in plCso values was  mostly  less than O,3 and  may

not be significant.

          Table 1. Binding  activity  (plC,o

CsEcR  +

CsUSP  +

DmEcR  -

DmUSP  - -

n.+-

   
-+

+ -+

   +-+

+

+

++

           Free
           Probe

Fig. 2. Binding of  in vitFo-transcribedltranslated  proteins to

ecdysone  response  element  (EcRE). in vitro-translated  CsEcR,

DmEcR,  CsUSP  and  DmUSP  proteins were  incubated with  
32P-la-

beled hsp27 EcRE  probe ln the presence ef  iO"M PonA, and ana-
lyzed on  a  non-denaturing  acrylamide  gel.

) of  ecdysone  agonists  against  the in vitro-translated  EcRfUSP  complex

 The  binding activity  (ICso) of  all DAHs  to DmEcRIDmUSP

was  significantly decreased fbr the  hybrid receptor

DmEcRILdRXR;  i.e. 113 fbr methoxyfenozide,  lf4 for chro-
mafenozide,  1!6 fbr ha]ofenozide, and  1112 fbr tebufenozide.

Replacement of  DmUSP  with  CsUSP  was  not  favorable

for the binding of  DAHs;  the ligand-binding activity

of  DmEcRIDmUSP  was  slightly higher than that of

DmEcRICsUSR  The activity of RH-5849, tebufenozide  and

                           a)

No,Cornpounds

DmEcR CsEcR LdEcR

DmUSP")  CsUSPLdRXRCsUspdDmUSP  LdRXRLdRXR")  DmUSPCsUSP

 1 PonasteroneA .

2 20-Hydrexyecdysone

3 Cyasterone

4 MakistereneA

5 Ecdysone

6 RH-S849

7 Halofenezide

8 Tlebufenozide

9 Methexyfenozide

10 Chromafenozide

8,277.037,076.875,245.165,956.016,496,548,066.546,395.974,604.885,655.786.396,388,OO6.646,466.164,584.985,184.93S,995,988.086.666.6S6.334.706.506.928.858,879,138.176,906.866.58S286.556.948.828.728,888.107.006.676.39S.256.777.488,768.748,418.13rv)6.36r)6.295.74g)4.984,975.235.185.945.778216.706.495,91S.375,08S.355,065.995.737.956,526.365,75･5.l45.065.035.195.985･,96

")
 plCso values  from a  single  replicatien  or  the average  frem two rcplications  are  shown  unless  etherwise  noted,

ref21  
")
 Frorn ref  15 e}

 ±O.04 (n=4) t) ±O.e2 (n=2) g) ± O,04 (n=2).

h)
 From ref  ]4 r) From
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Fig. 3. Relationships ofthe  binding activity (plCso) ef  ecdysone  agenists  against  ecdysone  receptorlu[traspiracle  (EcRfUSP) among  witd-type

{original) and  hybrid-type receptors.  Solid circles; ecdysteroids,  Open  circlesl diacylhydrazine (DAH) analogs,  Binding  activities were  compared

between vvild-type  CsEcRfCsUSP and hybrid CsEcRfDinUSP {A), betvveen CsEcRfCsUSP and  CsEcRfLdRXR  (B), between DmEcRIDmUSP
and DmEcR!CsUSP  (C), between DmEcRIDrnUSP  and  DmEcRVLdRXR  (D), between LdEcRILdRXR  and  LdEcRfCsUSP {E), and  between

LdEc RtLdRXR  and  LdEcRIDmUSP  (F), The correlation  equation  and  the correlation  coerncient  (r) are  shown  in each  graph.

methoxyfenozide  against CsEcRICsUSP was  constant  regard-

less ofthe  USP  species, The binding activity ofhalofenozide
against CsEcRfCsUSP increased 4-fold when  CsUSP was

changecl  to LdRXR, but the activity  of  chromafenozide  de-
creased  5-fbld. The binding of  DAHs  to LdEcRfLdRXR  was

very  weak  with  plCio values  of  less than 6.0, and  binding was
not drastically changed  by replacement  of  LdRXR  with  USPs

from other  insects,

  As shown  above,  binding activity  was  slightly  changed  by
the replacement  ofnative  USP  with  that from other  insects. In

order  to investigate the relationship  between binding activities

in detail, plCso values  of  ten ecdysone  agonists  against  wild-

type  EcRYUSP  were  compared  with  the values  against  hybrid-

type heterodimers (Fig, 3). The  correlation  coeMcients  of the

regression  Iines are fairly high (r=O.961-O.997) except  fbr
that in Fig, 3D (r=O.919), The slopes  of  the regression  lines
in Figs. 3A  and  3B  are  much  less than  unitM  although  those  of

Figs. 3C, 3D, 3E, and  3F are  close  to 1, The intercepts in Figs.

3A, 3B, and  3D hre far ftom zero,

Discussion

The significance ofthe  structure ofUSP  has been discussed in
many  reports,L) in vitro  studies have shown  that the ligancl-
binding activity of  EcR is dramatica}ly enhanced  in the pres-
ence  of its partner USP  via  an  allosteric  change  of  the EcR

structure. TXvo-hybrid experiments,  gel mobility  shift assays

and  ligand-binding experiments  using  point-mutated USP  re-

vealed  that several  amino  acid residues  in helices 3 and5  (H3
and  H5) in the EIF region  of  Drosqphiia USP (Leu281,
Leu322, Ile323, Cys329, Ser330) are  important for ligand-in-
duced heterodimerization ofEcR  and  USR]9) Moreover, it was
reported  that complete  truncation of  the H12  of  USR  which  is
fixed in an  antagonistic  position,4e) abolished  reporter  gene in-

duction in a  two-hybrid  assay,  as  well  as  interaction of  USP

with  DNA  and  the  hormone-binding ability  of  the EcRIUSP

heterodimer.`i) A  point mutation  in the H12  of  USP  reduced

the induction ofthe  reporter  gene, but did not  inhibit the bind-
ing of EcRYUSP  to the ligands.`i) These reports  suggest  that

the EIF region of  USP  has a significant role in its het-
erodirnerization with  EcR, the binding activity ofEcRIUSP  to

ligands or EcRE, and  the subsequent  transactivation of target

genes. In this study  we  found that EcR and  USP  from differ-
ent  insect species were  able to form a tiybrid-type heterodimer

that could  bind to DNA  or ligands in vitro. There was  a siight

difference between wild-type  and  hybrid-type receptors in
their binding activity to a set of  ligands; the slopes of the re-

gression lines were  less than unity,  and  the intercepts were  far
from zero  in some  cases  (Fig, 3), XN℃ pQstulate that this effect

might  be due to the instability of  the hybrid EcRIUSP that

was  created  from different insect orders.  The (in)stability of

NII-Electronic  
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hybrid-type EcRIUSP  cou]d  aiTect its ligand-binding activity.

Further studies using  point-mutated USP as well as chimeric

USP  created from different insect species would  be helpfu1 to

elucidate the structural factors that cause  a difibrence in Iig-
and  sensitivity between wild-type  and  hybrid-type receptors,

Although the coecacient  was  not exactly unity  and  the con-

stant was  not  zero  in some  regression  equations,  the correla-

tion itself was  still high, and  more  importantlM the linear cor-
relation  includes both ecdysteroids  and  DAH  analogs.  These
results suggest  that profiIes of structure-actiyity relationships

were  very  similar  even  after  replacement  ofUSR

  To date, the X-ray crystal  structure  of  EcR-LBD  has been
reported  fbr lepidopteran H. virescensi7)  and  hemipteran B.

tabaci,i6} and  their tertiary structures  have proved to b¢  simi-

lar to LBDs  of  other  nuclear  receptors  such  as  the liver X  re-

ceptor-fi  (LXR-l3) and  the farnesoid X-activated receptor

(FXR), According to Billas et al.,i7) EcR-LBDs of  Hl
virescens  complexed  with  steroidal and  non-steroidal agonists

exhibit only  partialEy Qverlapping  ligand-binding cavities; the

Iigand-binding cavity of  H. virescens  EcR  utilized  by PonA
was  reported  to be a ]ong and  thin L-shape, and  that used  by
BYI06830 was  a bulky V-shape with  an  open  cleft extending

towards the H8-H9 loop of USR  Amino-acid residues in H/
virescens  EcR participating in hydrogen bonding with  PonA
exist in Hl (Glu309), H3  (Thr343 and  Thr346), H5  (Arg383),
H6 ([fyr408) and  I]-sheet (Ala398), and  those binding
BYI06830 exist  in H3 (Thr343), H6 (TYr408) and  H12

(Asn504). In this study,  ligand-binding activity  was  not  afl

fected very  much  when  USP  was  replaced  probably because
the amino-acid  residues  of  EcR  participating in ligand-bind-
ing are  not  in the vicinity  ofthe  heterodimerization interface,

  Carmichael et  al. reported  that the conformatien  and  over-

all hydrophobic and  polar characteristics  of  EcR  LBD  in con-

tact with  PonA  are  well  conserved  between fi/ vineseens  and

B, tabaci, while  the parts that are  not  in contact  with  PonA  are

stmcturally  different between these two  insect species.i6) They

suggested  that these difTerences in the ligand-binding pocket

may  be one  of  the factors causing  the selectivity of DAH  in-
secticides among  taxonomic orders. Here, we  showed  that the

replacement  of  USP  in the EcRIUSP  heterodimer by USP
from other  insects had no  effect  on  the selective  toxicity of

DAH  analogs  among  insect orders,  although  it did have a

slight effect on  the ligand sensitivity of the EcRfUSP het-
erodimer.  In conclusion,  our data suggest  that ligand-binding

profiles of  ecdysteroids  and  DAH  insecticides are determined
mainly  by the structure ofEcR,  not by the structure ofUSP
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