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TR 2R 58 i RS R B4R SRR SR TG M e 5 R N oI TR . H TR 241 %t EDCs 5% 32 AR i 45 & it
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A #3057 EDCs fgts e it il & 5% M (androgen receptor, AR)AY[FJR — R4k, il 2% 32 14 (estrogen receptor, ER)7E 5 HAT #4
B PUIEPERY EDCs 258 /5 #1555 ER ZRAKMTE I, 0 Z RIS BUR A . 3@ 33 K5 2R ToxCast Fl Tox21 ¥4 & ML £ 3k
227 #f EDCs 7] L1355 ER B4k Ml T ERa-ERa [ B 1K (6.09% ~ 7.38% 7T %), EDCs F 515 S ERa-ERB i —
BIKA1125% ~1222% W75 P R)F1 ERB-ERB Al ¥H - A((10.02% ~ 11.69% 3% EK), EDCs WHEM 22 3 1E15 S H A% 2 1k
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FHF5E EDCs & 3G M A B2 A G M A B X, T2 A 1E 5 & B 4141 (Organization for Economic Co-operation and
Development, OECD)l 5 i) 575 (b4 S IFFE 2 B0, AH b TR AZ AR 25 A v v, R S S M 2 A & I AHEE R,
AN EDCs A3 A% 52 Ak — R A SRAIL 2R A 57 S0 MR TA) 1 56 R DL M R AR5 5 1 = 7 THD, S 45 EDCs XF %32 {4
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Abstract; Many environmental chemicals can mediate nuclear receptor (NR), causing endocrine disrupting effects
on human. Endocrine disrupting chemicals (EDCs) can bind NR as a ligand by imitating or antagonizing natural
hormones to form NR-ligand complex. The complex as homodimer or heterodimer in the nucleus, ultimately regu-
lating transcription activity through the recruitment of coregulators. At present, studies on EDCs mainly focus on

the process of NR-ligand binding, while few concentrate on nuclear receptor dimerization. The dimerization of NR
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plays a decisive role in transcription activity, and blocking the dimerization process will cause transcription inacti-
vation. The effects of EDCs on dimerization of nuclear receptors are different. Only the agonist can promote the
homodimerization of androgen receptor (AR), while estrogen receptor (ER) can induce the formation of ER dimer
after binding with agonists or antagonists, but the dimerization types are different. Searching ToxCast and Tox21
databases, it is found that up to 227 EDCs can induce dimerization of estrogen receptor (ER). Compared with ERa-
ERa homodimer (6.09% ~7.38% active rate), EDCs are more likely to induce ERa-ERB heterodimer (11.25% ~
12.22% active rate) and ERB-ERS homodimer (10.02% ~11.69% active rate). EDCs can also differentially induce
the formation of heterodimer between other nuclear receptors such as vitamin D receptor (VDR) and retinoid X re-
ceptor (RXR). Different dimers are of great significance for studying the physiological correlation of transcription
activity of EDCs. Based on the reference chemicals reported by OECD, it is found that there is a better correlation
between dimerization activity and transcription activity than NR-ligand binding. In this paper, the effects of EDCs
on NR dimerization are summarized from three aspects: the transcription mechanism of NR dimerization mediated
by EDCs, the relationship between NR dimerization and transcription activity, and the research methods of NR dim-
erization, in order to provide reference for an in-depth understanding of the molecular mechanism and the promo-
tion of risk assessment of EDCs.

Keywords: endocrine disrupting chemicals; nuclear receptor; homodimer; heterodimer; transcription mechanism;

resonance energy transfer; bimolecular fluorescence complementation

¥ ZAK (nuclear receptor, NR)#E Z3 %42 Hi KSR 4
F VR A0 5 55 [H F (transcription factors, TFs), 7£ 4Jf]
Mok & S L AR T R R Y,
WE A E R E/N o FADLE Y, B A (bis-
phenol A, BPA) J# 54k 2 IR i (hydroxylated po-
lybrominated diphenyl ethers, OH-PBDEs) , £ G It 4
(polychlorinated biphenyls, PCBs) ., £ ¥ 75 /£ (polycy-
clic aromatic hydrocarbons, PAHs) fll1 5% B 4%, B A1)
SHM AT EEE TR IR R e In) NR, #1077 4
SR THRAN , B B A 2 = X b &
BFR AN 4349 (endocrine disrupting chemicals,
EDCs), EDCs 2333 A7 A ™ i W AR & B 5
Joa, AIRRAE ™) O IR JE P B A S 4
ageit, BK¥ EDCs AH G PR B9 IR YT 9 4 3 W
PIPRAE 7= BME Y 1.28% P, SE R E] 233% 1

 E4E R #5442 (adverse outcome pathway, AOP)
AR B PR AR N 43 TP . >4 EDCs /EH]
TG, 21550 18 31514 (molecular initia-
ting events, MIEs)[i) & 4 | Bl EDCs 1 5t 5 4% 2 1K 1)
Biik 44 11 4% (ligand binding pocket, LBP)FH 45 4,
BB HTN IRE R B AR S A% 2R S5 BT i %2
WALEWE G, HETRE & W% A iR A
JE % [6) 5 — 28 4K (homodimer) 1%, 5% I — 5 {& (het-
erodimer), %5 & #] DNA Jz i J& {4 (DNA-responsive
element, DRE) I, il i3 4 5% L3 35 X - (coactivator,

COA)al 411 ] [Al -7 (corepressor, COR) i3 2y 5§, 111 1l
SR MIEs e EDCs -5 HE 5 4% 52 4% 1] 119 A
AR, it — 5 RAMEZ R 4 E R RSE— RS
TS (key events, KEs) 7281k, e 2 BN 43
T4 . HETXF EDCs 43F )i shdLi] i bF 5 3
BLEEXT EDCs 5% 32 AR A5 G ad #2200 7 HA
AR RAL IS ARG 5 ) 1 20 R 0 BEL T T R
LS AE . R, A SC EDCs A3 4% 32 4
T IRAL I ST %A AR IR AR B SR ) A O
FUA S TIG AL A% S AR — RACBE R 515 3
[ X EDCs X% 52 AR — RALBSE M AT T AA

1 #ZZ % FHL# ( Transcription mechanism of
nuclear receptor)
1.1 AR FKG

NRAFAE 48 D2 IRGR 1), 3T H LR L K
TRACFHERRE EA T 3 2 (DT 2 R o 2
[ i 4% 57 14K (steroid nuclear receptor), £, 5 BB & 5%
A (estrogen receptor, ER) . M i & 3% /& (androgen re-
ceptor, AR)SF , 2 [ WA A7 1K = 2 DL [m] i — R AR 45
PR T A e St AR i ER AEAE 2 RO
Al ERa Fl ERB, 7] 43 3IJE i ERa [A]J5 — 2K ERB
IR — B & I ERa-ERB 5 U5 — 3R M 5 4% 51
I 2, Wk FR hy 3F 2 & B A% A% {& (non-steroid nu-
clear receptors), £ $f H R i 3 2 3Z /& (thyroid hor-
mone receptor o/, TRa/B) . 4k H 2 5% A (retinoic acid
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receptor a/B/y, RAR/B/y) L K 2H 1l Y e de 57 4 (con-
stitutive androstane receptor, CAR) 257 JE i X 3244
(farnesoid X receptor a/B, FXRa/B)55, %N Z K
F B 54 iR X 321K (retinoid X receptor a/Bly,
RXR /By 575 — SR8 15 e BE DA A B s 3
ik, 4 RAR-RXR"” FXR-RXR"FI CAR-RXR™ % |
G, g B Ry IOLAZ 32 A4, e P YA B AR 38
RIS — TR ARAFETEBCAR , G4 /N e R K
f£{F(short heterodimeric partner, SHP) 52 JLAZ 1A (tes-
ticular orphan receptor 2/4, TR2/4)%5 . XK %KL
o] DL DL AR sk AR R AR TE 45 & 45 H % DRE
KT A9 ERIE . R, NR 45 [H ¥ (nur-relat-
ed factor 1, NURRI)"] 5 RXR AR RIK, IF-fE
B RXR FCAARZE G0 , oE 7 e s oY
1.2 B2 Rk

BV E PN et L I R A € R
A1) DNA 4541 (DNA binding domain, DBD) Al it
ket (ligand binding domain, LBD) 5 — R i #
A P BT DBD Bk A9 R Ak B AR
/NESY T LBD BT dRAR KA — SR AL i, BE A5 P AL B
KA RAAF M, R A5 34 A LBD X 5%
T FRAEAE T E PR AE T
1.2.1 BBk R K

¥ 3z M AR IR SRR sl R R AR T 2K
WA sk, R 1 3 MR RE Rk S
RXR JE 00 57 6 — R ARTE A 2 s — R4k
(typical dimers)™, 5y #L 7Y S5 i — RARAE L1 —
AN TEA R AIE 2 BB FT # F B TG AR 4 0, ST
RXR AYBCAARA GG . BRIt 25 T HRe R ] S
SR TR IRGE 0 2 285 1 2RI ek B SRR
o # RXR FCARSEGE 56 2 25 HAetE B B oA
RXR JLERP 7 b, XF T 25 1 8500 R
7,1 PPAR (CAR Fl LXR, 4% 32 {4 [ B 1) P U i i
FFE(R RXR MBCAR RIS A2 AR T R ™ A U RIS P

A RS, KR A AR —RIR A SR
T LBD [ R4 Fh 4544 (https://www.resb.org/), il
XA SZAR SR ACES ARG A TS, FRATT A
PR AR SR 7 A 1 — R AR G 22 (R AEAE 1 35 2 5
E 1),
1.2.2 BRI ZIK T RIKMI S 225

ZHIT L 3 i — R AR 23 i 54> 544 (mono-
mer) 55 9 5 o BRJERE (Helix 9) 5 10 5 o W iEHE
(Helix 10)H1 11 5 o BRHERE(Helix 11)E A fil b4 1

T RALFE (] 1(a)  (b)FI(c)), XA BEFR N £ — 5
PREEFRP AR S, — A% AZ AR AR W RZ T
& % 1K (glucocorticoid receptor, GR) £k [ it i 2
Z {A (mineralocorticoid receptor, MR, 2% ¥ & % {&
(progesterone receptor, PR)A5:) R AL = 5 xX fp st
B BRI SE AR R (B 1(d)FI(e)> 7, S 2 4>
PRI 5 5 o B ERE(Helix 5)3k %Sk B RA BRI — B8
PR RS, HR A WO 25 808 22 (EMBL-EBI) ) PD-
BePISA #H(https://www.ebi.ac.uk/pdbe/pisa/)$2 fit fit)
Wz R i B e R, 4 BLEs A 1) — R Ak AL Ifi B BT
HREE R A S T AR DA S Z A BAEH . 40 ERa-
ERa [AlJE R A m ik 14.561 nm® () R 1L 5
A A AL, RAR-RXR Fl CAR-RXR S5 — 5 {4 5L 1fi 1
51553 11.963 nm? #112.112 nm?, 1fii AR-AR |
GR-GR [7] 5 = {4 1 1w A2 43 9 A 10.003 nm?
F18.095 nm*, E f# (hydrogen bonds)Fl i 7K A H.AF
JH(hydrophobic interactions) & ¥ i — R FL 1 ) 2 Fb
FEAEH Ty, XFEREHAT AT R, 23 R ARy
Al U ERa-ERa [A] Y5 — 2 f& RAR-RXR Fll CAR-
RXR 5 i — R AR A1 A £ 38 1) 10 .19 i 12
A TFAHCR — B8 1K AR-AR .GR-GR [A] i — R IA R
T2 R AT S A, A B 2 = B A E A BAE
G T ST 9 58 46 A BE (solvation free energy,
AG)H , RWIRLSZ AR Z SRR 1) B K 2 fl ik £ |
WIS 2R T RAKE) AG 53 BT BB, AN R % 2 Ak =
A 1 R AP AL ) — SR AR A 2 R A7 A B ) 225 5%
PR, i, X T 454 % i 28 LR — R4k ER-ER
[ YR R AG =599 kI-mol™" | HATRR K
BiK AHEAE ], i CAR-RXR S — RAK A AG
HA-142 kJ-mol™, 1% T 25 #4 ba il A — R4k,
GR-GR [f]J " RIARF 0 AG i£5]-46.9 kI-mol™',
AR-AR [AlVE B AR5 2 A -12.1 kJ-mol ' (&l 1
Mk 2),
1.2.3 RS T RIK

BR 75 RXR R4 AL 52 A R I — SR AR L)
Hb A RKEFFERI] FEAEAR M 5 5 R 4 atypical
heterodimer), RIZZ1AFF A5 RXR fEE F IR 45 A IE
W%, i AR-GRP® GR-MRP”'  GR-PPAR™  ER-
AR ER-GR" I PPAR-ERR¥ 45 | jx st il
TR~ R G HR S — B AR S R W PR A, OF
HL AT RE R BR TR5 A A 200 e 28 AU RN N AR AR, L
A AL RS A (AR AR T e
XTHE AN A B 2H 2 rp BE PR e GR P AR s U SE e, LM
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A MLFRUAZ 37 A S — SRR A B S PR TR0 0 i 4 T 28 . S A% 32 k3l & DL AR ek 5 1115

WA SZ RAE A B R T PR AR 7% 11 (chaperones/cochaperones ) & 1. 5 45 1A & 5 77 4E

1.3 K2l B AR LR TYIf R p  BERCARSS &), o TR 2

3RS R G S 3 KRR, R-ECARE AW R AR R E(LL GR R, E 2

HARGF . (), (HAFEREAE, —2eZ RN AR .GR FIl MR)
Helix 10

E1 HouZh_REEN
¥ : (a)ERa-ERa [A]JH — % {4k, PDB ID: 1GWR;(b)RXRa-RARB 5 — 54, PDB ID: 1XDK;(c)CAR-RXRa 5 %A ,PDB ID: 1XV9;
(d)AR-AR [ 5 %14k, PDB ID: 5JIM;(e)GR-GR [F]#f % /& ,PDB ID: 1M2Z; BSR40 0 —BAL AL, 25 — BAL AT Y o BRHE R 57 3k AR
Ferb(a) (b)) ~RARH 10 S A 11 5 o BBEHETE I A0 T — A0MR0E b, C RN 11 %5 o BRIEHE , N AN 10 %5 o BRIEHE
Fig. 1 Some dimer structures of nuclear receptors
Note: (a) ERa-ERa homodimer, PDB ID: 1GWR; (b) RXRa-RARP heterodimer, PDB ID: 1XDK; (¢) CAR-RXRa heterodimer,
PDB ID: 1XV9; (d) AR-AR homodimer, PDB ID: 5JIM; (¢) GR-GR homodimer, PDB ID: 1M2Z; the shaded part is the dimerization
interface, and the o helices participating in the dimerization interface are marked by arrows; the Helix 10 and Helix 11 in (a),

(b) and (c) are located in one helix in the figure, with the Helix 10 at the N-terminal and the Helix 11 at the C-terminal.

x2 MOBREGE_RUFAESH

Table 2 Interface parameters of dimerization of partial nuclear receptors

- A o - -
_ y ZRFAE T A /nm y LA IR AR AR
ZREIEX o (A)(kJ-mol™) i
PDB ID Dimer interface Number Number of dimer
Dimer format Solvation free energy
area/nm? of H-bonds interface residues
(AY(kT-mol™")
IM2Z GR-GR 8.095 -46.9 5 47
5JIIM AR-AR 10.003 -12.1 5 66
1GWR ERa-ERa 14561 -599 10 78
1XDK RXRa-RARB 11.963 -289 19 71

1XV9 CAR-RXRa 12.112 -142 12 79
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WITE RS & 5 A e 5 o0 F AR A 3 LA R 21 40
Jfokz b i — 28 k% 2 A (A ER (PR) AT 7E TG D AR 25 &
TGO R B A A R AT, X2
Bz I i FIVE — 4k, 5 H DRE 454, % 1
TCHF A R 10 5 AR 5E 42 [0 3254, 5 T8 il 41 55 4t
TS PR B o PR DA i o 2 S

T2 JE 2% [ P A2 32 A, 3 A% 22 4 38 5 I
RXR TR R R A4S 2 15 7 A 00 e A4, 1

FETE T ARz TCBCARSS & i 5 ] I8 Al
BEY), BEBCARZE G 2 B g s, SRS
HFEEAM ) XfhS RXR RS IR — R IRLE A1
DRE N H#HZ 25 (LU RAR R, & 2(b)).,

2 IOLAZSZAR 3 P A% 32 1A T B A4 e A7
FET ARz AR FALH 55 T 832k —3, X
SRR IAZZ AR ] A BB R RR R A S R
B 4EF ) DRE 254 (L VDR B, & 2(c)).

@ COR %Mﬁ%ﬂ SRS
orepressor
AT s ’
Cytoplasm Nucleus GR GR
Ko e
w“/x\ S S Repress transcription
Fitlk e’ NI GrE ’
Ligand (o4 / ’ S-GG\TACAT'G_TTCA-S
o GR —— [ GR GR GR
o
COA  JLBIEINF
\ Coactivator
SR GR GR
Dissociate P
K W e sx
. A A ctivate transcription
DV GRE )
"~ 5-GGTACA IG_TT
GR DNAJ 5
GR DNA-responsive element
(®) ,
A%
Nucleus TR
FPal)
] COA " Coactivator
i {4 COR i COA
Ligand Corepressor
gg RARRXR

i

epress transcription

W
ctivate transcription

-/ \\'/
iSSOCiate 5-AGGTA AGGTA-3’
RAR DNAJI i JF 4
COR  RAR DNA-responsive element
(©) 1110k
Nucleus
IR T
S IﬂCOA Coactivator
EN COA
Eﬂﬁi COR Corepressor
Ligand
gg VDR VDR ___ VDR VDR .
e s oGt
Repress transcription Activate transcription
i
1ssoclate
VDR DNA JZ 1 J5 ¢
COR VDR DNA-responsive element
B2 #ZZEERIE

# : (2)GR-GR [ i — R SEHLH] ; (b)RAR-RXR S — R ARHE L ; (c)VDR-VDR [ 5 — R 5L ZALH

Fig. 2 Transcription mechanism of nuclear receptor

Note: (a) Transcription mechanism of GR-GR homodimer; (b) Transcription mechanism of RAR-RXR heterodimer;

(c) Transcription mechanism of VDR-VDR homodimer.
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2 o FRYI%ZE RN (Effect of
endocrine disruptors on dimerization of nuclear re-
ceptors)

C&f KEMFIE £, EDCs 58 2 K 1 35 4
S5 G R AL R 4 S0 B NIA A2 R B 2 ) e SR v
BNAFAECHEPEAE IR (B BT KRG i |
TR 2 A~ Ik TR PN 53 0 T A P AT M 1 A P
P25 5 (https://actor. epa. gov/edsp21/) , T A B 5
KT e 2 R — 0 R T B A% A ARG Fh 52
2B R BRI A3 W T N T 2 AR R Ak
VEFR RS 0] T 58 A% 32 AR T 0 N 2 WA TR 1
153 FBLR L R AR AL N 40 TR RO B
2.1 T 5 B ZARARIE A — R4k

AR ToxCast Fl Tox21 Kidfs i A4 52 5
MIZER, R BLET X ER T He B 58 3 i F 5, ad& 1k
W FE R ER 354454 (NVS_NR_hER)HI ER %
AR , Hrp xF ER 34k 19 2 245 ERa-ERa
[ — % {& (OT _ER _ERaERa 0480, OT ER _
ERaERa_1440), ERa-ERB 5 i — % & (OT _ER _
ERaERb_0480 ., OT ER _ERaERb _1440) LA & ERB-
ERB [} %A (OT_ER_ERbBERb 0480 OT_ ER
ERBERb_1440),, (4% h 45 £k 227 Fl EDCs )k
R ER —3R1k(3 3),

NGBS AL S BRI R A TE B S50
T,ER # AT AT ZRALRT, SR, BCAA BT S ER
ZRAR AL ZEAF R, M T ERa-ERa [A]JE 2K
4(6.09% ~7.38% &P 3), EDCs ¥ 5 /5% ERa-

ERB 5 i B K (11.25% ~ 12.22% 11 3% P %)
ERB-ERR [FJ YR B 1K(10.02% ~ 11.69% Ky i P %)
(#3), MAHFFEEY ERa 1 ERB 75 I T M e £ A
P EAR A, ERa-ERa [A] I — BAARIE JE R K
0 LR IR A 3G 5, ERB-ERB [R) U8 — 58 1A %) H:
HIVER 1 ERe-ERB S8 — RAKTE A YA b 14
FAMATE D Powell Fl XuP® % P M 4 &
el A 5 i (genistein) . H # 8% Z (liquiritigenin) 7] 17
FEEE T ERa A I — R K ERB [A] I — J AR A
ERa-ERB 5 Ui — R & 119 7 =, Coriano % 5T T
12 FhZSE LA W% T ER ZRIKM 2 2155,

— LR 5E 2R B EDCs fEfSi5 T A% Z 1R
[RIZRAL — RIATE K, Depoix 557 AT 5¢ & B4k 1
A DRt {2 VDR 5 RXR Hy 5% — %, Putcha
ZEPIEE Y B T HUIR IR 8 2% (3,5,3 7 -triiodothyronine,
T3) A4 H iR (9-cis retinoic acid)7E 155 TR-RXR 7
VR AR R 5 U [FAE A, Collingwood 45 i B
FARBRIBCR RERS 2 F TRB A1 RXR 1578 — 2 B
5% EDCs XA [ A Z AR 753 %0 T W98 4 43 W
THCW e SRAGVE R AR B AR OCE A H B
2.2 TRIRGESREIRIRR

7M1 OECD # 45 (Series on Testing and Assess-
ment No. 309; http://www.oecd.org/officialdocuments)
W AT RSN i vitro) AR N (in- vivo) ME % 2 15 74 1)
14 B A2t RSN RI AR Py 336 1 808 >k 1 52
I E5P- P (US Environmental Protection Agency, US
EPA)JF J&& ) EDCs fifi % % H (Endocrine Disruptor
Screening Program, EDSP)H 2 — [ Bl i Tier 1)F)

£3  HXMEREZEE Toxcast 71 Tox21 M ZHESIM _RUAIRE R

Table 3  In vitro ligand binding and dimerization test results of ToxCast and Tox21 for estrogen receptor

E2 9 BV RN R T R Y%

Endpoint Assay ID Tested Inactive Active Active rate/%
fidf&%5 4 Ligand binding NVS_NR_hER 2911 2 669 242 831
OT_ER_ERaERa_0480 1857 1720 137 738
OT_ER_ERaERa_ 1440 1857 1744 113 6.09
—RM OT_ER_ERaERb 0480 1857 1 630 227 1222
Dimerization OT_ER_ERaERb_1440 1 857 1 648 209 1125
OT_ER_ERbERb_0480 1857 1 640 217 11.69
OT_ER_ERbERb 1440 1857 1671 186 10.02

¥ :NVS_NR_hER Jll5E 354454 16, OT_ER_ERaERa 0480 #1 OT ER_ERaFERa 1440 Jlll5# ERa-ERa [FlJ5 — B4 3H 1, OT _ER_ERaERb 0480
1 OT_ER_ERaERb_1440 JllF ERa-ERB S#H —H{K{% 1, OT _ER_ERbERb 0480 Fll OT ER_ERbERb 1440 Jll:F ERB-ERB [RI U — J MGz

Note: NVS_NR_hER for competitive binding activity, OT_ER_ERaERa_0480 and OT_ER_ERaERa_1440 for ERa-ERa homodimer activity, OT_ER_
ERaERb_0480 and OT_ER_ERaERb_1440 for ERa-ERp heterodimer activity, OT_ER_ERbERb_0480 and OT_ER_ERbERb_1440 for ERB-ERB ho-

modimer activity.
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RAMRI AR e B IR K-S H I F g
PR A1 Toxcast Al Tox21 E ¥ 22 b B s X FL il 9%
RIRRETHE T MR | R S - —SUSETR AL
1y A B B T-JE M | A RN 5 14 Fh 3%
b2z, HAT 100% 19 R H 1A 85.7% HAy
TERLEATEYE(E 4), 4-THE 2.4 X 2
Yy, LR AT RO Y M R T (R LA
SRS AR, LR B i e A 4 A T M T AL
AW M, 45 G TR IG PR RE % B I

T ER M & 76 M. Delfosse 28 75 HF 57 ALY A
(bisphenol A, BPA) XU C(bisphenol C, BPC)FIXL i}
AF (bisphenol AF, BPAF) {1t ff: 38 28 24 o7 1) 1 2 v
I, ERa [A]i5 2R A S AR rh g 1 SRR N BPA 945 &
B 5 K AR M 9 M — 1 (estradiol, E2)251L), BPC
2 G X 5 B ME TR i 2 % (tamoxifen, OHT)
KA, A& BPAF 7E 2 Sk v 1y 45 48 XA
B, — A B2, 75— 25l OHT, iX F 22 55 7] fig
TR R B A T 4% 52 R — RAL AR 1, A

R4 SEUFZ@RNEN BRERREEREZRESE

Table 4 Dimerization activity of reference chemicals and its estrogen activity in vitro and in vivo

B AR RO R

NVS OT ER OT ER OT ER OT ER OT ER OT ER

CASRN NR ERaERa ERaERa ERaERb ERaERb ERbBERb ERbBERDb
Chemical name In vitro activity  In vivo activity - - - - - -
_hER 0480 1440 0480 1440 0480 1440
170-WfE 1 h W
57-91-0 10.02 7.65 758 7.69 7.64 8.06 8.04
17alpha-estradiol Moderate Active
yENii R W
57-63-6 10.18 777 738 795 7.68 7.64 758
17alpha-ethinylestradiol Strong Active
17B-#f Cit i
50-28-2 10.52 7.60 7.62 7.79 7.71 8.06 8.11
17beta-estradiol Strong Active
4-RE IS X
+ Tk
140-66-9 4-(1,133- 547 549 533 5.65 555 6.14 5.89
Moderate Active
tetramethylbutyl)phenol
4-Fili 55 T
599-64-4 6.07 5.03 5.02 5.62 5.10 559 5.65
4-cumylphenol Weak Active
4-T- 1 e 55 W
104-40-5 0.00 4.64 487 486 471 499 492
4-nonylphenol Very weak Active
So- S S 55 1
521-18-6 7.06 4.68 471 5.10 488 527 5.16
Salpha-dihydrotestosterone Weak Active
X A 55 T
80-05-7 6.64 524 536 649 632 642 646
Bisphenol A Weak Active
W B 55 Wtk
77-40-7 6.57 5.74 585 6.60 6.63 6.99 6.84
Bisphenol B Weak Active
O A HE bt W
56-53-1 10.12 793 751 765 7.66 828 8.09
Diethylstilbestrol Strong Active
HfE ) h i
53-16-7 8.81 6.68 6.79 7.07 7.13 735 732
Estrone Moderate Active
BEFER 55 Wt
446-72-0 790 551 559 6.10 6.33 7.09 7.01
Genistein Weak Active
L) DE] W
72-43-5 522 495 540 5.02 540 528 546
Methoxychlor Very weak Active
247 -THI R 5 W
789-02-6 0.00 535 526 5.80 5.61 5.68 5.70
o,p’ -DDT Weak Active

VE < B2 L2 S AN R A T P B R 1 25 SRR 475 JF A0 EDCs 995 26 T50 1 o5 — B B B A S o A P T2 25 F i 0 20 e
S AHCHE K 11 Toxcast F Tox2 1 HCHH HE CHOI A KUV B2 1O XEBCHH L log(ECs (mol - L)),

Note: In vitro and in vivo activity results of reference chemicals from in vitro assay and in vivo uterotrophic assay performed under the EDCs Screening

Program Tier 1 conducted by the US Environmental Protection Agency; competitive binding and dimerization data were from the Toxcast and Tox21 da-

tabases (The value is the logarithmic value of the median effect concentration, log(ECs,/(mol-L™")).
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M 25 R B TR LA IR 3R R 2 4
HRZ BIAEE AT B, Bk S — A R &5 & &
P R — A BAR AR Y Judson A5
AL ER BURSS & L AL T Sy Ui A0 400 e 3 7
D52 S AE Y 16 RSN T &AL AL AT 1 811
Tk I R ME LR 15, RS TR 4 ~7 MA
A7INSEZ 6 0 IV 2L 000 o A R 16 S0 ST Y A
JRUKF Y, 33k 07 20 45580 1) 32 B X AR TR A — 5
A7 S5 RANA]

Nadal Z5 1 T oA TS5 AR BRI
S RIS R REIS 1A S AR R AL HE BT
WIARE, Depoix SEMF5% & L RAR 871 GEAZ .
FHN RAR-RXR ()5 IH — 5, 1fi RAR 4% H1 7 fiE
A RAR-RXR B9 SF IR R, Rk - RisH
I SR 1) S 2 R OGP SR B AE Tl EDCs 5 %
H% 2 AR Bt S P B 0 200 2% PN A 2 R — R Ak
AU

B T RS2 AREE A SR P 2 R,
(757 NI 3 VU 00 e a5 /3 7 105 Gl o
FEOCHEE, SR H A & EDCs X2 1k R4k
S, HUXE ER MEAT T AR H A S8 3 RO 5T, f 4R
EDCs Xf T 2 il % (ERa F1 ERB) 4% [ B[] 5 — 5
TR A R I W i SR — R AR A2, {H EDCs
Xof oAb A 37 R [ S 0 BRI o 1) s M
FEAXT R H B AL P F 5T 45 0 P R I e A4k
B E MY, A5 TR 5T EDCs B ER
PLAI A% AZ R ) — R AL

3 ZZE BB R % ( Research methods of
nuclear receptor dimerization)

oI ] P58 2 S 05— SR AR [ 2 (1 - 1 AH BV
X TRz RN 2 e HE, BAT, s
-8 A EAE R SE B2 B 2 Ik T8 1 4514
fEE AT 1) 2% 1 3L 9% (nuclear magnetic resonance spec-
troscopy, NMR)S: 45 Fil X 5 2417 5 (X-ray ) SZ 5 , 1%
RS TS BN B 50 BT A g 3t
VLTEH: AR (co-immunoprecipitation, co-IP)F1 2 - i {3
5147 K (protein microarrays), #24FE i f2 B 4%, ok
G D I ik s A ), L G A 0% A e v 5 ) 55—
25 LA IR AR R R — 2828 B = 2438 (Y2H/Y3 H)
S, T HE S AR N R ARz T RO
BRI £ -2 HAR AR, SR 00 Y2H/Y3H IR 8
B2 v S A PR %) Ak T 7 A AR PR PR AR B 45
ROV R TR EA Bk, T — R AR A

R T FAS I35 2 v i 8 - R ELVE T i
FeILRHE & 7% F2 + R (fluorescence resonance energy
transfer, FRET) \AE 4 & G L4k B8 12 5% #8 £ K (biolu-
minescence resonance energy transfer, BRET) Fll 4 4
T E 4 AR (bimolecular fluorescence comple-
mentation, BiFC)%5 , iX #6455 I T E 16 AR 25 4
BT AR 1 TR AR B4 Jay BRAAE ) B 50 305 40 i N % 2
TR RACHIIE OO A5 A5 545 S R SRR 78 A Y
Z AN AR B TR Y AR, TR S
0 e DA 1) T B B Oy TSR B A 2
R R TR IS A

3.1 ZOCIHYRAE R4 (FRET)

FRET £ AR 19 444K 43 F (donor) Fl 32 44 43 - (re-
ceptor) ¥4 Sk 2% Y % 11 (fluorescent protein, FP, Ul
YFP), HAr sl 3k 2 A Hbr & A, AR Z 453
TRIFEE <10 nm B, 20 T80 2 M EHASE ' P i i
A 8] PR A B A RS RE i LA SR 0 7 e # 2
R IIZ ARG, BRI A RE R AL R (18] 3 () o

Feige 2 #i| il FRET 7% & I PPAR 7£ % A
FCARRY 15 00 FAR%E &) 5 RXR B 5 I — R ALK,
Tamrazi 55%7 DU R 54407 20 B2 X ER
HATILFFRIE, 56T FRET Wi ERa-LBD —3R{KIY
Iy g Iy 2 Ra e I, IR Z 07 3 TR Al ER
BCAA Y 3% sl 300 R4 0 70 76 M. Schaufele 45 F1) H
FRET #5% T 43 3] CFP il YFP bRic i AR 3 {4
AIE AL, B AR 19 3L HUR AT /N o T B A 25
BF It EEAEAMIAZN . Nadal 5E57F] ] FRET
TR T5 5 AR ZRAC S, &Y
JRfE i U5 5 AR R AL, P AN BE, Yo-
shimura 257V % # 2 1k %€ 48 /& RXRa (YFP-T82D/
$260D-RXRa)5 CFP-RARB 4% 4L F HEK293T 4l
Ji, 76 0 A% ARSI B Y FRET 15546 5%, i A
2 1L i RXRa (YFP-T82A/S260A-RXRa) 5 CFP-
RARB #%YLJ5 i) FRET %% 5 B /L 7 RXRa 4124,
RUIBERR AL 1 RXRa 225 T 15 RXRB 5+ — Rk
BETT .

FRET EAT 5 RAPEAR: 71, RES 4R 11t NR AH
HARHMALENE R JF HAEWS AR e Gk BoR S5
ZRUER ARG ST, (22 FRET T2 — X
FP 43 5AE S it A4 2 A Fn 2 Ak 2 1, BoRr A T
FRET A2 X AA A G I 1 A ke, B4 9 %
PGS Z RO TS A W B s
3.2 AEWSOIRAE R FS(BRET)

5 FRET AN[R], BRET F| F A= ¥y % Ot i it
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% . R i (renilla reniformis luciferase, Rluc)fF A fit{A
o PO FE R Z ARG T, Y Z R R B <10
nm B, LR 5378 IS W) 40 1 7 K (coelenterazine) [
WAL T ROLITFH BE R 4 324K (1# 3(b)),
Mulero %7 ] | BRET # A A& il PPAR-RXR
SR T BRARAYIE L, Powell FI XuP* ] ] BRET %
AUE W HE Y M 8 2 0T ik B A S ERe [R)UR R
& ERB [A]J5 — B AR F1 ERa-ERB 55 — Bk 1y =
A TFAFE RN gE 25 B3 %07k
AT ER 3R A 16 195 4 1) fE 35 35 28 0 Jo O o
Grossmann Z£7%] Ff] BRET #F 3¢ MR [6] i — 8 i
P, &I Ak & A AE R 58 2 1 (heat shock pro-
teins, HSPs)f# 25 LA A% 54 2 J5 . Giner 7M1k
T BRET J5ik, Al #2230 72 #% 32 7k — R 1A% COA
FL4E L H 38 T 4k B R 25 1) I3 (rexinoids) 75 5+
) RXR-RXR [f] Ji — & Nur77-RXR 5 i — R
AR Nurrl -RXR 5 8 — SR AKX COA Y354 & B
ASTA] B R U5 RN S 08 — R AR R X COA ) 2 57
PESESE M, Cotnoir-White 257 fF BRET F i il

(a)

A
Interaction
e B R
* [ |3
; d>10nm§ §d<10nm§
fiE{K SZik PR SZ Ak
Donor Receptor Donor Receptor
CFP YFP W/
HRAE RS

Resonance energy transfer

EIFR T — Fi7E T AR R = on A W 7
2 BA W Ot L IR i R e B8 5 O B o A IR S
;% (bioluminescence resonance energy transfer with
fluorescence enhancement by combined transfer,
BRETFect), 3 H1Z 7 Kl E2 ,OHT %6 it K175 5 1
ERa-ERa [ — 2R 1K 5 ERa-ERB 5 5 — 5 /& X
COA M54,

BRET A7 2R, ML = AR Y, 7 5
PECAE T ZME AT, k% T FRET 7] 687 A G B
P, 3D i B 45 2R P, {H BRET 7 248 E 1%
#, HIOUR RIRYI itk & 5t 0 X LA iR %
AR TE) 2 AR B FH ARG 7
3.3 WArFYEEHANBIFC)

BiFC J& i FH A% & 11 5 B #b 43 17 (protein-frag-
ment complementation assays, PCA); A | H 5 FRE K
FP PJFHIE A & 2561 2 A Ba(N K Fil C K
gir), X 2 A Bear il 5 HARE ARG, iR H AR
FUREAEAT, U 2 AN B AN R B FE AT A2 08 3T T K
R EMTZETEETI(E 3(c)),

(b)

HIAR
NR NR Interaction NR  NR
Sty L%E?éol¢< €«
\‘?& § d>10 nm § §d<10nm§
B )
Rluc YEP \j
IYRAE

Resonance energy transfer

() AHEAEH
R Interaction 43
NR —— NR
Fic A
Ligand<;K +* 4;(

N-terminu C-terminus
of FP of FP
POLER YOEEN
NS CoA

-terminus (C-terminus
of FP of FP

3 FRET(a) BRET(b)# BiFC(c)/RIEH
1 FRET H Y45 G IHATE BRSO 2 8 B R BE 25 <10 nm B, (LR BE R 5E R 45 52 14 s BRET I AR W0 & GBI A LA 57,
YOLEAVERZ WS, MM Z [ FEE <10 nm W, (A0 B EHEFS 45 2 0K BIFC 152808 FUITHB A 96 2 4> B
(N R H C A, IF43 0105 B AR E RS, 028 bR AR AR 0 2R A2 9
Fig. 3 Schematic diagram of FRET (a), BRET (b) and BiFC (c)

Note: FRET indicates that when the distance between the fluorescent donor protein and the fluorescent receptor protein is less than 10 nm, the donor

transfers energy to the receptor; BRET uses bioluminescent enzymes as donor and fluorescent protein as receptor; when the distance between them

is less than 10 nm, the donor transfers energy to the receptor; BiFC cleaves the fluorescent protein into two fragments (N-terminal and C-terminal)

th tado not fluoresce, which are fused with the target protein respectively; if the target protein interacts, the fluorescence activity will be restored.
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FH BiFC 4K 1Y ERa 43 k& 5] YFP %€
AR AA (citrine-YFP) [ N A 3 Fl C 7R v I e e Yo
COS-7 4iiifs, %3 ERa #57) E2 \BPA | BLAL A B
X PR FER R T B (butylparabene) , 45 $11 71 J8 4k 7]
HEICT) LA B e P PR B 2R 32 (AR 5 57) 4- 8 B B
J%(4-OHT)#BBE | &= AP Hb il ERa-ERe [A]JE —
RIKDEAT S AR, ICT Al 4-OHT i S (7
{59 = F B2, X Al B2 th FROIARS S0 Rkl
RESITH, MR Z AR5 2 E F R (AR splice
variants, AR-Vs)KIE A Z 4 L) AR -y
S B 25 P 25 P B FE ML, Xu & H BiFC
IR T 2 EER AR-Vs, KBTI AL 18] &
A RIJEFASEIR R AL, W Hid 5 &K g R 2R
IR R4, W T AR-V /-SRI B HLEH, 958
HHM YT T HE A A, Bedi™ ¥
LXRa TR 2R Ak 5 10 9 O S B PR R A7 58 A8, i
i BiFC Ak LXRa K72 A5 RXRa Ml PPARa 7515
A R B IR R AR B R T, TR B SR A ST G
e FEIR S Re e I 55 — RALRLN .

BiFC Jy & ] B 0L, BE AT A I 2 11 22 (8] ) A
HAEN, W] LIE S AH AR R AL BT AL 6 bR 1
FHANIE R b 25 40 M T B AR Y IR (FCH H AR
HAR 5% E FP R By, 2 M EEAEH
P — S A Wy A b A AR BLAE R B & 7= A AR BH
PEGE RS
3.4 HEHLEL

B TN AR &R, 3 F 301 71 2840 (mo-
lecular dynamics, MD) 8 3k # 22 Hb 9 F Sk iff 55 A= 9
Ko FAER™, HRZ 50 MD B X 4% 32 (4 5
RHBEATIF Y, T2 e 32 IR 5 & o R AL R 43
SRR ARRCE S AN D B R A 7 Ak R A A i
TR ST

Zhuang %5 FH 28 L 1 43 F 8h J1 2E AR H (MD)
FIBEHLINEE 5T 3) F1 2% (random acceleration molecu-
lar dynamics, RAMD)# 481 43 51 BF 58 HOR IR i R T3
5 TRa-LBD, TRB-LBD #1 TRa/LBD-RXR/LBD 5
R AR I A B KO0, & BRAR L T TR B4R TR 5
U8 R 5 T3 AR S, X S IF 5T LA TR i
PREEAE T BB {5 H . Sonoda Z®7 ) S 43 14 58 SR
FE4>F- 8 J12# 84 (locally enhanced sampling molec-
ular dynamics simulations) 3 I WF 5% B2 FlME 3 &R %
PRVEFT ) 598 B 25 (raloxifene, RAL)5 ERa-LBD i
A M ERa/LBD-ERa/LBD [a] J — 5& {4 [a] B i 25 Bl

il , R BUAH LT ER HA H R A ZUHI 6 E2 Jf
HMUIE RAL WA 25 B8 A4S  READLIE 90 rh 0 AR 1) fie 5 8
)22 R R R T EARP T HAHEZE/EN.
Chakraborty 2™ F| F 73 T 8l 71 2# B UL HIE B ERa-
ERa [l — %Kl ERa-ERB U — RIKE R E
ILAk, Fratev 26 F| FH ik 43 F 85 71 2% (accelerated
molecular dynamics, aMD)#& LA/ 5% & B8 N 230+t
YIECAARTT DL ik = SR A ] A A B4R A H12 Y
B8, DO TAZZ AR PTG 2 CEZ, THE P
D5 R LA I 0 S, 2 B0 A B N 43
WY T A% Z AR I BT Bz —

4 RZ5RE (Conclusions and prospect)

RIR VAT A (A% S A R e s i 4 R, L
TS5 T NMEFTA AL RS DRERT . V5 R
RAGYIREE T A, XY EDCs /EH T# 321k
J5, SRBNEN W ARG KL, AT ARG
JR), EDCs 2 i B0 sl HE HT R R R, 5%
IREE G IR Z IR R R AL R | A% 52 1A 1 )
TR IR R IFTE 2 AR, i — 2 45 4 %] DNA
SN S 368 o 3 7 A A 4R St 0 R A AR AR
ST, FELMERRGE T, AT 325 IR T 32 ARl i
e G ST 5L U % 2 AR -DNA 455
AR BATCE S MR 2 NI T AR IR
JUAFE Ok B 2 AT &I, 4% 32 1R — R AL R
EDCs 1N 43 Wb T H0 16 P 77 76 e e P A H
I, A S0k EDCs A3 i 32 1k — SR AR 5% SEHILAI 4%
AR RAR 5 S IA] ) 6 R LA ST A 1)
WMSAR Z RACH SR T 047 TR, LU A TR A
fift N A3 WA T B 3T (%) 43 HIL T, HE A6 5 40 P9 43
TR RS

W2k Z R A R R TR A W 9 s T
PR 2 E R O R 25X EDCs X ER —
FALR 2 1 % F EDCs 5 HAl A 2 0k — R kit
FRIIFFT 3D B8 98 EDCs ¥ A% 52 7k — RAL 1) %2 1
ERHHA , AR Z RALHLE 5 2%, A5 S if 5%
W3R RAL Y 3 R AR AR T 2E A B2 R 1 &
& H H AT AE Rk S0 R RR A R R
A EIVE PG AN A 2= D RE v AN IR . AT A% 32 1
TIRALHU P SAR 22 Az i Bk AH OSB3 FRBE
G T RIMEE 45 7E R 9T EDCs
X2 AR Z BRASZ e AL Y 3 A rh 7 I 5 A Rk
FEAE,

SR XS RS T T B AR TN 00 P PR A 3
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