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Abstract; In this paper, the interaction mechanism between 2'-hydroxy-2,4,4' -tribromodiphenyl ethers (2'-OH-
BDE-28) and human serum albumin (HSA) was investigated by combining molecular docking, molecular dynamics
simulation (MD) and multispectral techniques. The results of MD simulations indicate that the 2' -OH-BDE-28 in-
duced increase in the interior hydrophobicity of HAS occurred and the molecular structure became loose and ex-

pansive, and finally the secondary structure of HSA changed. The results of circular dichroismspectra (CD) are
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highly consistent with the results of MD simulations. Moreover, the results of fluorescence spectroscopy experiment

also show that the intrinsic fluorescence of HSA was quenched by 2'-OH-BDE-28 through static quenching and

non-radiation energy transfer. Molecular docking results indicate that 2' -OH-BDE-28 coordinated with the site I of

HAS through hydrophobic forces and hydrogen bonds. Hence, a similar conclusion was obtained from the thermo-

dynamics parameters and competitive experiment to verify the results from molecular docking. Excellent agreement

was obtained between computer simulations and multispectral experiments to study the mechanism on the interac-

tion between 2' -hydroxy-2,4,4" - tribromodiphenyl ethers and human serum albumin.

Keywords: 2'-hydroxy-2,4,4' -tribromodiphenyl ethers; human serum albumin; molecular modeling; multispectral

analysis

IR T5 YL ) Z29R — K ik (polybrominated diphen-
yl ethers, PBDEs){f: Ay 1R A% B 1) 5 HE sk R4 £, 269
FPER HERESRE S B2 5 R AR 256
. A 20 e 60 AR LUK, T K Kl A
PBDEs §i13 #1554 J5i t' PBDEs f£1E & fik B AE 161 |
BRI BRIk B TAEETEK
A A AR BN ™ B 2 A AR PN AN i S A s 226
TR ARG I H JECURY §) 437 AR - SR 2 R R
fit(OH-PBDEs)"® | Ak 2f 454y 5 R AR IR — SR A
1, B T H 4% 4K PBDEs f)— 28 7 M 45 4F 41, OH-
PBDEs iff H. A5 — S6 555k 1Y 2 B AR AT [ i,
OH-PBDEs £ ¥ 7 1 75 55 86 7 1 22k F HL A R0
EXTHEMARNAEE T RATZM, B, BN
HMIFFE 1% T OH-PBDEs FYBIF 5% 14 b T2 45 By
B HEARAT by BRSOV, VR FHMILIATSAS £ 3 B

AL H A FH (HSA) 2 A R R 6 18
[, AR ARG W) S i S R RIS A 2 I B R (AR 1)
BiBE, HSA R EA B EAMIGENE AR, &
A LA AR P 9 S5 4 S5 A DR AT 2
A IR R AR AN IR AE W) B A 2 A R DR
FEEAA G PIE /N 5 HSA M EAEH, X F
TR /NG 2 AL B A oy
(="

ARICLL 2 -2, 4,4" - =5 2K k(2 -OH-
BDE-28) 4 il , FI| HTH ARG 1 A 45 G 9T 2
'-OH-BDE-28 5 HSA WJAE ML, 31T H 45 & 1%
. 145 2' -OH-BDE-28 5 HSA 454 1943 F ALl (45
BIIGFGE G ) PG KB L S 2" -OH-
BDE-28 X HSA FuE P A1 — 45+ 10 2

1 ##l57i% (Materials and methods)
L1 A5G

RF-5301PC #4503t B TH(H A B ) ; TU-
1901 BUXEH 5840 0] U 43 56 56 B i (b 52 8 4r) 5 J-

810 ZU[R — i A (H A< 4 ek X & 4t); PHS-3C
YRR B (LI HE)

2' -OH-BDE-28(purity = 99% ,J T-f#[& DR /%
a]): 1 pH 7.4 B Tris-HCI 2% /h % W (& NaCl 0.15
mol- L) H] 1.0x10° mol - L' fif %7 . HSA (purity
= 97 % , T3 [H sigma 23 A]): Bl 1.0x10° mol -
L3V, ) Tris-HCL ZEMAUE S, 4 C LA R DL
AAE RS s FLAb R B R 43 B 46, S5 FH K 330 R
ZEIBK

ASCETA T T AE Y 7E DELL JIR 55 4% 1
RedHat Linux 6.4 &4t 52, f# ] Sybyl x 1.1 %k
PFHEAT 20T X GROMACS 5.0 3425475 180
FI2EREAEL, B G HSA SR Z5 49 (1R HS Sl 109X,
109X Hy Zs 4513 3l IX AR K C | N-IR v 2, 25 TR B Bk
B 579 DR IEFRA R, FRFEEIX A 4 ~ 582, £ F4 A Xt
SERE AR TRV S T ARS8 A ok o B , /8 T3 1
BB AN Brookhaven [ 5t 54 HiE 2 (http://www.
resb.org/pdb)3R1E
1.2 SR 5k

51Xt . 18 F§ ChemBioDraw Ultra 12.0 %4
F9% 2' -OH-BDE-28 %544, ¥ £ MMFF94 Jj it 17
fe i/ MBI AL 454 HSA E# AMBER7 FF99 )
Yl B Bk T B -2k B0 A R L B i A Nk SR
CH,,C=0,N-H N7 FHEF AT X

3 F 8 12U (MD) . Il HH GROMACS 5.0 72
FF 430347 10 ns BYAHC {7 HSA 1 2' -OH-BDE-28-
HSA & &Y MD #4881, & H GROMOS96 43Al
D15 i B BN B TR AR S5 R R g i L,
FFoR FHIE ) 2 48 (NVT) FIA5 I 55 R 2R 45 (NPT) - 1y
KRR AT 10 ns 3 F 3 Iy 40, e I VMD 34
1 LigPlus #A4E47 50 F BIE /R FEE 44T,

JEITE 7E 10 mL A9 AT TP ER RS A 1 mL
1.0x10° mol-L™" HSA W, MUK — 2 21 1.0x
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10° mol-L™" 2' -OH-BDE-28 %, H pH 7.4 Tris-HCI
B ER BN EL, A, R E R 291 K|
298 K310 K T 1EE N 5 min, A K KA
285 nm ARG GIE A IR R A B e e 5%
Y20 5 nm, LA Tris-HC1 28 0k 2 L, s HAH
1 [B — aGE S A GIE

2 %53 (Results)

2.1 HSA 5 2-OH-BDE-28 & &Wit45 HErAE
BRI A SO HSA R R AR A B

Ji 2" -OH-BDE-28 175 1A% ,2' -OH-BDE-28-HSA

0.8
a
g
£ £
()
S B
R
ﬁv
——— 2'-OH-BDE-28-HSA
0 2 4 6 8 10
8] /ns
Time/ns
3.0
c
<
P e
O
E 26
24
0 2 4 6 8 10
B[] /s
Time/ns

A Z {3 HSA 5 2'-OH-BDE-28 45 &5 S5
N

Y177 MR 2% (RMSD) 2 FH f 5 it 44 25 % sl P 11
FESRL, LT 5L 53 BT 19 359 07 AR 18 3l (RMSF) 1)
AT AR B (TR S R e AR fe s ™, & 1
a ML 10 ns HSA {& % F1 2' -OH-BDE-28-HSA /&
RAETHYAE RMSD {HAYZELIE , 2' -OH-BDE-28-
HSA & R3S FE sh RMSD {8 3% 8h i B /N F
HSA 1K Z i 22 0y sh i, IX FK W T 2' -OH-BDE-28
5 HSA ik ME AWk R Thoe ., %4
R5 AT B HSA 5 HoAh /N 43 F B RMSD 43 Hr 45

RMSF/nm
975 HR I Blmm

4 100 200 300 400 500 582
Residue number
800 - d

600 |-

400

Area/nm?®
T A /nm?

200 -

FKE
Hydrophilic

Bk
Hydrophobic

B 1 HSA {£Z702-OH -BDE-28-HSA & ZH)Zh 128 R
T« ()8 ST 2R 9 37 A 22 (. (RMSD) 5 I 1] (4 5C 2R 5 (b) 2R PS4 07 iR B (E(RMSF) 558 BE 0GR
(C)FE I 14 2428 5 ()P R rP SRR R K 9 0 T B R AP 2918,
Fig. 1 The results of HSA (black) and 2' -OH-BDE-28-HSA complex (red) during 10 ns MD simulation

Note: (a) Time dependence of RMSD values for protein backbone; (b) The RMSF values of protein were against residue numbers;

(c) Time evolution of the protein of Gyration; (d) The average of solvent accessible surface areas for hydrophobic and hydrophilic in two systems.

SRAARL, 491 4 5 F B (Schiff base)™ . & 1 b 24 10 ns

HSA 1K Z Fil 2' -OH-BDE-28-HSA & Z 4 3L i 5k 3t

ARXS - Al 57 B B 9% s & . 2' -OH-BDE-28-HSA
5 HSA & Z& 1) RMSF Z8Ab AL, 3 sh /)N | 33X s ke
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T1E MD AU FE T HSA 5% 358 A 5 K iy o B A
3, A HSA MRS et & A s s, A
RILMRFEHE 196 ~297(1i 5 DAL 1 b K E),2
' -OH-BDE-28-HSA {£& & RMSF {H % & T HSA {&
%, X Uil 2' -OH-BDE-28 5 HSA (14 H.AE % it
G SR BE FEE 52 M A5 K Bl ] R A5 & 2
A HETE N R A (R 1 BT Es R,

[ e A% (R, ) [H 2 T LA R A i HSA 2544911
SR K1 ¢ M 10 ns BY HSA K Z H12' -OH-
BDE-28-HSA 1K &1 R, fHZE LK, 2'-OH-BDE-28-
HSA A& () R KT HSA Kk %, X %W 2' -OH-
BDE-28 5 HSA Z54 J , i 22 5 1% 5k Jk W) o B4 15 2l
AR FRIE R AH AR F (%1 HSA 5 2' -OH-BDE-28 22
(i) 7= A T B FH A B 7K AH BV DX B A A 2
JOff HSA 1A R MK, B BOHLM 5 & A el A | X
SRS B OGS R A A TRl H
MBI TAE 5 AR I Rl 5 AR S S g 45
AL 7E MD Bt FE Hh HSA MRS & T s

2'-OH-BDE-28 fifi HSA {4 R & FEFRFR LAY AT S
218 FH (solvent accessible surface areas, SASA) & 4k
AR TS e AR R s K HE(ULIE 1 d), 2" -OH-
BDE-28 figflff HSA A& 3 i s 7K 1 5% FE i) SASA
251.44 nm* 28468 321.40 nm?®, 00T 27.82% , 1M 35
KRR LA SASA M 700.34 nm* 254k A 614.46
nm’,JH T 12.26% , UL FH,2' -OH-BDE-28 5
HSA 454l HSA 1R 2 BB K L3 58, K46 FH
OKfdf HSA & ZARTHE ik A5 2' -OH-BDE-28 4%
A ERAE, X EM 2'-OH-BDE-28 5 HSA 1y
Gi AR RS A R
2.2 HSA ZZh45KHs2

R SCHR™™ | 25 1 5T () 22 4P X (190 ~ 240 nm) [
AT AT R AL R A5 v o BEIE
MRS DL, &l 2 a Jly 2' -OH-BDE-28 5 HSA #{H.
YEFIRY CD 63, 208 nm A1 222 nm AbH L 2 47
ORI o-BRE S5 CD J6Gi%{5 %, 2" -OH-
BDE-28 /il AJ5 HSA 7E 208 nm F1 222 nm AbAY 7%

TS5 P /D B EIE R AT & A B Ay
FIH CD Pro #A4EXTEcds 43 Hr (WL 3% 1)45 1 . 2" -OH-
BDE-28 fifi HSA 1 o-M2 i€ & & M 42.4% [ =
41.2% ,3i%itH] 2' -OH-BDE-28 i# A HSA Ji5, 54 5
PR A% I A7 A6 1 B9 AH BAE T, A8 o088 75 1 PRI
B-Yr & B a KGN, B AT PN R A5 A R I I, 2F T X
HSA 1) =gk 7= Az — s mat™ [R50 o
TCHLI 3 i 25t e A — 2 AR Ak H o-BERE 7]
B-Ir& At £ S Hifr, o, i do dssp 727
AT B Ty 2 RO & PR 24 20 -OH-BDE-28 5
HSA ¥ 2 & Wi, o-8805E 19 5 2 5 1% (73.0% ~
72.0%), HAL A HE A LEF(6.0% ~7.0% , W 1), %
55 CD JEik i a4 AR, Ui B 2' -OH-BDE-
28 5 HSA g5& I DL —Fh 2tk i kA5 854
TR HSA 19 90 2544 {f 4E i % 2' -OH-BDE-
28-HSA B &Y ERE,
2.3 2°-OH-BDE-28 X} HSA A5 EH3E K AL

B T B9 S K RS ] 2243 Bh A
K FEESPERMAE S S e A%, S TiE—2H
IBr 2' -OH-BDE-28 5 HSA #HH.1E B9 9% 61 K HL
il 3E HVERE Stern-Volmer J7 T2 #E1TEUHE 4047 , HiJy
U,

Fy/F=1+ K [Q] =1 + K;7,[Q] (1)

JEE 291 K 298 K 310 K =M B9 652
5 ,2' -OH-BDE-28 A J& , HSA B9 % enim Ji 2 8
BRI R, I LA T M EER, X 5 MD £}
P K MR AE— 2, T3 AR AR G R
WK AR 2 b), K, BEE IR T
WEAI%, H.2' -OH-BDE-28 Xf HSA {1 K {H 7t K T4
FHEIFNXS HE )R A T I3 K B A5 B K85 2.0 %
10° L-mol” -S™", [AIt,2'-OH-BDE-28 %% KX HSA
DGR PR KB 2 T SR, KRR T 2'-
OH-BDE-28 i#f A HSA &= E )G, 5RE R HSA &
HAETERARN, WEZRIMESEENE &Y,
HSA WS B KPERG 3, 518 T HSA MIZ AL,
T2 HSA B9 E0REE R ATEK

F1 HSA ZREMHMEITER

Table 1 Fractions of secondary structures of HSA by CDPro and do_dssp program
CDPro software/% _do_dssp program/%
e fide 5 A FHL il e 50 e
Helix Stand Turns Unordered Coil Bend Turns Helix
HSA 424 23.6 123 214 14.0 7.0 6.0 73.0
2'-OH-BDE-28-HSA 412 252 133 20.1 14.0 7.0 7.0 72.0
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-5+ a
OUJD
3
£ 5
2
R E
ﬁ g
HSA
-65F
2'-OH-BDE-28-HSA
210 220 230
WA mm
Wavelength/nm
60 0.08
c
=] 1 0.06
3 2
. B 5 &
3 s @
3 g 0.04 &3 £
== 2 £
= e =z
R £ = g
R & 4002 =
2
==
= 0.00

320 360 400 440
WA mm
Wavelength/nm

F /(F -1)

0 20 40 60 80 100
[Q) x 10°mol - L

W/ x 10°mol « 1!

400

300

200

100

WHIREE fau.
Fluorescence intensity/a.u

HSA+Warfarin

0 T T
300 350 400 450
K /nm
Wavelength/nm

2 HSA 52-0OH-BDE-28 HJ3ti LI 45 R
4 :(@)HSA 12" -OH-BDE-28-HSA 1A Z 5 {1565 (a-b, cyup:Cromppp.as =10, 5:1);(b)Stern-Vomer HH£E(T=291 K 298 K 310 K Ii});()HSA HIZEIEE
1 2' -OH-BDE-28 FJ£/NF IO GHE T B T=298 K, Ciysa =Cy .omppp.as =1.0%107 mol - L) (dYEIEMSESSLIDE I EIR (cygp = 10%10° mol L),
Fig. 2 The details of multispectral investigation between HSA and 2' -OH-BDE-28
Note: (a) CD spectra of HSA and 2'-OH-BDE-28-HSA system. a-b, cyga 16y .on.pe-2s = 1:0, 5:1; (b) Stern-Vomer curves at three different temperatures;

(c) spectral overlap between the fluorescence emission spectrum of HSA and absorption spectra of 2' -OH-BDE-28 at 298 K,

Chisa =€y om.ppE.2s = 1.0x107 mol-L"'; (d) fluoresence competitive test by warfarin, cyg, = 1.0x10° mol-L!.

HRAE Forster A -1 AF 4 5 e i e RS Hie ]
1435 2' -OH-BDE-28 5 HSA fe % 15 5, k&
W 1:1 /Y 2' -OH-BDE-28 #i1 HSA, 3k 15 2' -OH-
BDE-28 4 MRS HSA 28 %1 1) & S [ 3
(LE 2 ), &8I HESES J = 4.90 x
10" cm’-L-mol™ , If A B R, = 3.33 nm, iE=H4H
BF E = 0.40 Fl 2' -OH-BDE-28 5 HSA A9 {14
TR EL R RS = 357 nm < 7 nm B R 05R < r
< 1.5R, 4 Forster M- (R4 AR 48 5 RE AL RE 10 5%
£P ) 5§l OH-PBDEs 5 HSA (#5857,
ViH 2' -OH-BDE-28 5 HSA %% & &k 1E g S % ML
HIF R HA R K, FLAE m B AR M, W
2' -OH-BDE-28 & i i A48 K M e 5% 7% 2 FhiL
il 2 HSA HIZENEHER

2.4 2-OH-BDE-28 5 HSA fEH 12

G FBRY AyF X ] LRI 59 /N 7 5
HSA 2545150, T HSA 1% TIA F1 IIA 2 KH 4524
V1o F WG A A AR A, TR AR A 50 FiTfr
ST S5 0L ), i3 H Sybyl x 1.1 8 fF 6 2" -
OH-BDE-28 43 %15 HSA HYA7 s 1 025 1 #4743 1
X, IR B B A A T AT A, 3 R 2 -
OH-BDE-28 5 HSA X #/E H &, 2'-OH-BDE-28
ZEAAE HSA 75 1A H 5 A JERINE R AR L (W
& 3 a), Hif HSA 1 ALA291  LEU238 HIS242 .
ARG257 7£ 2' -OH-BDE-28 J& FElJE i« 24032 A i
KPR LT , 6] B LYS199 5 i 2 A4k 5 H RS o i
A (LIE 3 b), E s FE K AEF J1 % 2' -OH-BDE-28-
HSA e e e %5 S B VE O P 285 ik i i,
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LYSI199

b —\117 (\

£ Al 921 ‘\‘
\ }
\ Leu2:

BR3 Ala291 Hh 4 o

Lys199
2“OH-BDE-28 %]

B 3 2-OH-BDE-28-HSA #&E 5 Fxi#45 R
Fig. 3 The results of molecular docking
Note: (a) residues around 6 A of the 2' -OH-BDE-28 in the active pocket of HSA; (b) two-dimensional
plot of hydrophobic effect for the 2' -OH-BDE-28-HSA complex.

298 K F 2'-OH-BDE-28 5 HSA fy454 A tifig
1527 kJ -mol™', BLAh, Il & i 2' -OH-BDE-28 5
TRP214 (B EH 4.13 A <7 nm(ULIE 3a), 522454
e A,

HRAE SCHREY, 23 BT 9 6 2K S 56 54k vl 0 2 -
OH-BDE-28 5 HSA #H.1E F it i) 32 W 45 & H %L

K, S5EA0LEE n IS5 (3% 2), 3 NMRE

THLEAOLEE n 820 1, £ 2' -OH-BDE-28
5 HSA YRR R —ANg5407 A5, 2' -OH-BDE-28
5 HSA E@%%ué%%#;& K, 8K, 18 1005008 2 L)
b U A SR TR S A R A AR
YERZE A 5 TR AL TG A AR is . 12455
AG<0AH<0 ,AS<0, A LIH#EWT,2' -OH-BDE-28
FHSA Z [RIfAH B AE R 2 —Fh A & Wi #2, 5
H 0K Eh 1 h SE M gk AR P Xl 540
POEP AT Sne RS

S5 I T A &% P BE Hb K W 2' -OH-BDE-28
5 HSA Wygh& XA ZE &0 A5, 5 R AR i 28

[F] XS T RE RS G SRS RS/ N 76 HSA 45
HO0E A E AR A S0, 45 R LK 2
d. [A, 55 e 50 1Y 45 & 20n] DL o 18 1E Y
Stern-Volmer J7 #2415 H
F,/(F, - F)=1/f+1/(f- K, - [Q]) (2)
JA Tbuprofen #8415 2' -OH-BDE-28 5 HSA
HIZEAH B K, 9.23%10° L-mol™ 5 R I#R4EF 22 /i
M 25 A 80 9.90x10° L-mol R4 3T, i il A Warfa-
rin #4157 2' -OH-BDE-28 5 HSA HY45 &5 K, N
3.67x10° L-mol ™ B g HL AR IEREF Z AT 9.90x10° L
-mol"/MEZ ., 3% W] 2' -OH-BDE-28 5 HSA (%%
A5 15 2 Warfarin 37 55,

3 148 (Discussion)

Hir, H TN+ 5K FHEEAER
ARG L, AL A E™
JEPRATHTILEY BTk AE AR TR R
FEWFSEAH B AR ST TARK I & el |

Rehman

(ibuprofen) FE¥EM (warfarin) 59 Yo IREF W A RA  FFPNHL 3 FXHEBOR EWLRY R T HSA 7E HSA
%2 2-OH-BDE-28-HSA ARZMZEAEH M RBFfRNFSH
Table 2 Binding constants (K,), number of binding sites (1) and thermodynamic parameters of
2’ -OH-BDE-28-HSA system at different temperatures
IREE/K 545 % BU(L - mol ™) IVA=Y ' & /(kJ-mol™) 1 HE/(kT - mol ") F/T-mol” -K™")
TK K,/(L-mol™) n AH/(kJ-mol ™) AG/(kJ-mol ™) AS/(J-mol" -K")
291 6.08x107 111 -37.13
298 4.94x10° 111 23.12 -37.44 48.06
310 1.39x10° 1.07 -38.02
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) A T84 2 05 Leu387 . 11e388 , Asn391 , Cys-
392 Phe-403 Leu-407 . Arg-410, Lys-414  Leu-430 4
REREMEAEN, I B T30 45 8 5307
ST R YA, SR, BRI AS A R
b AT R R AN S B AR AT DA S /Ny
T HAEWKSFILNE G Wi a 2525 S,
A2 7 vk N S BB A PR, 75 2 Fhotik 2%
BIEHP S AR LI — e H S A /Ny
Tl InASC A i) OH-PBDESs 11 A% 4 M 4% 43 4 12 e
FHRE SR T 588 K AE Y K 7 HAT R R
P, PTG 26 Jay PR, — T T 75 2 22 P A AT G
Wy 1 1 255 N FH ROR [R) 22 B 2 (8] B B3 E . Gao
AL BT R R (H NMR) 240 a] oG 9%
JEIEIE | B GG I I A v FRRIORG 5 4R i
FEAMMEHPLE , XL G T 2R F B s
2 )5 M e HAE FBLH 45 AT B %% |
DR R | o-BRTE Y 22 Ak DL B 2 T )5 55 45
T35 I, AR T 5250 5 1 A B2 HE DA B 45 Bl oy
B AR AT & R 58 35 . Ma 252 il o A B
DAk 15 BRI FH L 25 A B8 5035 (ESUMS) W58 T 4 1.
HEE M (BSA)S 24 FiAS [5] 1R A2 SE U A7 B
OH-PBDEs [Rl 2RI A EAEF . A{LAED
%E OH-PBDEs [A] &2 %1 £ 1~ BSA 456 1 K/hid
HEHEWT BSA B9 284k, {H H #ij %t T OH-PBDEs
Y5 HSA HHEAE AP

AR SRR T 280 F B2 G 58 i 7 ik
¢ 2' -OH-BDE-28 5 HSA WYFEHIME] . 45 KW 2
' -OH-BDE-28 i 1 i A # K 1 g & 17 5 ML il 5 K
HSA (2GR B IF Hf5 5 HSA 1 9045t & 4=
U A NI sl eV S LY VAN o N\
SrHT R, S AEL K AR ) 2 4ERF 2' -OH-BDE-28
5 HSA RUE g G ER 71, 3X 50 FXHER 45 R 58
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