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MaF 54T PEMF , B, KI5 T PFMF
B RN RN B 22N, D A4E D
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M P I A B SRR AL, RS
(¥ 240 1 A R AL R . AR R
(O LT E22NN - {= RIS CTES B N <17 W X P €22
TR AL . NI AT YERNRE AR I B, o, A
FAzAn b, AR ERIR LS 2 1 (global actin,
G-actin) SR A1 i, A 40 5T S AR A7 HE A1 51
BHEPERHES,  HIXPTME A RN, AT
IR 2R AR - m i SR M shas-F. A0 SR 4 A
LA A SRS BAR BT HAT K. 3 K B A S
JR - R - AR R AR SRS S AR IR R, SR
WML R K S AT DB, DRI S e 37 5t

2L R S I S 5 VLA R T G e s g AR
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e WSEN ISR I S ARt P | vl b g S|
(actin) SR & b ) A1 E R R0 2 W I T 1%, IR
actin W B _ETF, il S A 4R WL 8) & (1 (F-actin) 41
JHO B ARG 22 SR, FFAE A M 2 m) A A R IR DR A2
RIZIRON I, FEEPEW] S22, %P0 % A0 56 I TH) 4R
W 30 min 25 A W S, ELAE AR [ LRSS ) B
0.4 mT Wiipim AE - B A . 78 CHL 41
M ELE] PFMF 3 25040 i A= K X+ 52 4R (EGFR) & 2E
TERIBRNE . X FIRCAR EGF WS EGFR 324411
JA S A HTCAT HL = A R R, B PFMF F=2E
RN NS EGFR 15 Sl B AH G,  IXAE SRl
FEREE EUiBl T PRFMF ml g5 | AR L. T
TEFE B F-actin B BBy, %45 %
g1 B L, BR T EGFR W % BTG T 3K
G-actin [n) 41 ff 121 2y ik 5 35040 o v R) 1 actin (kY
TR, SN A YE S B DA, A AR = A
AE S 25040 i N g £F 4E 1 actin BRARCR R, JFh
M S ECAEYN K Factin B>, RATHRE, X
Gl B g ] e g R AL T W4 G4 1) G-actin
{7 B e BB, TS5 350 45 & 21 F-actin
W B LR RS, T3 G-actin RGO ) 4
YE [T M. fEBUE F-actin R fif 28 3 A4S (1)
WK, G-actin/ F-actin 1)~ 16 [ fi# 58 i) J7 18] 5%

8l), il F-actin & & N %, 1 G-actin ¥ & (JU 1L
EAN P e X ) BT R R T TRAT AL 3
FEREITE©, (A0 e D S A RCAT 45k, T A
KEN actin FAK, (4341 fdih 2% G-actin &&=
B, DRI B B 2, A0 400 i v ol it 2R R SR
G-actin 5125 5 1 80 1) 40 i 4.

G-actin & 111 S A Z5 14 73 #r$¢ 7=, G-actin i
KB T—AF I BRI R Z R i, BN 451
B H 2 AN SRR e, PR E el 2 Rl —
ANrpia 244%, JE ATP B ADP LK Hifth 43 )@ 5 71
i st fE pH 7 MEHR,  Geactin A HLE T
DB N -9.5eM,  H rL i 7E 4 /N0 45 K35 1% o0 A
AP, AR Gactin S —ANHE ELAT AR ME 4> T
G-actin Fll F-actin #5247 HLZ5 1),  HLRE3A T 1) Y.
F. 37 (electric field, EF)F14 2% )1 (F) %] fEx) H
FEAEAER, T BRI IR G AR TP A R g 1) B A
BRI AW, i G-actin & {7 3] F-actin ()it
FEZ 30 TH0, MIMAE G-actin 23 P& AR & 10 °F
YW SR 5 i & B A AR B A T s AT
G-actin 8 1] G852 2| EF A1 F 1) 52 W 110 & A2 i 4%
TR E W H R B A F) F-actin Bim B, CA40
i G-actin 41%%°4 F-actin [F3ER 294 73~ 146 4> /43,
R BT f, Tl 73~ 146 A /s, B b m)qi
254 109.5 AN /s, actin - ¥4 28 42 4 R IR ok Ak A
ELF-MF #3775 n) A2 445 2 76 [ 9 (0~ 600 Hz), Jt
LSS ELF-MF X o 22 20 e 55023 (1) 5% A ] RE A7 T
WA AN N, RIVLE B LA B 1 37 5 ol 22 2 2%
(TP o RAARN 1T LA BE (R 3 W Al 22
HASEAT M 5L i 55 . 50 Hzalk 60 Hzf¥) PFMF
5 1) A8 e (R AT R £, 4 100 WK Js 8% 120 WK I, b
F-actin [ £, e BRI, HEk, L 50 Hz L4 3%
HWEFERT G, BATT o AR TR 0.4 mT. B
50 Hz &y o i B i) 5 A4 #(35. 50, 70, 110 A
140 Hz, XN #E 3% J7 1) AR AL £y 53 501 Ky 75,
100. 140, 220 A1 280 ¥X /)] ELF-MF %} FL 41l g
T 22 15 BRI F-actin & & /B 22 20 25 R ()
DA S AEAZ AR [l A 2 A7 A — NG T3
AR B T, JRE It B, RIS T
fie LR 4 B8 (FRET) £ AR B0 IF 12 B 114 2 506 29 4
G-actin ZREE R F-actin ZUHR MR FE AL, ARt —
43T T FLIK) G-actin £EAMNINAZ AR Ha RS K %
JTEBL, W44 T PEMF % G-actin 284 153 4
(R, JF 2l FERE AL
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1.1 SkIE#R

Pyrene muscle actin(Cat.#AP05) 4 H Cytoskeleton
Co., Anti-actin antibody (Cat#MAB1501) I H
MILLIPORE Co., Anti-mouse IgG Fab2 Alexa
Fluor® 488 Molecular Probes(Cat.#4408S). Anti-mouse
IgG Fab2 Alexa Fluor® 555 Molecular Probes (Cat.
#4409S)4 H Cell Signaling Technology Co., %2
JIk (phalloidin-TRITC, Cat. # P1951). TritonX-100
(Cat.#T-8787) Al 4% % % W % (paraformaldehyde,
Cat.#C0403) 1y [ Sigma Chemical Co.. PBS 2%y
(phosphate buffered saline). Ji /i (trypsin) #1 MEM
(minimum essentia medium) 4 [ AR £ AP0 H R
R, JfZEfE (fetal carf serum, Cat. #27250018)
W H Gibco 2w, LA K I i (PO126) 1 H
BRREVEARGEFC. FL 4000 @i VLK% -
& . G-buffer (2 mmol/L Tris-HCI pH 7.5, 0.2 mmol/L
CaCl,, 0.5 mmol/L DTT, 0.2 mmol/LATP). F-buffer
(5 mmol/L Tris-HCI pH 7.5, 2 mmol/L MgCl,,
100 mmol/L KCI, 1 mmol/L DTT, 1 mmol/L ATP,
F1 1 nmol/L phalloidin-TRITC)¥J A 5256 = i .
1.2 KEiIRE

AL 1 A AR Leica DM4000 LED
B WU (e SO TE A FAI) . H L5
4y 66 FE 3t F-2500 (HITACHI, & (1 i AH B4
FRET R &2O6INE) MR AR S, Hoh i
RGNS R[4 s, BAR WA 1. R4
HHERSIR S 55 RAERS . DIFRTBOR A A TE I 2 )Y
R R, RS S — X B AR 40 em. il
20 cm, 150 [ 42k 20 Bl (1) Helmholtz 25 Bl 4w 5 I5
BTIERL A SR AR (PXY-DHS- T Y, bRk

Incubator

Power supply

Helmholtz coils "

Signal generator

Uniform MF area Sample

Amplifier

Fig. 1 Exposure system of ELF-MF

HEERIT 20, SRS FRA AN B T PR AR S
R E R IR IER:. S, %
Helmholtz £k B8 4 S X 38 47 46 — A E.42 4 10 cm,
FoA 10 em A IX, HILGRE W 7E 0~ 1 mT [X
(] ] 30,
1.3 KWAHE
1.3.1  FL 4 eds55. MRS G 9OGSE 50

FL 40 0357 T 40 3% F2 48 (37°C, 5% CO,),
By R MEM B 9% 56 (3 & 15% fif /- M3
100U/ml penicillin, 100 mg/L streptomycin). HX
5~7 ARI% FL 410, DL 1x10* AN /ml (1) %5 J5 45
HRRAE T A M E AR R 35 mm [ R, 2024
0(Sham). 35. 50. 70. 110 A1 140 Hz %% % 6
A, BRAH 3APATHE. ARIEET, 4 M e i
MEM B;F2 L0 Ab 3 12 h, A K. B
Ji i B AE CO, K A 5% 37C K A T
Helmholtz £k [ 0 #9413 X, 43 %) ] 0(Sham).
35. 50. 70. 110 Al 140 Hz[f) 0.4 mT 1% %5 &
30 min, M. Sham 41 7E VIG5 K A28 AT %
ORI HLIE S, BB RS TR R, R As
W, RS2 SCER[12] T G DR 724 4
Mzt [ sE . FE IHE 10 mo/lL AR L
Wee. BRL B, H Leica 884 Y BB
W, B e I Imaged SR 3 A i 22 (0 A< R A WA o 1k
so 8. kB 35 Hz M 70 Hz & K oA 3L 7, ik
T2z F A B0 f, (1) 2 DA ANEE 73 FI1 146 4> [s;
TEPE 110 Hz 2 K LA T 50 F1 60 Hz T 4537 1)
Wi 2 A HUE P EA B W HE 140 Hz 2 3L f,
W KT fo (TG H AN fr IR EE . WRARE £,
RIESSAE, PR DR T IEA A th & i
A7, D% 50 Hz A%, 1M 110 Hz[K'E 2
50 Hzf¥ 2 fii/ity, Tl S 50 HZZRIAUR. A
SIS EA 3, HLrh Sham K 6 K.
1.3.2 FRET iEK G-actin 244 H 4125525

Z: 2% R AR I, il G-buffer (4 8 )
A1 F-buffer(CR&). ¥ L3h & B % T G-buffer,
WMALIRE N Lo, InA—$H, 4CHHFLK
s BRRIRAWS R 4 A, ERECRE T A
WA PeOLkRic ) —Hi: a. Acceptor 41, H AN AAY
4 Alexa Fluor-555 #ric (1 —$i; b. Donor 41, H
Jn N Alexa Fluor-488 ## it ] —#$i; c. FRET 41,
BE i\ Alexa Fluor- 555 #ric /9 — it in A\ Alexa
Fluor-488 brid i) — Pt HIKkE M 2:1; d. ¥
AL, BRI SeAR I P, SRR E
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30min 5, BRTEFSAIAb, KW E Il & AR
b 239343k Sham 41 35 Hz. 50 Hz Al 70 Hz MF
WA, BafES AP nA F-bufffer, {f G-actin
ZOREE N 10 mo/L, — il &ML 1/400, A
15 Alexa Fluor-555 5 Alexa Fluor-488 #5ic i) — Pt
AR L4y ) 1/300 5 1/600. 52445865+
WL AR 2 £, LURIE 80% 1) b4 7y 7 2 /b
A —ABCO 2R GRL 73789 FE T F pH b 7.5.

P4 FALRE B T 1R 1.3 BTk 119 0.4 mT. i
FAy 504 35, 50, 70 Hz % I 2 45 vh sk ol i I
30 min; Sham 201 SLALFE & TR MG 5 K4
A RN TN TBOR 2% FL IR i (10 R e i i 30 main.
FEA K 5 LLRE 2218 M B8 N 28 Bl 200wl ()
gt e, HHAZSE6 0 G R F-2500 24T
FEASUOCIE . e RS GIEL G 2 500~ 600 nm,
FIHE LR 400 V, NS5 HE O 6 B 4 v )5 %
H > 10 nm. Donor 41 Alexa-488 [118 K& Yt % W&y
495 nm, & 6 3 0& S 519 nm, Acceptor 41
Alexa-555 [FU R LI 4 555 nm, R gk
565 nm. ] Donor IR EIE KT AR FRET 41. 4
B FRET MG kA=, WILE 500~ 600 nm (1543
B BRAS I 281 B 2 1R 06 2 519 nm 1R i, B
SRS () 06 Fg 565 nm [ RS IE. 2445 FRET I
GRS, BT A A B A s, AE A
53 F IR BE B IA 2 5T 10 nm, 2k 9t RE
AR RS 2524k, WA RERILIRE R . RS
2% e M2 9 i JiE (Fluorescence intensity,  FI) 4 4t 44
R 519 nm WA AL R R, RIS AR 52 AR RSO
565 nm WEAE AL TG . BEE 2 BUAS I £ FRET
YT 519 nm &b % S ni FE AR HEAR LR B 1)
EEElAE 565 nm &b 2 't i B AN T2 AR 41 T
b, BURT M E & 4] FRET IRk, A A
Origin H A il BT K B (1 2 e Ecdis th £ 18, IFH
Sigma 1 73 BT % 20 FRET 24 2 19 A8 A6 F0 45 1 5
76 MhSEE A 12 Ik, o 35 Hz41 M1 70 Hz4H &
52 3K
1.3.3  G-actin 27 /E - B THE G 7%

a. G-actin 7E¥ W e HEL a2 AT R A

Sk A G E A M 43 A G-actin 76 55 pH Y
AW AT, AR A SIS R AR I LR P
G, e “He-Ha” [KrHE, w23 a3 ImeE
R EPRE N EEAAENE TR “He-Ha” K7
FEH

pH=pk'+lg [[;}/;]] 1)

X, kAT ERIE A R IR 2w A, HH
T E VRIS . W pk ' =pk+Apk £ 1E£E R L ES
(RS BT OREENT pH KA, Apk W] IS AT REERAS.

ASCUHR I pH 24 7.5. pH=7.5 I,
— U8 R HLRHR B A AT e AT, Bl Asp 1)
B-COOH (%5 Hi % pl=2.97, -1e), Glu [f] a-COOH
(pI=3.22, -1le), Lys ¥ e-NH,(p/=9.74, le), Arg
1) 8- 3 (p/=10.76, 1e ), His [ B- WK M3 (p/=
759, 1e)%%:. MHhfE pH 7.5, Asp. Glu bk
FRFEIE IR AL TR BRSNS IR A7 e
faf» Lys. Arg. His 5% FE %4 1 AN BRI IE HL
fif, Ala. Gly. Leu. Thr. Tyr. Met. lle. Ser.
Phe. Val. Cys. GIn. Pro. Asn. Trp 5% 3L 3L [
fift B BEAIG, X AR Rl R LR . Utk
4b, 55 G-actin iR E T, HA 340
AL TR T I IV RS B 12 il 2519,
P, AEATE FE A AT T HELe G BRIV B A e
TR IR AN R AR B O, W43 3] G-actin
T b S AL AT 2 AT A R 1 FL AT

b. G-actin 7£ PFMF {1532 J1 43 b ik 5

G-actin 7541 fu b () 4 RR S U 24 T3 1
AR =B, AR, B Al
KLy AN 2 280 e, AR i ) R4S
257755 . T M TR KPR, )
X} G-actin ZH 2[R RE M v] DL 20, RAT] A B 5K
%% J RUEAE FiL3% D) 1R K.

16 37°C R IR I EE T, 4 g o &b T 0 BIR A
(1) G-actin #IZ B AEH RIZL, WIH L » vk F] m/s
L= A N S 1 15 e B ey VA (£ /S o 1 £
G-acin [1] F-actin £ K iz g I HE &5 A 0, R
KR FAGE BN 138 B2 1 77 AL R AR TR (38 16 2% )
ML 22 (K E 41 2%% . A SOk AT 410 G-actin 77 H

B g 9560, L e =1.602x10° FEAE, SR
PFMF J12% =50 Hz, T/ A ok
By=Bo*sin(wr) )
KA Bi=0.4\/2 mT, w=2muf
FENEACI B L (o N S
Fi=quxB (3)

WACRE ) T IR AR H T B Ao,

MR H RSN, S B, 5 1)~ AT T i 2 HLRE I
i) A8 A0 PR 5 K 30 ST 3 B 4 RN 7 A= B v il 2%
AL HIEH Tz e £, B
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FIRHHE SRR, AE% PR — ri (Pl
SR IR T B AR R IR A i s -

B _R
—_ob A 4
Eatxz ()

G aBlar WRESAELES, R MR SR,
14 3t (2) AT

E;ﬁ&%&ﬂ (5)

D ROKs 41 P R X BRI F-actin 4545 Ji )
KA G-actin & A6 —DFEA m, AT ¢ 1
FR, WA R g b B2 08 R AL E 52 1Y
CRTWINSE

F=qeE= ngBozcos(wt) 6)

S 3 D310 5 ) o B W 2 D46 7 )

LA B 22 FE)MIKERIS T kAR
(6), WIBIHHAR] FLAF, (0 KAE AR E 102N )
Bomgyu i, HEm e NER S B S IX AN 7 1E
ROR, 19 B TR 5 Tl 22 LB

C. HiilstibE

FRET 524, FRET 2R it A h
FRET% =[(Flsio—Flsiof)/Flsio] x100% (2% % FRET% =
[(Flassi—Flsgss)/[Flsese] x100%) . A SC A F origin %%t
FI £t E 2z B, Al Sigma Plot B0 £ 12t
A7 e MR AR e P o AL FE R AR GE it M I, R
Image J A0 S 56 R AT I BEAE R & I
A HAR R ¥E AR UE T 2 (0 + ) B KR,
FH ¢ K256 (student-test) 73 21 1¥) P AR 5 22 J¢ 02 A A7
B, R P<0.05 BRI B EEZER, R
TR0 A BB A O TE

2 IGZER

2.1 0.4 mT %373 FL AR X R mizE
SHAMER R

A CAEOR B, 76 EGF MO,
0.4 mT PFMF 421 FL 41 fR 3% T EGFR {5 5 i %,
AU O A= S A I Pt ) O S I VAN S B 3
b, I RECFR A BB R, B,
T WL 55 5 FE AR AN [R] (R 37 6 FL 40 rp 22
SRS B SRR, T DA SR 3 150 A0 e A
HL 004 25 A 27 20O () R . 5 i I P IR A DG . AN
R B REAXT FL 41 F-actin 43 A b sk i (R 3%
Wty B 2a s, M%) Sham 21400, 35. 70 Al
140 Hz41 /40 o b F-actin 43 A %45 W1 484k, 1
50 HzZH [# 40 ffw rh 0347 F-actin & BB A8 b, S

AT AR NSy AR YERE AN K. 110 Hz i35 th A 2548
(RS20, (HRCR AR 50 Hzli B3 . KA HT
Mgt g ol 2b, ME AT CUE H, M XT
Sham 41, 35. 70 1 140 Hzi\imiER)E, T4
A0 HRLY . F-actin A BEAE AT B 22 4k, T 50 Hz
5 110 Hz 3 BB B 41 I 1K 5 F-actin K BEAE 7)
Wl R B T (34.66 £3.14)% 1 (28.26 +0.70)% ( 7 3k Fr
1), HARFMEER. b TR AR SR T
Pk 22 A ORI AT RS9 X R, HRHE I 2b #4541
(K FE A 0045 HH B 2, Pl Pl R e T i % 1) 5 A
MR, 50 Hz 3515 T2 T4l . FEIK F-actin
SV RN B o BRE, 1T 110 Hz i ik 2. BRI
LE SR AH R RS LR, ARG T ARSI, 50 Hz ()
RS Y UK R = Y S ek G R 7 W N b i PR TS|
FL 2 AR (K 110 Hz b 3 %5 40 P 7 48 20 255 (1) 52 i
WA 2, UGS P N K RE P nT e
WA G, HOT RS A7 4E—ANE 50 Hz 2 A7 1)
BRRE. MATE R 60 Hzff) L% & S AE e
WEARNE, T AT i S S R
2.2 0.4 mT. 50 Hz #3%3%} G-actin BIABHIK
F-actin 25 F 8 9 T

HIWIFST 45 B B on, 0.4 mT. 50 Hzhi iz % 40
J B A 2H 2 R TCAT HL R AT W35 52, X G-actin
Y% A% F-actin HAT B35 40 HI7E . HATF M
IR 2)BoR, AHX T ILAD 4 MR, 50 Hz
(RS0 Ik 22 B BRAL T IR TR RN e iy, R W
P22 BT ISR AT B S5 W AR O, T
50 HznJ G e Herh i) — M & 1, 51 R sk
I fe B . H S 6 F-actin B 4L T (4 TR AL o
EANTHERE, R AT B EANEW . BT
F-actin +& i1 24> G-actin H AR B £F 4k,
Y LR AN G-actin B TR AH B AE FH 50 55 17 K.
75 FL 40 f b i) s ot TP 08 H BAE 50 Hz, 4 it
BATTHED X B 14 G-actin [ 4125 5% F-actin 2L FE =42
B 3 S R I R A N AE 50 Hz, ik, AHF
50K FRET J7vk, %504 T 4E Sham 444 T Al
3932 35, 50. 70 HzMi ks iy, B4KH G-actin
A A 41 F-actin 1R 4 8 (A I0RH TR FH o A
FIDT, AT %5 82004 3 4 actin T2 41 %E 1) 5% 1
FLnlt, HE—LIGAE 50 HZ 2 i T 52 A 440
R R AR S PR X actin 41K B SR B
TP FRET SE86 BT F ¥k 6 B 3 o0 gt 4k
(donor)if K ot ik 4 (1(495 nm),  SEHRAE T A
B i E 500~ 600 nm 38 Vi [ P 1) 22 56 ol i R (FI)
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FREAT LB AT, SEE 45 AN 1] 3 Jir R, Donor.
Acceptor il FRET 3 4% I £ ARRIX 3 Flbric (HL 44
WL S8 7 V) S R i) FLAE, a+d /& Acceptor 55
Donor £k HC 7S g R . MIE 3 Hay DL i
EH, 4 FRET fh £ A1 bk 3 Donor 5%
Acceptor £k, Sham 41. 35 Hz 4l F1 70 Hz 41 4
519 nm ZeA () FL TR TR, P33T BRE B2 40 ) ok
(17.69 +5.25)% . (32.50 +2.77)% A1 (17.12 +5.22)% ,
71 565 nm Ze A5 (1) FIL WY EFE, SPI8 E T R 43 il
9 (176.92+15.99)% . (164.24 +29.82)% Fil (148.91 +
19.87)%, RIAEX M4, fA/EW] B FRET

@

MG, ULH] G-actin FL4A (] (1) °F 35 A0 T BE 250k
RE SRR RIS, $Eom eIy i 2 1 BOR 2 AT A 4%
ZHRE Rk F-actin (V% J7. AT, 50 Hz MF 41
[f) FRET 2N 855, 7E 519 nm Abf FI T i A
H(1.18+1.52)%, i {E 565 nm 4L/ FI_E T AL
H(130.41£17.74)%. Ui WIAHXS Sham 4LH0 £, 47 T4
22 |1 A B0 FlA Gt A AN 4%, 7E 50 Hz
MF 4 FE A5 50 G-actin SR A ) P340 A1 422300 1) 72
FETE/N . SFRIBE BT R, X R AT 4 %
F-actin (0% FRE. X85 AURERE T FRAT TR S
UnZP o

(b)

The gray value of F-actin
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MF frequency/Hz
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Fig. 2 The frequency effect of 0.4 mT extremely-low frequency magnetic fields on F-actin assembly in FL cells

(@) The immunofluorescence picture of Sham, 35 Hz, 50 Hz, 70 Hz, 110 Hz, and 140 Hz MF-exposed. (b) The average gray value of F-actin in each cell.

(c) The relative jamming effect of different ELF-MF. The data shown is the x + s. Sham: n=6; The rest: n=3.
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Fig. 3 Effects of ELF-MF on G-actin assembly in vitro

(@) ~ (d) FI of Sham (a), 35 Hz (b), 50 Hz (c), 70 Hz (d) MF exposed samples. Acceptor: FI of samples with only Alexa-555 labeled. Donor: FI of

samples with only Alexa-488 labeled. FRET: FI of samples with both Alexa-555 and Alexa-488 labeled. a+d: Fl of acceptor plus donor. m

Acceptor; e-—e: Donor; A—a: FRET; v——-¥: a+d. (e) Fl decreased percentage at donor emission peak (519 nm) and FI increased percentage at
acceptor emission peak (565 nm), the data is shown as the x + s. Sham, 50 Hz: n=12; 35 Hz, 70 Hz: n=3. [: Acceptor; [1: Donor.
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Fig. 4 The charge distribution model of a G-actin
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Fig. 5 Variation and distribution of the vortex electric field
(a) Intensity of PFMF and EF ys. time. e—e: PFMF, A—A: EF. (b) Distribution map of the vortex EF line. The crosses are PFMF line vertically going

inside the paper plane, its intensity is B(t)=B,xsin(wt) as shown in (a); the annular dotted lines are the vortex electric field(EF) that is vertical to the MF

direction. R is the radius of EF. F; is the induced electric field force.

20 Jifd A 97 25 1K) G-actin 32 2 B I (7] ) 30 1 AR 1k
e 2% )1 FL AR AWl ) ko ER, 1K A 346
TETE B T RURER I xy SFTA. B A (3)(6) 75 H 4i
Jfid o LA G-actin 7 PFMF 132 3 ¥ £ A F, 16 5
KAEAAE 102N (W B [, P ek W F-actin
BEWOACR [ AR X A Ty LR TR &5 3. i)
AN F8 Ak -1 1 25 45 30 L ) Ak /DS DX 3809 17) G-actiin
A, {F Factin A% 8) ) E ki, x4t
G-actin ZLIA B W G RES,  IEME 8 5 Ju 3
L, B PFMF 3 X A~ I AR, (HILx)
G-actin 23} J7 [0 b= R 1 1) sg A o] 240, 2L
R, WY N IR R I VIR T 19 A7 1E AN U7 9]
P RAYERE &, HIL = A2 T4 F-actin 21 2% (1) A%
IR TR M. 1T R A 5 A AR
RN A AL 7 ), 5524 G-actin A3 1IEAA 1Y)
SO, B R ] REAE L R R L U ) AR
= A, A AR X AN Y B TS A )
G-actin AEIEHf4E 4 3 F-actin 1F 3 (K25 % AL
2.3.3 PFMF ' G-actin 20 i 22 1 R 1152 73 53 #

SEBr b, G-actin RIS 7R 2 R A A E 58
EMN, TR AN AR, I
e 4 4545 3] F-actin LI 325022 B 57217 IR B 103
W, fHT F-actin % _F4&EA G-actin &R HLgr, A
U6 F-actin J& [l 4 B 5 = A2 E, G HL 34T
WP a2 0y — 23 Sy WA I A 2%, B — 40l

2252 N A G-actin AU I H 24514, 1t F-actin 5
G-actin &5 &y, G-actin 52 2V 22 )5 M 3K &
F(E 6) 5|, CAMIHIFIEY], e 415 ik 58
(1) 5y - 1RAE ) 2 E i oy fe e )y, 2
ATP Rl Ca? &4 MARAE T, G-actin ¥ I3 H 7 4L
Ay 4(10.4+0.6) kBT, 3XANAHXE 5y 14 5 H e, &5 5t
] G-actin f7#& TR & AR, 3373411 2% & i
SEOPIRAS I X — 35~ G-actin #£ PFMF H1 1) %2
FIE L AR 1 G-actin R4 RO 5L/,
WUAE 0 N AT — s AR R 22 1 st BT, Kb T I AMIR
A G-actin FELZ 3N IMEHFL. F.FE), &
WLIEP B
F=F+F+F, @)

o, F, W F-actin £F4ed% 7= AR A 1, F
A IE T G-actin E LI 1), BB
%77.

Wikl 6 o, X 344 T T2k B
(1) wy SFITN . AR HE— %0 k3% 77 17 W NIAR Ok 3
TR B, SR U4 T N, G-actin 52 2]
AW IR F RN E TN F, X 24
NP TIE Tk e B8 B()MAR, FF R
(RIR/N 7 It R AR R I B2,k B B A7 AT 90°
(RVAHA 22, R85 214 T\ 28 3/4T FIZ 4/4T N, H
F A F PERTRG 00h B B R H
AXQ@)H(6), THRTIE T F &K Asin



<766¢ EESEYIEER

Prog. Biochem. Biophys. 2015; 42 (8)

(wr+ D)KL, BT R, AEW S F, J7 ) AH [F
HAMELT F W5 FARAE DA IZER © f, Bl
PFMF DLt 77 28+ 3 F-actin 2R &, WwilE 6 At
. B ERIR T ) Sk R SEBR )R AN B
HERR, HFERKEZ G, E5E =T
ST, HHTHERAR HLI O B ORI 55 e I g 0 1)
PRESRIEL, DR, CE T O g i 2 3
FNGEI T, B BTN T R4S
%.77.

The center of PFMF;
o

X

fDFMF: B@) ]

B o N

/ Gl ; actin@BS L s COTO

y I
PR~/

Fig. 6 Stress analysis of G-actin when
it is assembling to F-actin
On the left it shows a cell in the 3D cartesian coordinate system, which is
a simplified representation of the cells in PFMF system, and the right
part which is surrounded by dotted box is the partial enlarged drawing of
cell. F,:the aggregation force between G-actin and F-actin; F.: the
Lorentz magnetic force (Along the -y axis direction); F,': the Lorentz
magnetic force(Along the +y axis direction); F.: the force of the electric

field (counter-clockwise sense); F,’ : the force of the electric field

(clockwise sense); »: The velocity of G-actin when it is preparing to
assemble with F-actin; £ during 1/4 cycle, the resultant force of | and
F..

X T AR AT 7 T P ik 22 20 28 R P 3 e B 12k
e o] g 5 ILPRAAAR G, RITR 22 4 £, 5
W07 W AR £ ) — B XA KA TR
PFMF 1, #7 actin HLARNIBATEE G4, U0
W07 WAG TS, o osfi G-actin BLAKR1IZ 3 )5 )
RAEME, WEmdgad, FHRIRARWELSEH
F-actin [ [ G-actin 4k 22 & Friif BR A&, 10244
G-actin 8{ L Ath G-actin FHTTE RGNS, G2, AR
TV FE9% 0.01 s(EI LA 2 AL Y)Y, ¥ 7 1)
N— IR, AL 648 L — IR HTIY, G-actin
AL AR F-actin |, Wit &, PFMF
F-actin ALRGHE R & B3 M. FRE, 45 f
BREEOCHR, WA ERRTHL HETPRRER N

R T 23520 G-actin IERfiZH 3¢ 3 F-actin | (1) Tl
4E457%, PFMF 512 F-actin RGNS — A rl g
MU R MER N, RS2 TPL0ikss
LR R A G-actin B2 1 AT BB VR LIS 26
MY Ty g sl, o —ia B Ira o,
ff3X X IH ) G-actin & (1R JE 2 F B, Mgl
NI G-actin | (1K 2 LT &, Wi 41
I IWNIIESR: 3 JEE NS R Sey =52 I E:i1)i Ubv]
G R, FEOLLTE G YRR LS.

3 i i’

BRI CARIE,  — 5 SR AN [A] (¥ PFMF 2
O A M TR B B A R R DR B M B G ),
S 2R 1) AR A I RN R 98 R sz W PR AN ) 2 R T A
PR FR A A ] 200 W . BT PFMF
TR TR T 0 B SR AL AR RN R Y AR
JEOGER A ST A0 R SR A R KL A s AL
F—AEEHRE, H AT T PFMF 28552 |
B0 1 T A 24 ) R PV, A T A i 3 e 4 2
SIS AT A 50 UF L2 75 2 T B SO IR 11— A5
iz —. AT AT TR PFME 6 B (2 ik
FL 40 it b g 3 25 A fiff 28 170 40 I 2005 5 A L
PR ERN, R TATATE 2 B PFMF A4 fg™
AN, I A AR ) ELF-MF i B A7
AR PE. B, AEOW )21 A ks
FHIRERARAS . B2 B 53 2 [ A B AE
FIBLEIAS L SIS m FEAR DG, AN R A )
FESG R RS2 AR G A, 30T 23 AR () AH L
VERI R R AR AR . A — @ AN m] REAH A
AN, ARAESLAd — e MR AT B AT R FE 1)
Hang, @l IR S . TR i 2 A A
W, A5 BAGEHRAREE S, HFRMH
Wt 5 IR AR A R A, i HLFRATT 5 %211 G-actin
FEAE 22 R i R AT JE R e 15 28, X LR A
AFBAT T AT TN S AR T A8 Jf o SRR 1 7= A
TP A AT UK S

TATEAR, 595 ELF-MF 15 T 40 Jf. actin 75 %2
() A2 D 380N K /N R REAFAE — 58 AT AH G ME, A
U, R SEEG STUE A FE S S A AN AR B, AE4T R
537K B MF (R85 55 40 Jf i 28 ) 1 22 454
AR B 2 ) IR 0 RIEAT W B0 W0 45 AR
W, FL 414EZ 0.4 mT R34 8 30 min J5, AHE
T Sham 41, 5 41 %% M 41 (35, 50. 70. 110 Al
140 Hz4H) ', 50 HzZH 40 e ik 22 i S AL 2, =



2015; 42 (8)

kIR, F: SHIRARSNELIART Actin BIRARBFRINRE DML KR +767

WA O X 2 B A TSR, 110 Hzikz, Ui
T30 T FL 20 M0k 22 B ZRBE 0 R0 (1) 56 Wi 1 A %
“h 50 Hz AL 8 AT T vl e H AT % 0. /i
TR I I 7 T SRR f, S R TG 7 10 AR A
(1) fro A ILRESHANZR) 2 £, FRATTHEN REI7 A% Ky
F-actin [ 4020 % 1) 1/2, B 36.5~73 Hzlt}, X}
F-actin 2123152 iA 2 i K, 1 50 HzR #2iX A
JUFR R, DRI AP A f S R 1T 35 Hz
F 70 HZJUIAE I e g A0 Rl S, 0 F-actin 41
BE PR S W RE B AN A0 50 Hz K. 140 Hz U8 i 77 iX
ANER, WO e DLZBE AT, FRET (M45 3l
A AH BOIE, 25 /K 0.4 mT. 50 Hzf#) T
WG I7 R B AR G-actin [ 20 255 ol P2 19 T HUFE 1
EAF AR 3 AN 45 (Sham. 35 Hz. 70 Hz)th 5 Jy i
24, B2t 50 Hz i 7% MG 1) B4k G-actin [ 4 2%
Sh F-actin [AZCRIEAK, $0E T 50 HzfE g L
— MR 2 d AR R W R A RO IR A R
. SER R, ATTIEL R 110 Hz i35 T 41
T B Pt IR 9 1) R B, ORI ReAEALE
ISR B . H B AT e AN 2 1k
538 I 60 Hz ) A & 75 A R0, L
S LABIG AT AR (5 4, X2 TAR AR 2 B —
I RE.

ZIAT AT TAEFZEH “He-Ha” KI5 FE T
73 2 G-actin 7] G M — A4 Ry S HLfar ) AR
Hifef B PR A -8e, SERRIlIE -9.5e. ARk LLA
HLE PEMF R BT 32 B Wi o F, g4 2% F
RN, WA F S FRORRKERE— AN ES, )
W F-actin 26 e 2% 2 (1) 2048 523X P9 A I 3 A
. W2 BT BRI 25 R 2R, 4 G-actin
0] 45 F-actin [RAEK i is B0, 7EIX A J1 10 T41
YERT, 93 G-actin (1140 R 25 A S 9 M A8
FI A &5 4 vty R 1 ) SEGR, 64) G-actin £ Bk 5
F-actin ()45 A0, 248 0F Rz & 0 )5 1 5
ZAH ST R AR, X FERAN B IR 4 B
b, A B A F-actin (RS IC R R R, 41
HULM X [P G-actin 3 JE AN TH ;. X T-4E PEMF
W fo 5 A BRI, 13 R F, TP
KU, KR T 522 413805 i e ik
PEVE. fERed R, BEAE RS IR Y, G-actin
FIT 52 3 (0 K /N RN 5 T 2 8 0 2502, acting 25 11 B
T8 R A I (RS2 35, AT RSk ARk [l ]
WEFMIZES), L IIMVERTN M40 il S o8
5, M-S Egn i b o b= 291 G-actin & 11

KU, TG I ST O R R e g g
BETE BT 1 Oh A2 S IR JEORE, AT 538 F-actin 72
S0 2 T 2 A AR XA RO T 3RATT T I
RILKG9 PEMF S5 F-actin #E78 FL 4 o i o0 358
LAY AR>S TG NI 4. G-actin 1)
GEARRIRRERE, MNZE TR WSS O, (HiE
755 40 H P 28 A OC I8 5 R — 2P SR 9. Lk
Ab, BT EGFR {5 5B T sh S, 40 i =2 )3
1 3 2% HE TR AT 45 4 31 FE K & 1) G-actin,
G-actin {40 M1l Zx Pk B R B, 7= AR50 K1 A il
actin #53K, A5 40 frp B ok B 22, R —
AMEAT 20 i ) G-actin LR 40 ML 1) 1 5
BN . FTLAIRATMER B IR BLS B1% 0t S5 4
AN (R 280 P e 25 45 2L

BT O FL 4 B 22 1 42 41 2% 52 Wi 1) 2% 52 4h,
AW BT A BB S 0.4 mT. 50 Hz
PFMF 48 UG 1) CHL 4 R R B4, RIS [A]
B RS (12 h NT 24 2 i 2 B H S I B S A O AL 1
2. QMR RSB0, AN, PEMF if
AR E P 7 40 B PR RS R A I () A e N e e
a7 N B LU N DS B TR S
0.4 mT. 50 Hz#3% 4% % 30 min 5] G-actin 21 %%
% F-actin (I3 R, Al GEML A G-actin 44
ML LR 5l X AT L IR R0 s s A P AR
BRI 2 —, DRI AU Tl W fd 3 =
AR o AR RN AR L T T BRI — PR A A
WEFOE RN, AN [ (1) LRG3 5 SR 2% 6] actin [ 45
BRI MRS 22 5, AT BEE FH T4 B34 M A
REHW T actin 25 1152 71 77 [/ K /N AR 4
W, IXXHE 7R ELF-MF [R B REAE 24 LA R 2B IR 2
RS T A E R Se sk HE . G |
G-actin Jf- A~ GE fif Fh A A — MBI Bl T
0 Y5 1) 2 TR S, T i ) L SE L 3 R 3
AR AT B8 LLFRAT T8N 1) P 2 5 B 32 0304 e P 3% 4L R
HEHENEA, IALE THE PRSI B R0 HE A P
WTE— 8w, NMEat, A1 4 1A
— SRR PE L nT A28 T ARG 5 W 22 i SR T A 1)
JEHE, AT DM 2 Bk 5 AR AR AL ) e A P 2
R

Z ¥ X M

[] 5% 75 0.4mT AR FL 41K 5 41 R 4 RUTGAT A 5%

(01355 8 1 RS RIARID]. 13 SR KB R, 2013

Wu X. Shanghai: Department of physics of East China Normal
University , 2013



<768¢ EESEYIEER

Prog. Biochem. Biophys. 2015; 42 (8)

[21 75 1%, THURREARGT  2E D R0N F HLERI AT, R AR 2
[52% 4K, 2004(2): 22-26
Fang W F. Journal of Jinhua Polytechnic, 2004(2): 22-26

[8] 2 B v M vk v AP SR AR 0L R 4 S LA )8 F 9 D).
S L TR KA, 2003
Wau J. Chengdu: University of Electronic Science and Technology,
2003

[4] 4521 50Hz AR 0F BT 4k 40 M A 22 15 SR EIE 1R 5% Wi [ D).
i AR E Y BER, 2007
Chu K P. Shanghai: Department of physics of East China Normal
University, 2007

[5] Vecchia P, Hietanen M, Matthes R, e; al. Guidelines for limiting
exposure to time-varying electric and magnetic fields(1 Hz-100 kHz).
Health Physics, 2010, 99(6):818-836

[6] JiaCL,ZhouZ), LiuRC, et al. EGF receptor clustering is induced
by a 0.4 mT power frequency magnetic field and blocked by the
EGF  receptor Tyrosine Kinase Inhibitor PD153035.
Bioelectromagnetics, 2007, 28: 197-207

[7] Blackman C F, Benane S G, House D E. The influence of 1.2 mT,60
Hz magnetic fields on melatonin- and tamoxifen-induced inhibition
of MCF-7 cell growth. Bioelectromagnetics, 2001, 22: 122-128

[8] & . TR x b G G S 2T 20k 40 . F-actin 40 a1 48 K
FCAH AR 52 IR [D]. s WiTT K% BE 42 5, 2010
Zhao J. Zhejiang: Medical College of Zhejiang University, 2010

[9] Wu X, Cao M P, Shen Y'Y, et al. Weak power frequency magnetic
field acting similarlyto EGF stimulation, induces acute activations
of the EGFR sensitive actin cytoskeleton motility in human
amniotic Cells[J/OL]. PLOS ONE, 2014, 9: 1-17. http://www.nchi.
nlm.nih.gov/pmc/articless/PMC3914819

[10] #h3cy, A7 —4, Efiam, 55, AR 5 S I BT 24 4 0 52 52 1k
SRAB K TR Wi T BUEH L vh #E IS B A 2R A, 2004, 38(1):
5-7
Sun W J, Fu YT, LuD Q, et ol Chinese Journal of Preventive
Medicine, 2004, 38(1): 5-7

[11] #rh A0, EE0, T2 aiieEm . 5 3 . b WS E
ikt 2007: 280-290
Zhai Z H, Wang X Z, Ding M X. Cytobiology. Il . Beijing: Higher
Education Press, 2007: 280-290

[12] Bartels E M, Cooke P H, Elliott G F, et al. The myosin
molecule——charge  response  to
Biochimicaethiophysicaacta, 1993, 1157(1): 63-73

[13] Theriot J A, Mitchison T J, Tilney L G, et al. The rate of
actin-based motility intracellular listeria monocytogenes equals the

nucleotide  binding.

rate of actin polymerization. Letters to Nature, 1992, 357 (21):
257-260

[14] ¥ 50T, #2508, TRAHIE, 45, 0.2mT 514 N SR 4 40 ik 22
B, AT Ak, 2007, 41(5): 391-395
Chu K P, Cai ZY, Zhang D Y, et al. Chinese Journal of Preventive

Medicine, 2007, 41(5): 391-395

[15] 7k 7%, Eimsz, e, 55 WOk s+ J) Wit e s & 4k
A AR Y A K 2 A VEAREOE S WO AR 41k, 2004(4):
253-257
Zhang J, Wang Y L, He C L, et «al. Journal of Laser Biology,
2004(4): 253-257

[16] Martin-Fernandez M, Clarke D T, Tobin M J, e; al. Preformed
oligomeric epidermal growth factor receptors undergo an
ectodomain structure change during signaling. Biophysical Journal,
2002, 82(5): 2415-2427

[17] Wertheimer N, Leeper E. Electrical wiring configurations and
childhood cancer. American Journal of Epidemiology, 1979,
109(3): 273-284

[18] Chhabra D, Dos Remedios C G. Actin: An overview of its structure
and function. Protein Reviews, 2008, 8: 1-15

[19] R4kt difah ity “RITT” . A4S IAR, 2014, 49(2): 18-22
Zhu Q S. Biological Bulletin, 2014, 49(2): 18-22

[20] B B, 3 HERL. ARARSIME (0 AW % 0. B AR 2% &, 2002,
24(6): 311-314
Zhao K, Huang K Q. Nature magazine, 2002, 24(6): 311-314

[21] Otterbein L R, Graceffa P, Dominguez R. The crystal structure of
uncomplexed actin in the ADP state. Science, 2001, 293 (5530):
708-711

[22] Noriko Kanzaki, Taro Q P Uyeda, Kazuo Onuma. Intermolecular
interaction of actin revealed by a dynamic light scattering
technique. Physical Chemistry, 2006, 110(6): 2881-2887

[23] Zhong C, Zhang X, Xu Z J, et al. Effects of low-intensity
electromagnetic fields on the proliferation and differentiation of
cultured mouse bone marrow stromal cells. Physic Therapy, 2012,
92(9): 1208-1219

[24] Reale M, Kamal M A, Patruno A, et al. Neuronal cellular responses
to extremely low frequency electromagnetic field exposure:
implications regarding oxidative stress and neurodegeneration
[J/OL]. American: PLOS ONE, 2014. http://www.ncbi.nlm.nih.
gov/pmc/articles/PMC4134243/pdf/pone.0104973.pdf

[25] Santoro N, Lisi A, Pozzi D, et al. Effect of extremely low frequency
(ELF) magnetic field exposure on morphological and biophysical
properties of human lymphoid cell line (Raji). BBA-Molecular Cell
Research, 1997, 1357(3): 281-290

[26] Delle Monache S, Alessandro R, lorio R, et al. Extremely low
frequency electromagnetic fields (ELF-EMFs) induce in wvitro
angiogenesis endothelial cells.
Bioelectromagnetics, 2008, 29(8): 640-648

[27] Elenteri A M, Amici M, Bonfili, et al. 50 Hz extremely low
frequency electromagnetic fields enhance protein carbonyl groups

process in human

content in cancer cells: effects on proteasomal systems [J/OL].
American: Hindawi Publishing Corporation, 2009. http://dx.doi.
0rg/10.1155/2002/834239



2015; 42 (8) kIR, F: SHIRARSNELIART Actin BIRARBFRINRE DML KR <769

A Preliminary Study on The Frequency Effects of Weak Extremely Low
Frequency Magnetic Field on Cellular Actin Skeleton Assembly*

DU Juan?, WU Xiat29, QI Hong-Xin?, SONG Wei-Tao?, WANG Zhi-Dan?, RAO Ling-Yue?,
ZHANG San-Jun®, CHEN Shu-De?, XIA Ruo-Hong 29"

(Y Biophysics Laboratory, Department of Physics, East China Normal University, Shanghai 200241, China;
2 Optics Laboratory, Department of Physics, East China Normal University, Shanghai 200241, China;
3 State Key Laboratory of Precision Spectroscopy, East China Normal University, Shanghai 200062, China)

Abstract In previous researches we have found that the 50 Hz magnetic field (MF) had significant effects on
depressing the content and the assembly rate of cellular actin cytoskeleton, and the morphology of cells also was
changed. In this study, the relationship between the frequency of extremely low frequency (ELF) MF and the
field-induced-cytoskeleton effects was investigated. Since G-actin is charged particle, the electromagnetic field
may affect the velocity and orientation of G-actin's movement, and then finally disturb F-actin assembly process.
With various frequencies, the field exposure may cause different interference results. In this study, we exposed five
specific frequencies (35 Hz, 50 Hz, 70 Hz, 110 Hz, and 140 Hz) of 0.4 mT MF to FL cells and monomer actin
protein for 30 min, and by using immunofluorescence technique we detected the changes of microfilament content
in FL cells corresponding to the five frequencies, to see if any specific frequency MF exert stronger effect on the
skeleton than others. Furthermore, fluorescence resonance energy transfer technology (FRET)was employed to
verify if this possible frequency window had a remarkable effect on the efficiency of F-actin assembly in vitro. The
results showed that within cells, the 50 Hz MF-exposed group had the lowest F-actin content, with a reduction of
(34.66 +3.14)% compared to the Sham group, followed by the 110 Hz group, while the 35 Hz, 70 Hz, 140 Hz
groups had no significant differences comparing with the Sham. In the FRET experiment, after exposing to the
0.4 mT 50 Hz MF, the FRET efficiency reduced significantly compared with the sham, 35 Hz, 70 Hz groups. The
theoretical analysis showed that with exposed to the MF, F-actin assembly was mainly interfered by the
induced-electric field force and the corresponding Lorentz force, under which the efficiency of the microfilament
assembly decreased with a MF frequency dependent manner. Due to the coincidence that the time cycles of 50 Hz
MF varying in its direction/strength is similar to that of actins binding to actin-microfilaments, we propose that
50 Hz is likely to be one of the MF frequency windows for the MF-induced-interference to cytoskeleton.

Key words PFMF, frequency , G-actin, F-actin, the Lorentz force, the electric field force
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