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Character Analysis and Unfolding Study of Protein Molecular Machine Structures

ZHANG Lili, JIANG Yifeng, XIE Liangxu, KONG Ren, CHANG Shan

(Institute of Bioinformatics and Medical Engineering, School of Electrical and Information Engineering, Jiangsu University of

Technology, Changzhou 213001, China)

Abstract: Molecular machine is a kind of machine composed of molecular scale materials and can perform
a certain processing function. Three-dimensional structure determines the related properties and functions
of proteins. How the amino acid (residue) sequence of a protein folds into a specific three-dimensional
structure, that is, understanding the folding mechanism and characteristics of protein structure is of great
significance for the study of molecular machines. Therefore, it is necessary to use a fast and simple
simulation method to study the folding mechanism information of protein structure. In this paper, based on
the natural state topology of protein, we use Gaussian network model to study protein GB1 and analyze the
structural characteristics of protein GB1 and its unfolding process. The results are in good agreement with
experimental data and molecular dynamics simulation data, showing that the elastic network model is
suitable for the study of protein structure.

Key words: protein; elastic network model (ENM); structural characteristics; unfolding; GB1

51 B

TEAE WA, i R 5 2 R 45 T 28 TR 4 7 1 L 2 K 8 5 A5 T A R 0 A i i Bl BT 7 B AR I

BEEWH:HR AR FIES(22003020) ; TR H AR RF 434 (BK20191032) 54 N 7 8 SBF & 51 B (CJ20200045) 5 % M i ¥k 4
KR S T H (CE20200503) .
I 5 B #3:2021-07-06 ;4817 HH#1: 2021-12-23



RAH F.ERGQGASTHIEEMOH LI AEI &L 1127

IR VR AR A3 M R T A 4 R R T L B B A T D B R AR R R AT e 5 A A S
B LR TR TAERAREE XY . EAFK GBS 52485 S G, mifME e
8 5 145 il B ) 8 O ORI B e, T R 5 B (A0 Jhe e 25 BT R 2 R ) A O A Al
P B IR A A7 AE LA S B3R 4 (BB RE R ) I Z MTOC I 6 T GBI AR (M W9 A B8 L. 3
it 25 15T GB1 45 0 1 47 S ML AER G 1 R 97 A0 1y R AL, WA B T A BT R . i
Ok, KT E B AT & T AL LI 5T O 1 32 A PR R 53 3 g 2 R DL R ) £ SR
538 3 2 T S — R AR BE Ty vk, R LWL B A 1 A AT A G AR R T R
e FERHHK Bk AT S AL BRI P AU H O — B /N R 4 T B T B A M A A R A L
UL ) 9% A5 A OC T R 2 A S T TR AR D B A ek B, T T PR R IR T AR LIS R R K 24 S i
T, AR 20 Bl 7 S A 5 1 T 7 AR AT RE S AR J PR B IR A IS 3h (K i ) Bl o) L 4R
PR T BN P8 3 712 R AR GE R 0 DX B AT RS M i 52 A P B IR Bl 1) L R M B AR 1 BT A A
B E SRS RS B ) 48 455 #8 (Elastic network model, ENM) 75 25 [ 5t 45 #4 -2 fE 3¢ 2 0F 58 vh 15 3
TTTZ R o JE A WS N ENM R DEAl A= ¥ 3 7 R 1 G i | AR 5T B BE R B Bl 43 A RO B
RIS AL 8 A B ST A R T N ENM A Bh T 5 A B A s A AR R A o T R Y 4 T
B o 25 i ) S 00 2 A5 R B8 A% 41 1k 2 0 0 7 - A A Gl o IR AR 25 WY I 9 2 A R L RLIG E T
T2 E AR RS R SR, 8 T S s S BT L — B ENM ORI 45 2 5
Pra M pEsE . B BT 25 T — PR A= A Rk 2 LAY — A T S [R) R, BIF AR B B R A A ) G 2R i 2R
P J5 4T 75 ) 850 2 A= 40y P00 e T B )RR A 1) R 22— o AE 2020 4F 28 I (4 575 14 J 2 1 o 45 4 19 0 5 %
CASP14(Critical assessment of protein structure prediction) H , Google DeepMind ] BA f#i A1 AlphaFold2
T T 2 A b Ak 30 4% 03 A 0 S 56 45 R 1 2R BT A 2 A AR O I T EBT A T T 45 B TR 4
AFDB" . 53X — Z B0 A0 B 51 TR B R G . AlphaF old2 %5 45 44 1 Jy 3 H i 1 g 1
DR E BRIP4 . S B BAEAT AR W) 2 I e AR AR R AE M R A . He an il A 2 3%
AR AL g id VIR A R 12 £ o S 3 b G 7 Al e i fh 5 00 Y A B RIS R 2R
oy G A5 Al 25 %5 7 i I 46 5280 ( Gaussian network model , GNM) J&: 28 1l ENM J7 v 19 & J& | Jte — Fh 3 T
FFN G AU B R SRR B R T v B X 2 A TR AT LD A 2 R B A B 1 TR R A AR
BT B0y 3 ) S B R TS RAS g — R T IR AR AT B AT L W R R T
AR &/ LT . 24Kk, GBLIER A BRI &R MG i s b ol 2 ES RS . &
SC 32 T A A A A e 4 AR B GB1 B A A BT R, B GBL B iz g S 188 sh i,
[F] FF APF 52 B 1) NS R B R MR S

1 EAREWM

AHIFSE B 843 BT 9 26 11 Bt GBL(PDB AL : 6CHE) 18 1 fr s . GBI & —F/NsiR & (A, il g
&M« SRR B, I AT 56 AR KL . 8 AN ER LS W43 TE
RS 4RI (F52 T53 VEA M TS5 B Syl | g @ao-nagyf ey B3 QN
THIAEH R U AT OF S Was s e ks 1 () S [/ /@ mxi-r)
Fofl 4 AR EE(LS F30 K31 MM3) 5 was gt | @ PTITY T paixazs-nse)
HAEM . £ GBL W, 5% 3 2-19 JE i N i g 97 &, 3% 5 1 GBLIn#NZEHE
23-36 & 1 o BELE , R L 42-55 T 1 C 3 g 8 Fig.1 Topology diagram of GBI

!



1128 o REBLIE Journal of Data Acquisition and Processing Vol. 37, No. 5, 2022
2 AXTE
2.1 SHTM &R

TE fei 39 19 286 R v g A 38 J5T B9 — 4 45 A R LR Ry — A P 10 2% HG T A R R (R AR ) Bt

B AR % 9 2% v B T, G SR T A TR (1) B /0 T 4R L B DU P — AR i Sy L3 4 T A L )
FBCHRAR IR BT AR ) 45 1 BB AT LS A

v::%y{AR}fr{AR} (1)

A VI B A S A 5 R A B RE B 5y Sk R BG L AR } O BBk v 19 N HE 1 [6] 85 T 0 N 3 B A
TEXTPRHE P e R T

—1 i#j, Ry<T,
r,— 0 i#j, Ry<T, (2)
—>r, i#j
INESY]

AR, TR T AR AN G 2 I BB B 5 T SR AL BE B R T R A AL BE B 7.4 A) .
N B % B 66 B I 1 396 6 B ] 3R
r'‘'=vA'v" (3)
K. UM IE S, A 1) f U, (1<G<<N)J& T BRHE ) 3 5 A St ff 5 B X AR BT R 2T
FRAE(E .
A BT A Bk KR X T kY 0 B AR DG B T SRR

38, T

(AR+AR;)= (r, (4)

A Mo RN B R AR A RNEE A B s Ay WBURBE S WG T BRI E o Y i=j i 5 i
B Ak B9 24 05 ik v H S AT RO

(aR)’ f”L r, (5)
*ETEDebye-WallerfﬁEiﬁ,%VP?)%%E‘JB.?ﬁ“%iﬁT%@ﬂiﬁ
B,=8x*(AR,*AR,)/3 (6)
T o 307 I 46 AR e U — Ak 10 TR e 2R T S
‘ (AR+AR;)
C,= > (7)
)

o ST IO 245 A TR R T A 22 SR A I 4% 1 I Bl Bl ) A R 2 B B T 2 ST T LR T2 R B
FEORL A ASE T A A LR 58 R 23 YR A KR A ASE TR 3 BT D) 206 A TR S 400 vk mT DA R 1 Y T e I B
O3 BN £ AN ) R iz gl B 2, 26O [ R iz gh A 122 sl X X 0 S BRI B RE A G
(R R iz s ol S S I A Y e AT L K B Ry 12 T AR 3 0 B 4 AR e T R ELA A
2.2 EMERE

TG AR B AT S B AR SCHR T g T I 4 AR Y R AR T R . T R X 2 ]
L 1) X kS R B T 0 D AT AR TSR0 L B A AR L RN A Ak B 2 TR BE B 38 Oy ik T R
/j—‘_\‘ﬂqﬂﬂ



W
2
2
4
2
o~
=
%

T AL G 2 M 0 A AT R A & AR

<<AR1:/>2>:<<RU*R3>2>:<(AR1‘* AR]‘>2>:
(AR~AR)+ (AR *AR,) — 2{ AR+ AR, ) =
3k T
Y
S R, TR 414 58 B 415 BE 2 A0 0 I I P 485 4 1)
HH RS L &L BRI R

[(r ), +(r "), —2(r"),]

g

(1) EE T30 (8) M H BT A4 R AR Fh S5 A T 530 1 45 b v o A7 ke i 222 ] A B 14 22 07 9K 7 1

(2) VT I 1 5 4% 7 3 v (L e A ) B T 2 () ) S 9K 22 flh, 45 380 s O 0 R B A 45 R 4 4D 5

(3)HE T3 6 T RE R, M) X (8) F T 1330 7 A5 7k ik X 222 1) 8 1 229 5 39 9 41

(4)F S EAR WAL PR, BB A5 A A AR 640 45 ful 5 W T

(5)Ziath UL E L BRAGBI0 Br A 25 M 3 4 B, LURIGE AL i LA &t 72 .

3 GRS

3.1 R SEBATEH B EF A
M T VPTG IO 2 Ry S AE ARG B AT

1129

(8)

P FE T BT, JF 5 X2 (XIRAY) 52 56 B4 X LE 18}
ARG GNM B UL 75 9 K0dE 55 X-RAY 52560 45 2R Xt He 4%

—— Experiment
—— GNM theory

W 2 7 b 206 IR 36 T GNM BERLBF R

B SR G B X RAY S HUR . WTLR A% 5 10}

F 0126 1 o8y B0 10 50 8 L P AR L BERLRT A O 1. = 8

R 2 WO KON 070, S5 A DLEEIOSCRBFSE® O]

B R HBUECR 55 9 R O 2 B I R REORM ol

0.53~0.89" 01412180 A ik Sz 06 4% JL BT 45 M 0.70, 75 I 38

H A A B 5

20 30

40

Residue index

Bl AL, ol 2% 07 3 R 1 G, 3R B B 1 T 058 GB P2 Sce S EUULITAR ) B A X T

periment and simulation

3.2 EARMREHSEENEX S

iz Bl B PRARE RS IO T R F8 48 FA rR A L AT AS LU
0.06

50

60

Fig.2 Comparison of B factor between ex-

VAT B BIF S S B, o 1 52 3 4% 2 i DA DAy ot 2l g = G B %
e g RE R X EE Y E3BR T GBl 0.03-

WAMPGE AR, 3 B ER RIS e 004]
=l

bR AR R 1 B B 4y 0 kA, B TR (5) kA, i gam_

iz} oF Iy (A%) o WP 3T DU SR 2E Lysd (Ala26, & |
Z 0.

Thr51 #1 Vals4 ([ E AR vE) & i L ag g (E . A S0sh

N A

P v 2 G HEAE R TR
TE 7R 1R A BF 58 it AR v, 18 38 Sh R A0 36 %5 6 11
by e 2 B 1 K AR A2 B, ) IR DG R 5T A Sk TR 48

20 30

40

Residue index

B3 GBItz shs g 3

60

3 RS 2 T kU JE 1 4 12 B T A U 4 M i Fig.3  The fastest mode shapes of GBI



1130 o REBLIE Journal of Data Acquisition and Processing Vol. 37, No. 5, 2022

DA SEAREDMED . FARRTETHHMg 00
BRI R GB1 & M R A8 . B4R LA, K2 008
AR S B (AR K R R 3 B G AR T 3 R R e 005
o [ AT LU E O T 3% 3, GIn2 ., Tyr3 il Thrl8 § 0.04F
Hy T B PRSI g oo
3.3 BAREMBIRAH oo
T AR ROT B R A s seaions e O\ \) UV
TR R 0 P 5 SR A S R P 5(a) 0TI 20 30 40 50

Residue index
K4 GBlgiz gt g ) K
Fig.4 The slowest mode shapes of GB1

/R T GBI H IR G5 R4 104 ik P&, BRIV 25 9 ke i 22 i) )
BUNF 7.4 A WIANER B SO I, SR 5k
LA H i, W <3RoR I8 5(b~D) 2r 5l 7R T GB1 & H

60

A4 A1 A 422 fl 353 2% %2 (Loss number of noncovalent contact, LNNC )43 55 20.50.100.,130 F1 170 Ay 45 5
& 5(a) RIRARZS T Ay HE M 2 PR 45 5 5 2 BB AR DGR 9y — 3™, 459601, GB1E LB IFA — ML % m

WA, BRI T —RIdAE

|§' -‘ﬁﬁﬁr |§_ 5().,1&!ﬂﬁ |§_
|m. S x |m.
o 40 £ 401 ﬁ 40
S .8 a:
g 30 » s 8 30 3 8 30r
-o . 3 * "
3 20'g, 3 20%@% 2
s I |”°°
= o, Hay . 2 o @ Yy .
0 10 20 30 40 50 0 10 20 30 40 50 10 20 30 40 30
Residue index Residue index Residue index
BL B2 T o B3 4 Bl B2 T o B3 B4
(b) LNNC=20 (c) LNNC=50
< < # |
= 50f S 50f = 50t
o o o
|&§ 40f |¢‘§40— |Q§40—
g g g
s @ 30r o 301 = o 30F
© ® 3 E
& 20 8 2 8 201
| |2 = |
10 10F 10r
|5. ol - . |5. ol . t . . |5. o, . . . .
0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50
Residue index Residue index Residue index
B B2 T a B3 4 BL B2 T o B3 B4 Bl B2« B3 P4
(d) LNNC=100 (e) LNNC=130 (f) LNNC=170

K5 GBI RIRGEH LA K AR AN 2 il 451 < 2043 591 2 20,50 ,100, 130 1 170 f4 42 fish [
Fig.5 Contact maps of native conformation and conformations with LNNC of 20,50,100,130,170 for GB1

A 5Ca) AT LA Y, fE GBI R ARGE M v, 8K S 37 B b SR S 7 B B 22 BT 66 19 42 Mk (141 1)),
A RE T O AR S X PRI B . AP 5(b, o) BYSER S5 Al DL Bl 3 % 2 0] 22 8] 4 L f 4 fioh 4

fli

ES

ABRHE N, GB1 8 1 — FF 4 32 22 N\ B2 3T B350 40 1 5% o 22 [] ) 5 ik S K, i b, DAL 5Ce) i ml LA
T R4 A AR L B Al 35 20 U 50 A2 A B RHEFF LG I T . 4 Q0 R 5(d e, o MR HE TR A (1 5% 3 X 2 [i)
42 ik TR i W T, R R 5D, i &L A T, Bl GB1E A2 &Rt . 2B E/R T GB1



RAH F.ERGQGASTHIEEMOH LI AEI &L 1131

YR TT S AR A 1) o BRIE T B2 4T 2 25 44 T0 3R 1A 4 fih 45 25 T 46, [l I 5B PR 17 R 43 Ho Al B 25 44 1Y
SEAE . ABRDGE R 2 AT SRR B A

L A1 L 7 2 B I P A R S B R T B A AT R FEAR B ST R R T A 2
S AR ME B LS R TT R FE T B B Rl 1 o RS b, 8 i BE S AR AT R AEAE X A AU T R AL
(R0 B o S5 R AT B AR T B L B B B A AS R DR I AU AT B D7 TR TT LA B M
® GBI R frEid 72 .
3.4 EHREMBELRPHEREXSH

WA, AR SCEWTSE T 18 GB1EE H L3 Bl 2 b gk B 8l 2 8] i A S MR 9 A8 Ak . 5 R 0 8l 2 [ /9 5
A5 . B SCE A IBUEE B — 12 1. Hovph, TR (B 387 5% 3k 6] 32 30 J7 1) AR [] , 6708 0 36 7
EANTZ 6052 3 J7 [l A o 20806 AR S R R, 9 A 5k B O (Bl R R 5 ) o 93 O, A SR AR O TR 3 4%
SEfis sh e AR 6 Bk T GBL & MR H ARSI,

B4

B

o

B2

BT

0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50
Residue index Residue index Residue index

|=
2
k=l
g
Q
-
4]
& =
|a B ; Y 6l= y
10 20 30 40 50 10 20 30 40 50 10 20 30 40 50
Residue index Residue index Residue index
Bl B2 @ B3 P4 Bl B2« B3 p4 Bl B2 o B3 B4
(d) LNNC=100 (e) LNNC=130 (f) LNNC=170

Bl 6 GB1RIRGEH LRI i R rp AR 3G o 22l 458 2% 2093 531 O 20,50 ,100, 130 A1 170 Fisf f) 5% 2 1A G £
Fig.6 Cross-correlation maps calculated using all modes for native conformation and conformations with LNNC of 20,
50,100,130,170 during the unfolding process of GB1

WK 6Ca) Bz, 1 4 PR O F 2k, A7 — S8 DR A OC B e, o B o BRGE A B 4T B B9 0254 . B AR
He b 2 [a) AR 3 f 451 2k A B g, BV RS GB1 3K A B IT, W 6(b,c) , 4 « BRE M B & P Ay K
IR ik 3T B % I o WRUGE AN B AT B 2 A 7 RH G , B 4T 28 22 ) A9 IE A S 2 e 5 BB RO fih o 25 2R A M
B, anfE 6(d,e) , o BRKERN B 4T B ACHR 7 O B, di i, A 6 (F) , 3 1 TR 45 K4 BT i 20 IS A T 1) AR
07 10 B8l o % B R Y 25 3 e 1 R OIR A BV 1 RS R R T [ B T R W R 3 B B 22 IR EE S A
MR SE R M B 5T R B, 4 LT B AU B R (0 B B B 0 4 R Al AT 4 A PR A, 1
TrIa R, SAR R LR R — 5



1132 o REBLIE Journal of Data Acquisition and Processing Vol. 37, No. 5, 2022

4

&RIE

AWFFEEE T GBLAY I FMAEH oK o 407 I 4 A U ALL T GBI Y PRz mﬁﬁﬁ@ﬁﬁﬁWﬁMT

AR L B9 45 58 387 5 R, Xk FE D S5 A4 450 1 e T i 7 A B AR W5 s e Ah B P58 T GBI A AE BT &

it v AR AR e 3 Z TR AH G PR A AR fb o 5 A SR S B AN 1 8l ) 5 ﬁﬁﬁﬁ%Aﬂﬁfﬁﬁﬁﬁﬂ%&ﬂW
THARCR @, BES ME B BLIUL AR 15 A 3 A AN S5 R e, BE S AR e i P B AR 1 R s sl e SR G TR
TR V-5 3 T 2 L TR S5 AR A o H ARG M Y 52 0 B 11 S 8 ) R 7 4 M B 1 S A B A L i

X 8 A B ESE

S E k-

(1]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

W, RO, T SR P BTC R S e P R G R O R, Bl R AR S AR B, 2018, 33(4): 586-594.

CHANG Shan, LU Xufeng, WANG Feng. Review of conformational searching method for protein-ligand molecular docking
[J]. Journal of Data Acquisition and Processing, 2018, 33(4): 586-594.

FAARTE, e—5 IR U A BUBL ORI SRR R W RO ik SRR D). Bdi R4 S Ak B, 2018, 33(2): 195-206

YU Dongjun, ZHU Yiheng, HU Jun. An overview of biocomputing methods of targeting protein-ligand binding residues[J].
Journal of Data Acquisition and Processing, 2018,33(2): 195-206.

MARGETA-MITROVIC M, JAN Y N, JAN L Y. Function of GBI and GB2 subunits in G protein coupling of GABAB
receptors[J]. Proceedings of the National Academy of Sciences—PNAS, 2001, 98(25): 14649-14654.

PIETRUCCI F, LAIO A. A collective variable for the efficient exploration of protein beta-sheet structures: Application to SH3
and GB1[J]. Journal of Chemical Theory and Computation, 2009,5(9): 2197-2201.

ZHANG J, LI W, WANG J, et al. Protein folding simulations: From coarse-grained model to all-atom model[J]. [UBMB
Life, 2009,61(6): 627-643.

TIAN X, ZHENG Y, JIAO X, et al. Computational model for protein unfolding simulation[J]. Physical Review E:Statistical,
Nonlinear, and Soft Matter Physics, 2011,83(6): 61910.

SINITSKIY A V, SAUNDERS M G, VOTH G A. Optimal number of coarse-grained sites in different components of large
biomolecular complexes[J].Journal of Physical Chemistry B, 2012,116(29): 8363-8374.

POMA A B, LIM S, THEODORAKIS P E. Generalization of the elastic network model for the study of large conformational
changes in biomolecules[J].Physical Chemistry Chemical Physics, 2018, 20(25): 17020-17028.

BAHAR I, CHENG M H, LEE J Y, et al. Structure-encoded global motions and their role in mediating protein-substrate
interactions[J]. Biophys J, 2015,109(6): 1101-1109.

JUMPER J M, EVANS R O, PRITZEL A, et al. Highly accurate protein structure prediction with AlphaFold[J]. Nature,
2021,596(7873): 583-589.

KARANICOLAS J, BROOKS C L. The origins of asymmetry in the folding transition states of protein L. and protein G[J].
Protein Science, 2002,11(10): 2351-2361.

CHEN Q, XU S, LU X, et al. 77 Se NMR probes the protein environment of selenomethionine[J]. The Journal of Physical
Chemistry B, 2019,124(4): 601-616.

WEI S, AHLSTROM L S, BROOKS C L. Exploring protein-nanoparticle interactions with coarse-grained protein folding
models[J]. Small, 2017,13(18): 1603748.

CHANG S, JIAO X, HU J, et al. Stability and folding behavior analysis of zinc-finger using simple models[J]. International
Journal of Molecular Sciences, 2010, 11(10): 4014-4034.

TR TR 19 2% AR R (1 £ 1 BT SRR B DL R AT A R AR AT (D] % 5L gL K, 2016.

ZHANG Xiao. Study on protein functional motions and unfolding process with elastic network model[D]. Qinhuangdao:
Yanshan University, 2016.

MCKINNON D D, DOMAILLE D W, BROWN T E, et al. Measuring cellular forces using bis-aliphatic hydrazone
crosslinked stress-relaxing hydrogels[J]. Soft Matter, 2014,10(46): 9230-9236.



RAH F.ERGQGASTHIEEMOH LI AEI &L 1133

[17] HUJ, LIU M, TANG D, et al. Substrate recognition and motion mode analyses of PFV integrase in complex with viral DNA
via coarse-grained models[J]. Plos One, 2013, 8(1): €54929.

[18] SUJG, LIC H, HAO R, et al. Protein unfolding behavior studied by elastic network model[J]. Biophysical Journal, 2008, 94
(12): 4586-4596.

[19] JULES R. New colorants control monolayer oxygen scavenging effectiveness[J]. Plastics, Additives and Compounding, 2006,
8(5): 34-35.

[20] GRONENBORN A M, FRANK M K, CLORE G M. Core mutants of the immunoglobulin binding domain of streptococcal
protein G: Stability and structural integrity[J]. FEBS Letters, 1996,398(2): 312-316.

[21] BAHAR I, ATILGAN A R, DEMIREL M C, et al. Vibrational dynamics of folded proteins: Significance of slow and fast
motions in relation to function and stability[J]. Physical Review Letters, 1998,80(12): 2733-2736.

[22] CHENG Q, JOUNG I, LEE J, et al. Exploring the folding mechanism of small proteins GB1 and LB1[J]. Journal of Chemical
Theory and Computation, 2019, 15(6): 3432-3449.

[23] WUL, LI W F, LIU F, et al. Understanding protein folding cooperativity based on topological consideration[J]. Journal of
Chemical Physics, 2009,131(6): 65105.

fEE B

R B (1987-), 5, Bl 5%
B BRSO 1A TR iR

(19801, B, m L
A W5 7 W) B AR A

3 F F7(1996-), &, A1+ HF
S R T W o LA

45 Ky R P % E-mail: HEYE R LIECR/R- S IE DN
21118261196399@163.com, W

(1982, BIE1EE.H,
BB B g5 AR R
% M 3 47 it B, E-mail:

schang@jsut.edu.cn,

FL#E(1981-) , &, BEFE 5L,
WF5E J5 18 - 43 TR A A

YIE B

(%% 24)



