D) )] £t s iR
Progress in Biochemistry and Biophysics
' '12021,48(12);14934500

www.pibb.ac.cn

ETF GNM i3 A TDP-43-DNA B E{EH
MAFERKBAS

WLy F#g ALER FAELT
(b Tk K25 S A a4, bt 100124)

HE TAR DNAZES 143 (transactive response DNA binding protein 43, TDP-43), —Fpa[ZAs804)A 7, 0] LUK 45
G 8 TGIFHIMDNA, W K R ZRATHEBEN . 2373l 1 =B 7 ik AR 2R 0 TR BV E A i TH, HEdE
HFERT,  HAMELIS A R I SR R AT 7850 RAER IR AR T Ry . A A0 FEDRLA A 1 56T 380 v 07 P 25 A 75
(Gaussian network model, GNM) 5% A\ TDP-43 5845 DNA [AAH EAE 8 15 . b —20 0, R ARSI 2 fi$ h i 3
T GNM #2206 38 77 1575 TDP-43 55 DNA A BAE I Y Cssk 3, s T RNE G B hifeny24fk . DNAZ &G,
TDP-43 I & 7 IE AL AR EE 1Y loop Fil loop3 i BLA R MIZRMESIR , S T A TSNS & ik 3G . J10hE,
ST PTFE IR T AU 3] — 26 5 DNA FE R AR A S B 2R3, i FLU 8 — L B 4 & LR A 25 651
AL FHIG A A K 4 BB E AR IE . A5 A B T 3% TDP-43 5 DNA R MM AR, oA Zi s R It 2 s

B TANZITEE AT AR DT (8 1 SR B H At 2 1 - AR B AR 3 22 5

X$EiE TDP-43-DNAMEAEM, mliMIZminy, Jeiskdt, MAA/EMD) i

HESES Q6l

TAR DNA %% & 45 1 43 (transactive response
DNA-binding protein 43, TDP-43) & — ] 25 5§
PIRF, 7¢ DNA %L SERIRNA Bt fitih A 4% &
AR WS BL, ANHLN TDP-43 i 53 R A 2
SZ0 DNA 256G, o175 3502 Bl g B 46 % i
A7 P (frontotemporal lobar degeneration, FTLD) .
W6 EMI R LAE (amyotrophic lateral sclerosis,
ALS) 1B /R % i 2R (Alzheimer’ s disease,
AD) ZERYEAE NG EE, TDP-43 &4 M
SRNAHIIFEF  (RNA recognition motif, RRM),
BATRE SR B IF 45 6 & & UG JF 5111 RNA J¢
Beull & &% TG /¥ 51 DNA A B ', i RRMI 1
R R S RO rh 40 A AR . Kuo 55 % F
FERKIL, A TDP-43 5HUER DNA W45 & 2l i 2454
FLIEN TDP-43 945Ky Sy e 4t sl , v e
P RRM X BUE AR g B HE, DTG 58 531 (8] (4
GELSERNE. AN, TDP-43 (e 5 R A 4 S 3L
H: 5 DNA 25 G 11 556 I F e 5 & E e 25 284k
L, ¥R TDP-43 5 DNA 2 [i] i 45 55 P A B A%
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L PRI G R b RGP E AR 3L, X
TRA R HATBAEBLE], LA IT & L) TDP-43
LY B R L

HAr, AR C &t X4 (Xray) Jr
%445 7 A TDP-43 RRM1 5 DNA 454 (952 & W145
¥ (PDBfUH% . 4IUF) "' . TDP-43 RRM1 & N
Ui . RRM X3 DL S84z (linker) DX A9 ARCAY . 38
#, RRM & 4R IEATHESI R B 7 2, Hedn
hnRNP-A1 "' F1 Hud """ #1() RRM, {H TDP-43 f#}
RRM & B A Bl-al-p2-B3-02-B4-p5 1Y — L 25 H HE
I, A E—AEING B4 )2 R R, B R E
§ & T TDP-43 5 DNA LSS A, A B Fhnsssr
TR 454 B Tk . TDP-43 BAA — M IF HLISS &
MfE, X DNARZESMREE, EZEHBH)Z. loop
F linker #4 1% . RRM1 ¥ loop1 Fi1 loop3 i [1] DNA,

x AR EHRBIEES (31971180, 11474013) W H.
s Sl TR R
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Jt 5 DNAJE Ui A BAE . B R 2 M T
FEM DNAZS G Fm, H EAPA RS R
Bt RNPs RNPI
(K145~F152) FZ A F p3, RNP2 (L106~L111)
FEALT BI.

TESCH Iy T, WFSE L P IERR TDP-43 5
DNA AHEAEFI Y G5 | . Buratti 55 1 I
VK iE #% R A8 8l 43 BF - (electrophoretic mobility shift
assay, EMSA) 5%, &3 RRMI #l RRM2 7£ 5
DNA 3 a3 il e E 2 MG Bh &5 A e . 2
J& . RS 3 28 BRI % DU VE 43 (cross-
linking and immunoprecipitation assay, CLIP) #ff5Y
RI, BT BRIZLIA, #4582 H o B2 HEM
loop1 Fil loop3 XF DNA MUt Al ek, ©A13E
SRR TR SRR Y AR A S T
H Hif X} TDP-43 5 DNA 2 [1] 6 B /E H B A 58 i A
%, RN KT TDP-43 [ J 45K 3 124058 1)
T {F . Chiang 4§ '™ i@ i 43 F 35 71 %  (molecular
dynamics, MD) HIfLLZIL, fi s %45 D169K 7 i
T RRMI % 4 B4 F1 B5 14 B 7 £ B i # 52 9 284k,
XA AT RRMI A% 0 1Y i K AH B/ H . Prakash
A5 14 3@ i MD MR SE T TDP-43 1 AT & i 12,
WL 2% 7] RRM1 Fil RRM2 B 58 42 K 6] 1Y 2 37 &
i

MD 4L, A RS TE IR T /KR 55§38 )
AT SRR R, (HEERTFES), HAMELIXIA K
(IR G AL R 1A FR AT 58 03 RAE LADE S A8 AT
FEXTHEIRIRE, AATEE S TR Z R AR Y 7
Hoh s ) 28 85 A (elastic network model, ENM)
SN TR AR Y R ST I RE VRS A
BT L W 4 AR (Gaussian network
model, GNM) Fl£% ] 55V [ 25 45571 (anisotropic
network model, ANM) & & 1 ENM. ENM
BRIz AU H AR T 50 T HIReA ey
KRJFEESIZEN . ), Tirion 2 17 1 FHTRES
BTN B EAE IR ENM B, Horr,
— E R AR N A R AT A A EAE
I BATRHTR] g 5 B 3 3 % 42 . Bahar 55 1 1Y
GNM #F5E 1 (RNA B3l 1o, ik 2 1T A F 454
WD REYE R P FAZ 3l . Fi 4, FET ENM A
— SO R TR AR ROy T 5 YiRE
KM EZLARFE . Abdizadeh 55 1 2 2R PR
Jrids, HERSNAZAR SHCARSS G i Gk, H
H A 1A BOE A BRI AR AR I B A

(ribonucleoprotein domains)

R AR L . Zheng A5 20 $E TR S SR AT
AR, AR BIE AR R ) s R 3k . AR
B2 Su s 2 G LT GNM Y 23R T i,
SRVUIFE AR 1 BT-BOARSS A i R G E R R 2,
Hor 7 s A R BOLEE 5 Al RER RN 5k HE
AR R S AR I | R T T 3 A it Ak 7
P, MR X AN AR 2R B 45 ) ok TR 5 O
I, M JE—FP O R N R (R
) FESZAR-BCARZE A H R AR AR R R R 51
BEERIL 25 AL RERS U S B SE A L E
BLEREL, A RE TN 5 AR 45 A (I AR A i) O B
R

A5 HEET GNM K% T DNA 454 X} TDP-43
SR L AN, RIS T GNM B 241056
53100 T TDP-43 1 5 DNA H¢ 5 U5 DA &
DNA 456 5 A G AR AT K B Z AR .

1 FHiEFER

1.1 SHMNEEE (GNM)

GNM & —FHLRLAL I T, BEREIRAS A0
FRAE s, LU 5 DI6eA i 7+ 3
AT R . GNMAE AW o7 F 45t 5 o — > kL
AR R R 2, PR BRI AT A G F 2 R
HC i+, BHBHPIEAE), —EBE (R)
T B A 3 T FH P R 5y A ) ) S S A 3 . )
s, BAERRISEE

Vzéy[AR"‘(F ® E)AR] (1)

Hrp, AR B—ASN4ER ) i R4
JCEFRT IR E O BN, TINRESE,
EZHfHERE,  RKRELM, T & GNM 1
Kirchhoff %G % .

FEANTT I 7 kT LA RO TR A5 TRl & 1 28
NAHSMEFTR N -

<AR1. . ARi> _ kT

ry,
S
3%, T

e, @

2 3 Debye-Waller B¢, 4 N JE T3k V% #9
B-factor A1% 19 sk 5 1) 87/3 1% .
1.2 #EEEMIERR

XTTRAI S5, ARSGE MR RS 550
4% B-factor [ J¢ /)X #h AH ¢ R %X (Pearson correlation
coefficient, PCC) RHfizE . WA EE 52K IE ()

(AR - AR)) =
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HEPCCHT (1), AHHHENO.
1.3 ETFGNMEIH I EER T %

T GNM T A8 2R 07 k] LRSI 5 456
FAER A G ) AR IE , o 7 55 5848 T30 32 1k -
BLRZE A A i BEAR LA K IR EE S AR IL . AG,
J& TDP-43 5 DNA 9455 A HAE, AG, /& TDP-43
L AR LSS TDP-43'5 DNA 454 A
e (D) R R AT RS A A h e
TALAAG, AR S5 A B Y DGR 2 .

AAG = AG, - AG, (3)

1+ TDP-43 5 DNA HH EAEHHE R 244, B
HAt 5 AG FAG, 23R 5 RIMER) . R, fyg 1A
TIHEARPRIT LS G A e e, FRAMB® T
FIAE R R (1), 4l e Xt TDP-43 flE
YR RIS IR (B ), Hoh
KENH A H AR5 38 AGFTAG,.

AG,
TDP-43 + DNA = Complex
AG, AG,
AG

TDP-43’+ DNA % Complex’

Fig.1 Thermodynamic cycle diagram
AG, and AG, are the binding free energies between wild-type and
mutant TDP-43 proteins and DNA respectively, and AG, and AG, are
the free energy changes caused by a residue perturbation to TDP-43

and complex, respectively.

T A e — A, HAME T4
BMAL, HHRE ARG NG H g
AERT LLERIR R 43 A 52 6 W) F TDP-43 Hh (1) i05%
G A R LM, BAAG = AG, - AG,.
AP MEAR PSP R v, PR K [)— 3% )
RS R M BaE AR MR Y, BTELAAG R
FURASA 56, B AAG = =T (AS, - AS,), AS,FIAS,
3 AR BT FRLACRI A 5 W vh 5 9 AR R A 1 1 5
FER AT = AR R L Y AR — AR
FIT A SR RS AR S, RAE TR
(4 FHREAE AL AAG SR i St S U et BT 7 A 1Y) L Fl
REARTL R H e el i — S g 3 4 1 22 [ g 5 o
SR AR Sy 2

AS, = ;T(<(ARL.)2> +((ar)")-
2(AR, - AR].>) Ay, )

RIS I R, SRR IR IR LA b
AR R T AR, WA A TRRAL IR . 535h, XF
FERAR, AR E T AR ILEKE stk 50%
TT 60 MEZ S, & &Y s
F3xX 60 M I
1.4 WHREZR

N TDP-43 5 DNA W& G145k & Fi X 4R 5
Mok (PDB: 4IUF) . 25 12 AR 1 45 4
J& )\ TDP-43-DNA 5 S W45k Hh R o R Y

2 ZR5itE

21 ETFGNMEIEiL 5L B-factorfy b3k

B-factor [ 7 i Tl A B A 9 43 F sl 1 42
HET —AS R . X TH M GNM, A SCiE
i B KA HLIE 5 X )2k 5256 45 21 1) B-factor [H] Y
PCCIEEME A SEL . 155 GNM HA 1 -#lrE
HEBH. XF TDP-43-DNA K &), AR 34#
Wi A2, 2 5T BT NS . RNA AT AL I
Ab, HFMEEIN 1~25 A, K F1A K28R T
TERAREW B (GEF BN . RNA NEFI AL
Rb BR8] B AR BT A2 50 o 11, 14 F112 A) F,
i GNM 13 £ ) B 18 B-factor Fl1 X 5 £k 52 5 1
B-factor, GNM fig 4 i b Fi Bl & &%) TDP-43-DNA
IR E R, S50 5398 B-factor B PCC {H 4 0.67
(K2) .

2.2 DNAZEXMEBRINFHEM

J9 T #R5E DNA 454 % TDP-43 75 (1 3h J1 2415
M, ARSCHETF AKX (2) HEIFLE T TDP-43 78
DNA &5 5 AL, GRS TR ks (K13),
DNA 45 & S EUE A — 2 Br e ik,
loopl . loop3 F151~B )= B1~B5.

DNA %54 5% loop1 il loop3 F BiA B K 22
P (F3), X FZEH T TDP-43 %) loopl 1
loop3 ffi[i] DNA, 5 DNAJEK T #iH . HEE&ME
BEAHEAER % 20 1A, loopl Fllloop3 H & & —
SEAFE H AT AR I, K114, K140 fIK145, B
ITFEW 5| DNA &8 T EZA/EM, R EANTHE
TDP-43-DNA 551 (15 5 3245 7 i 7 5 2
il ¢
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Fig.2 Comparison between the theoretical ( dotted line ) and experimental X—ray ( solid line ) B—factors of
TDP-43-DNA complex
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Fig. 3 Residue mean square fluctuation ( MSF ) of TDP-43 in DNA-unbound ( dotted line ) and DNA-bound

( solid line ) states

IL4h, DNAZEE SEBI~PS A BHAA — &
ERZFERL . B A2 T 5 DNA 456 /9 A
(1 4), HAFLRRIEILS DNA T BRIA] A9 Sk
WeBMEAEM, WD105-G8. 1107-C7. M132-G8.
Q134-G8. KI136-G8. F149-C7. F149-G8. F149-
G4 FIR171-G4, TE4rF IR PN &8 T ¢
HEVEH ™ RNPs & B 2 b — Bt & & 05 & i flsi
TRERFE = B AR SFIF 41, Hrf RNP1FIRNP2 (43
BIEZNTB3MBL ) 5 DNAJERL T He5F A
YER], 7€ DNA RN R EZ/ER .

M2, TDP-43 5 DNA [a] 41 H.AE FH I8 i fd 15
loopl . loop3 I B1~B5 F B ki T — e B BE ML)
i1k . loop1 Fl loop3 X 43— [H] i HL W 5 | #5552 65

OBk T EEAE, B1~p5 (R T 5 DNA LAY
I ) 7E TDP-43 ¢ S DNA fyad # oA 4% T
KHAVER .
23 ETHRAZFFEIMRANTDP-43M) KB AL =
ASCR FFEF GNM [T 2= A6 A D5 2850 T
TDP-43 I 5 DNA 45 & FH G AR b A 5 1Y S 4 %
FE . X TDP-43 I (BRI T (BEflRA), &
HEEG H H AR AAG BB W TR B A A 2 S
FRAEFR R L
A SCRIH 3R T 3 U0 3 T 8 A4 S Bl ik A
(& 4a), 440 LL 1107, K114, L139, HI143,
G148, D169, K176 FIN179 JyHh.0r. S T Jr i i

N, R EE LRI PRI RS R b ([814b) | AR
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PO RO FR A S5 E R oA, KA R
B. loop Fl linker X3 3 M55, FFRs Tl %) G 5%

(a)
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<1§ 1
7
g 4
«N
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<
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T T I \ 150 T 11
N Bl al p2 B3 a2 PB4 p5
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SR SRR AT T IR, PR RIS
ENTRPIRERD .
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Fig. 4 Key residue clusters identified by GNM-based thermodynamics cycle method

(a) AAG values in response to residue mutations with key residue clusters with relatively high AAG values marked by the numbers 1-8, respectively.

(b) Locations of the central residues for the 8 key residue clusters.

2.3.1 i Floopfskt

WE 4R, loop LiHAIE] T 34 KCEEFRILAE
Iy RS 2. 3M6HE. X T loopl Fr B, RHF T
KEEFRFLFE 2. Kuo 55 ' $5H, DNA (1) 5% ] -
J&& 55 loopl bR & A T R S AH BAE . AR
2 LA W13 5 G4 T2 1 e B &5 A 7R
L1115 G4 JE i E s /E T, X 3G 58 1 TDP-43 Fil
DNA Z i (45 G35 L . Hal, RAZSEEG RN, 5%
FEHE 2 (1) W13 A 5878 25 53 TDP-43 5 DNA B9 4%
B SR R FRAR = R 1/6 12 R W13 X}
DNA 45 &3k 68 . P112 5 G4 TE AW A B
YER, PLI2H RARAE—EFE R L REAIL T TDP-43 25
A DNARJREST . FoldX J7 B AU BRIE T e 1, 31X
— AR L 2 [ AR TDP-43 25 11 A Fa e ok . it
A, DNAZEG SEEREE 2 L1 T115 553 6
D169 T &, A1 T N EBAH EAEH
g ke TR AWML . T4 F loop3 A Bt
s R 3, H A9 L1391 T TDP-43 55 DNA
25 Bl . 2 SRR SR R B, L139A 8484
SEEE A FE MR FOR A 1/3 7 IR ILHE 6
£ T loop5 F B¢, MDEISLE K W], D169G %748
FET TDP-43 %12 B4 A1 BS Y B &% £ & A Rl
Gk, BT SRR O BB KA AR, AR
= T TDP-43 f R E 1, 3458 T TDP-43 5 DNA

56 SR FITE

g4 iR L S DNA 254 53 loop1 il loop3 &
AFVE B AR, U loopl Fl loop3 Xt
TDP-43 5 DNA [H] i AH BAE AR E 2. i1 omk
Tor RIS SFREEN, T2 5 DNAEM T #
LRI Sk S MO SR, G R B R AR
RS A hReny k.
232 (i TBRIZMFEE

TEB )2 LN B 4 D B BEFR , 3 iR
1.4, sH7HE (K4) . CHEFRELFE 1 P T107,
D105 FIL109 4355 C7. G8 Fil G6 JE 4 Pt HE
B, DICARWAPEAEEAER, s A% iR
W E NAE p R B X B3 A BE, A ek
BRIEFETEH b, o i 4 TG 5. 0 T Ak L% 4,
H bW K145 5 G3 I8 st & f A BEAH B AR,
G146 5 G4 LA M BN, e TE W4
Fy A, BFSE & IR K145 1Y 2 AL K s ) T
FEE S DNA LA = P Fakdtigs, HEm
F147 f1F149, {iFRNP1 I, f&TDP-43 5 DNA%F
SEEA AR AR R LG EL . DNA 245
GTEB A )Z |, 5 RNP1FIRNP2 FrBERE T4 5+
PEAHEAER . F14746 A 2] C7 F1 G8 Y PR 2
B, F149 5 G8 L i & /E . o8B 5c i & 0,
F147L 5§ F149L €48 7:30 | TDP-43 5 DNA |45 &
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FEHE R A REAL 2 5ok B 1/20, 3R E 11X DNA
(5 G R H OCHE ™ XA IR 7, K176 5 AS il
GOE L T 2 A BAE A, Fe SR & TR i
NTEB R IZR, BE TERYIILEH . FREHET7
FIR171 5 G4 TR SRS A BAER, Feset
iR G4, AR TLE R, RITIATBIR T G4 (%
SRS, F8TDP-43 5 DNA Z [Al )45 A oE FitE
FEIR 2 JF R 1/6, X FKWIR171 5% 5 7E DNA 19 4F
SEMENNGE G 07 I A LA A

Zr LRk, B )24t T TDP-43 5 DNA 45 &
(gL, H b e AR L 3 i i 5 DNA JE g
SR HES A S E R A T RS I L AE B )2
G L, e AT R R ) DNA FIE i 25 A 5% Al
PEAE R R
2.3.3 v Flinkerfl3k 3t

XFF linker X388, TR502 T OCHEFR L% 8. linker
(IZENE ALK, T 1F DNA 454 S5 TDP-43 #4745
oS T E B, RN R T4 A A ) —
W53, XFDNA W45 G&A —EREM TR > XF
FRAEEFES, H EAINIT9 5 CTIE M T kA B 1
FH . BRI % BUKE N179A 58748 25 R34 BB FiE A —
SEFEE AR &

BZ, linker25 T 5 DNA W) B A EAEH,
ISR T 25 AR, AESS ARS8l Ty rh i
BAEM .

3B &

TDP-43 & —F [ ZE BT PI K+, Aefg e S tEH
U3 DNA F B, 7F DNA %% 5% FIl RNA #2361 72 v
KIFEBEAER . 15, A TDP-43-DNA B &)
T S 8T Y GNM AR, S2E6 5 3 98
B-factor /it PCC i 15 %] 0.67, FHH GNM 1] D45 4
Hb P73 TDP-43-DNA & G EvE . K05, il Lt
BT DNA 85 G xR A B sl 1 s, &
PILDNA 254550 7 TDP-43 (1 loop1 . loop3 Al p1~B
SHEBEET — BB ZRERL, Hrfloopl
loop3 7£ TDP-43-DNA WUl (115 2 3G L T
HEEA, BHEM T £ A DNA 54 A,
CATXH RS (8 A LA AR H S

e, FIHZET GNM A 2A 08 28 7 78500
7 TDP-43 |- X} DNA 45 Gl A E I aR A, A1
(A8 30T 454 H i RRRCKIM AR L . AR PR 3]
() B BR FEAE R I B A i i A, Ky 3
3K 43 8T . loopl Filloop3 HBx e thds s, H LAY

KT ILXT TDP-43-DNA H)i75- 345 A e e 5| H
WHEE; (TP A EM RS T 5 DNAZ
] AR AR BRI, B B RA% RS B o T
B IZH A 45 A S s 7T linker Fr B G
BRI TR IR E HE, 55T 5DNAK
BHIAHEAER, TE45A 1580 124 hdn UG B2 A
T IEAOR S E] T — 28 5 DNA F5 5P A
VEFIA R ZAR 3L, i HR 3] T — S & 25
FHAMBAESS G5 R0 o F AR AR & d A
(REREE . IS ) G R L 5 SO0 BV & R
=, AR A BT 2% TDP-43 5 DNA RS
PEAHEAER, "hgiiit PRt EE G e .

AR GNM J&—FRHLRLAL ) ENM, {H 2 8%
TR W R G B D REPE AR . 5 S
Tk B AT, DA 5 SR A A i — B
FATAEAE . GNM R & JE 13 T GNM 1y #4 ) 2
AT A AR I, nTLMARZS 2 Hudfe ) 51 H:
B 1A 5 - B 1A B B A AR 9 45 & ARS8 )
ST
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Study on The Interacting Dynamics and Key Residues Between Human
TDP-43 and DNA Based on GNM Model

DENG Xue-Qing, WANG Shi-Hao, GONG Wei-Kang, LI Chun-Hua™

(Faculty of Environmental and Life Sciences, Beijing University of Technology, Beijing 100124, China)

Abstract Transactive response DNA binding protein 43 (TDP-43), an alternative-splicing regulator, can
specifically bind the TG-rich DNAs, which is associated with a range of neurodegenerative diseases. Molecular
dynamics simulation, although powerful in exploring inter-molecular interactions, is time-consuming, and
moreover it is difficult to sample sufficiently the conformations for the system with large conformational changes
to study the allosteric behavior. Here, we utilize a coarse-grained, elastic potential-based Gaussian network model
(GNM) to characterize the interacting dynamics between human TDP-43 and DNA. Furtherly, using our group’s
previously proposed thermodynamic cycle method based on GNM, we identify the key residues for DNA binding
whose perturbations induce a large change in their binding free energy. The results reveal that upon DNA binding,
an evident loss of flexibility occurs to TDP-43" s loopl and loop3 segments rich in positively charged resides,
which indicates their induced fit role in TDP-43-DNA recognition and interactions. Additionally, the
thermodynamic cycle method identifies not only the residues important for DNA specific binding, but also the
ones far away from the binding interface but critical for the conformational changes of TDP-43 caused by the
DNA binding. This study is helpful for the understanding of the specific interaction between TDP-43 and DNA,
and can provide important information for the related drug design. In addition, this method can be easily extended

to other protein-nucleic acid interacting dynamics studies.
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