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3) (THEFRHERE KRR B, dE5T 100049)

(2018 4% 3 A 20 HU&F; 2018 4 4 A 10 HYZ R &8H )

T IOILIRBE RS (smFRET) FIRZEE (MT) £AR H AT 2 B 07 7 ik, MECT W R
AR, B RS R AWM R ARSI TEx RN T7 g fiells, 275 S e g it S AR 7R, X
o e e Pt = S FE I AU T = BRI (ATTP) St Re s, HALRENTE 5'-3" Badb AT A7 E A ie AE. H aix 3
7N SR AR T2 I ) AL R AT H AL R AT SRAFAE 1 2 ), PRIEA SC R B DA N N ST T T, %
i3I8 ) smFRET SR T7 A ieMEfE AR DNA IR LIRS, RBLIL T 2 3'- RS 5 B i lie TAF
Hh, (E D BB OO 45 # I 2 DO I R B SR IZ R (DNA) FRail i i GC & &, KL T iR liehis
BiE 8t GC & BERTHR 2 TR S R b A B PRI R, 5 SO he K W B 4a 58, @it — D
KB RNRSE R SEIe Bl , AL T7 Mgk 1 nT LABRIN (AR 21 3O DNA 77 1 B Ab, 8] A2 [aliR 3]
& DNA & 1 ia HI MT SR T ey, [FIREABLIX A 212 R ILR A7 AE. RIS T7 W ie il it DNA i
&R PEAIRR P, JE BB 57 B 37 7 M) HEAT AT AE MR E. TR IL, A ST X b 9248 (R 3R 1 30 R AT A2 A
JiEME I o' -BE RS 22 37 b, BV AAE BRI RE; BJa, ASCER T T e M AE R e A AT S (A, e

A BT D BARIRARON SR A e B AT A D RE 20 1 L.

KR o TUOIIRAER RS, WABE, T7Riehe, bk

PACS: 82.37.-j, 87.15.H-, 82.39.Pj, 82.39.Fk
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i Jie g 2 — SRAEM BN ZAAE N 70 T 538
B, MREZ . ASEEIEE A A F DR AR
P, 7R SEAZ B IR (DNA) B s e EH
DAL i oL R R 55 1 22 7 T 0 R A% 55 AN T B AL AR
FA U310 N Py i 20 0 R 2 B0 e K i A
T, SR T A RERL I 46 A R3S 1
YRG5 R, AMXAX B 1 5 9 5% B ) v ] o A
WERADRX T D AR ZE FIER Z AR 8. 5
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AL B A B 2 SR A

H A1z 50 F BRI A S Fe 3R B, 1 0
Pif1 [, RecQ 7, BLM P } UvrD 18 £ JERR i i
Bl 7E AR e R Hh R AFAE S BE I R ). WE 7T Pifl 4o
TR SCRR [6] 52 S, HOR AR B I R R E T Pifl
A RE 5 8- R AR Z A AE — M AH IR, XM B
VBT 20 Pifl A 5" B4 25 3/-4, JFAE MG I 4k 4k
AT, TIAETEES 70 1) 5 DNA B K B BT T8 i AUk
DNA. X T /N RAR MR e g 5, P 6 4> 1 B4 %
IR GG, AATE 8 B HL A N IX Fh 45 0 2= Fa e
HAELE T 5 DNA B Joik 3 Bl vE ok, 2T
XAERR, BHIEN SN 97N SR A fi e it A2 T8 M\
B DNA Hyuiy AL B4 28 N7 g AT Ik, sk
— PG TEREE DNA _EETATE. WSR2 X
73, 7N TR AR e 8 T BE & o ik R AR i i R
1. SR, AN R MEEL (magnetic tweezers, MT) 5K
B IR AT B S 0 10)) e DA B 7 3 44 49t [ 52,
ANEAE TR I B B L AR IR S Rk
() e R A | F e 6 BB N4 £E P DNA kAT AT
AR E, Ui WX A 2077 XOF ARG, R, A
SCUAAE RVIN R, CLT7 SRR N FE 0 5, J13K
P 7R 7N SRR S e T o 5 e 0% AT 45 1) D) .

AR FERA BB T HOR B 1R
AR A8 & 4% B (single-molecule fluorescence reso-
nance energy transfer, smFRET) F1 MT. %t 3H:4R
At B 4% 7 (FRET) #2& — P i iy A 5% 't 2k 4] 2 [5]
TCHE ST B AR AR AR A 00 A ELAE F R AT R B I
772 BEELEH HAA RG] (R K) fLidss
SRR R (KPK). AXH T smFRET HI4X
A BN R A N RO R S, NI BRI AR A
FEXTE SRR, A5 1 R [ e A B R 1.
MT ARG FAN AW 531 8 AH B AB I f5 A —
Uiy E R AE I AR THL, 53— Vi e B A B UL 1 /N R R
[, REBRALTHMii S i 52 B E /G e, 18
AR S i B (TR B e e B B iER) v LA
S A B B AR SEARN, DT SIS T BN A
Yoy § 1 128N AR SCR AT E N A MT I f&
i

i 12 H smFRET FI MT 8 R, 4 SCRE % 5
) HOUL I DNA S T7 i e i e T 1 sh A5 1 7,
T RE AT B e R 1) BARAS B, 8T 53 d e
A ) A e L. 32 F smFRET £ AR 78 A e [ M
RE % UL P fife T BE U (< 10 bp), (H2 RS B2

Ak, TR R TN RS P (R T i AR AL
A 13 R AR L35, AR SO F0 ) 32 2 i) R 7S
SRAK i e B i BB LR, R F smFRET 0K
R B Aff OO0 itk 1o 7 32 B MUT H AR F 70 A e
JRNERE A WL AR T FE ORI RS B LU A |
smFRET $iAK. A3z MT B ARLE R E
X P EE I GO AR IBAEAE, FRE—20 2 briitin /)
IAE F & 75 2% Jo= Az jg . PR, A S [R]I2R
7 smFRET 1 MT A EAR AT SL5, DLk 27T
H 1.

iR JE ST B0 B ik 2403 7 b e DNA IR 57 BA S
BAE GC & B AN B 8B 7 = IR (dT'TP) IR 2 5k
B2, RN TT T T7 AR e I 75 G B4 fi i
Bl — FEAFAE SRR T2, S0 o SRR WA T7 MR e g 1)
iR lie TAER 23 - R8N 2SS, HDNAFHIH GC
TR Y S EOLTE 5 R RNR; 7EFTA R R
BIGRGFIEE PSR I ER, BATTHEN1Z
LGN 7N AR R E R ) 4R R IR LAY,

2 LR 77 B
2.1 HAENERSIE

Je )5 IR PP S B e A 28U A SR B TR
(PRFRLL 7 @ 3) K L BN FRET S256 FH 5 3% Al
B AT WA, Ry R B — P AT b
R 2, — 1 (PEG, M T Laysan Bio, Inc. A #])
&M, BRI 22 ]SOk [11]; MT 288 H 56 30 Al
BT IEYE LR T FRET S258 3 7, o e 2
ik — 2 il Sigmacote (J&J T Sigma-Aldrich 23 7)) &
i, BARITIEZS OCER [12].

2.2 DNA&it

B4y T FRET S5 I DNA L5 Ff: —F & A
17 1E 3-8 4 0 XU BE DNA JEY), T XU8E 7 D brid
Cy3 M1 Cyb %o+, ol GC &' &N 70%;
— Fh A2 3-8 HE O B BE 45 M 1) 0UEE DNA KA, #r
WHES AR, FPolH GC & &1 N 70%; 5
Ab 3 Fh 8- R 35 9 BUREH BE A 1 nt BABE 45 4 1) 0
B DNA JKY), Cy3Frid fEXEE 58 8 £z, CybFrid
EH, FHH GC & &40l s it N 50%, 70% Al
100%. Frf DNA JE )58 i 78— 56 B R v A8 1 A=
MR IEBEAI Y £ DNARYSIWE T4 T AW T
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T2 (B3 e A BR A &), A% J7 3% W0k [13].
MT 5256 H DNA 25 B BN 0.5 um A7 A 270 bp
RRGERIFIXEE DNA, FEYNH] 5 772 03Tk [6].

2.3 EHRRKREHNR

T7 gpd fif e By 55 & i i 2 2 B K 2% 5 B
2RI T AT K B AR R R A 2 A s R, B AR T L
SCHR (14, 15, E B difh e i E, 15 B H i A7
(50 mM (1 M = 1 mol/L) K-phosphate, 0.1 mM &
DY 2, (EDTA), 0.1 mM B 755 EE (DTT)
J50% Hh) B rhdt AT E T, T —30 °CH S
TRAT. SEBG AT 10 22 M B35 T50 22 (50 mM
NaCl & 20 mM Tris-HCI, pH {5~ 8.0), N 2%
(10 mM MgCly, 50 mM NaCl, 5 mM DTT
20 mM Tris-HCI, pH{H }8.0) LA Jz #f g 2% v #h
W (PBS 2 #iK) (20 mM NayHPO,4, 150 mM
NaCl, pHAE 4 8.0). &R E 5 75 it 4T & iR
M, HAAAEN02 um L AR &5 T
—20 °C ZHHRAT.

2.4 FRRESEW X

MT S2 56w 1 5 BCREBR R W 10 uL, fnA
20 pL PBS 28 it FH B A AT i 3k, Bt S
AR SRR 25 Bk IE W, O 3 IR, e
FE4 20 uL. B )5, BL1 pl 100 pM (1] DNA JEY) (7
H 270 bp K REEM)) SHEERM R 78 7312 1 min.
¥ EIRRA RN LA T 17 F 10 min E15HEEK
FOTIERAE T R, Ik 2 RARERMIR. R
P (P RGR RS AB MR 73 B 38R U3 LSk [6]. 38
T RS R G BR B DNA Y N BAR H A N Fa e
J&, FFURRAT N — DRI SLE. B Jes Sk gpd
FARMRIERG S 2 mM dTTPIRAIM & 10 min, {81
O TERN ARG K. B 5 78 EIRIR & W A A
T50 Sl K DTT, B HRE RN, HE
10 min 115 T7 fRlElE 7 70 45 & 7E DNAJEY) b, H
DRIV A 856 2 1 1T IS V2 3 B AR E IR L. 0% 8 58 )
J&, ZEN TH0 G2 i 70 73 i B Rl v 22 4% 1) A e T,
TR IS S0 AR I REAT IS, feJa, RANEEE
BT 1R N E MR, SRR ATTP & DTT )i 3l
e S, WSCEE S 6 B smFRET SE46 1, 15k
1 pL %R 2R AR W (1 mg/mL), H T50 Z&rh
WA FEZ 100 puL, 7850V 51 5 NN S50 A8 g &

5 min. B J5 k2 REER SR, AL 100 pM
R AR DNAJE 1 & 5 min. b5 E 2
A DNA, W% DNA NG R IF 54T T — 2
JE sz aey, AR IR SR SRR  AB M 5 1k B AR T L
SCHR [13]. J5 SR e Se 5 (AP RS MT 256 (1 25 5%
TREF—5, R R 75 AR 3 Sl e S S I SR U 1
NP A IR G K AR & (0.8% D-7 %
B, 1 mg/mL #ibEE LA, 0.4 mg/mL i E A
A1 mM KEVYEA R E).

3 #£RET®
3.1 T7REneReRIRRIER N

T7 i e Bl A2 5-3' 7 [ A7 26 R A e g, A1t iE
w1 S N 7 R K I 57 - R T A e G
. AW, T7 e N 0 AR e I 8L 7 2 3~
FRAEWIAFAE, NN S 3 R4k 2 18] 47 15 35 5 A0 A
B DOTL 3 R B 3-8 F B 3 49K 06
KT 7 nt i, T7 i Ele 74 56 15 W BEAT e S .
4 T7 R el 2 EAE S 8- 4E - DNA 4740 H.
TERMIWE? Nk, A& T —4 DNA JRYIEAT
Seity 5/ AR 30 nt (0 BLEE DL IR e S5 A
3~ 3 R AN AELE R BE AR AE 30 nt HLAEMY
B K AFTE 29 bp WHE K 1 nt PR RS, W0
1(a), (c), (e) Fiw.

FRET fift Jig S8 45 1 it DN A JE Y3 N B 9¢
FeARIE I XUEE DNA, Cy3 fnicfE 3/-85, Cy5 AnicfE
fif HEBR 45 4 1) 5/-BE . SIS I8 532 nm OB
R Cy3 RO, FHiE RE=FE M43 Cys FAE
R TEE. RI, B A ERE iR T AUEE DNA, Cy3
I Cys 2 (MBS K, R4 #2%0% (FRET1H) b8
ZBEAR. ATl 58 A T AUEE DNA, Bl 213k
i, Cy3bric (1 3/~ 23 BRI A XU 1 3 56 4 1 1M ik
¥, T3 Cy3 BOGIRIEEM Cyb 9 it 5 B 13 PR A
F0, IG5 A e 3 3k De,

W R eSO TT R e AE TG 3- R 4
25 1% T kAT # e OB, Wi 1 (b) Br
7~, Cy3 1 Cyb Z A BE B — B AR FF A, FRET
Ye¥r 1. ULEH DU B 9E 48 e M iR e g 5 8-
W2 MM EAERKS &R L. Mz
TP AR B A FH I, A E B R 0 V2 3t AT e e D017
3-J2 B Vit v B B DNA A XU4E DNA 45 1) 1) o2
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IS RN 1 (d) R L (F) s, 24 8- sk
DNA I, K Cy3 Al Cyb Ff B 1RIT, ¥4 FRET A
1. B e B E AT, Cy3 A1 Cyb I B 3% i
A3 R T B Cy3 5% 5 FE AN W 38 i, Cyb % o
FEARWT AR, FRET E B 2 ASWi AR, & 58
TF WU, 24 3/- 5 WUEE DNA I, #]46 FRET {E
29°50.9, A iR e N ) EEAT 5 AT A G AR L)

(a)

dsDNA
(70% GC)

(M3, 00 00 AN\

(c)
\ '
) o (0
Cy3
Cyb

dsDNA
(70% GC)

VWINMG& W

dsDNA
(70% GC)

VWINMO& W

B

—
=3
=

arb. units
T %

Intensity/

FRET

—~
£

Intensity/

FRET

—
-

Intensity/

FRET

ANIF /- RS DNA JE I smFRET @ ie 8l 8

A

AR RSB SR 37 - R BE A XS T T7
TR BEEEAT A e S S JE g B, YR AR e Al A L A
JETIRE T 2 DNA RN OB S5, tiT 8- REEN
PR BOUUBE S5 A4 (1 SE IR 45 RIFTCA AR, A SCHE
WT7 el E S 3R B b B AR G A AR AR A
oA ELAE .

1.2 nl X H’
0.8
0.4
O 1
0 5 10
Time/s
12}
h=t
g
E|
s F
~
3
1
0 5 10
1.2
0.8 -
0.4
O 1
0 5 10
Time/s
)
n
p=]
g
E)
g
~
3
1.2
0.8
0.4
OO 5 10

Time/s

(a) AAFAE 3/-RREEL I DNA JE A ) S2 56 7% 3 1

(b) XM (a) I DNA VI T7 e e £i; (c) 3/-RHE Ve EE DNA M DNA RIS R K, (d) X
i (c) ¥l DNA R T7 e it ire Bedi; (e) 3/- FEBENXUEE DNA 5 M DNA JRYI SEIR - (£) XBL (e)

DNA JiR¥I T7 f e MR e £

Fig. 1. Observation of DNA with different 3’-tail structures unwinding with smFRET assay: Schematic
diagram of the smFRET experiment in DNA substrate with different 3’-tail structures (a), (c) and (e);
smFRET-time traces showing from three different structures of DNA, respectively (b), (d) and (f).
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3.2 FHth GC R EX T7 MEhEEsREne X X

Y

O B SR B, AR e 4 0 DNA %1 GC
e, T e B 1 L T R i 180100 AR
MIHEEREFXFGCEREMNRT AT EY
me FL AR R K . SIS IR T HR R AN R
fig e ) A T ASE FRET 256 A% H 2 e bric
FBL, M ie K AR I FEAS BRAS I 2 AH B FRET
B, JE T, ASCE SRR WP Al P
50%, 70% F1100% GC % & 1) 37 DNA K4, X H
IR R R SehR e T E I 1 () FioR, 18 sm-
FRET AR AT T7 fife Jie iy 11 /e S2 062, At T B4l
FFR IR 15 Sk ) 7715 5 B 1 ARHEOR R — 2L

K SCAE i 5256 I DNA Y i 2 %5 I il is
F smFRET £ AHF 5T T7 e B 19 STk [18]. g
fik [18] Hh Fr R ), 24 DNA FE41th GC &84 35%
I, fREE RN 8 bp/s; 1 GC & &8 80% I, HAfk
WEE RN 4 bp/s, XA HAEHMRKGCEH&E
I DNA Y. w1 SCHk (18] AT 40, $21 GC & R AgLhs
ST B St UL O A2 o IR A AT AR e P D AR
I, AR SCAE B THSIREG T, Sy AR A 52 56 w0 o e aok e
DA S DTS A b DAk FL e i AR, R At — 4l
GC & 2B BE LU H AR e K B2 I AR A1 L, 1
SERG SIS T DNA 41 GC & 2/ 8 50%, 70%
F1100%.

Fy—J7 T, SCHR [18] FR$E K FFA% dTTP Kk e
i PR M e 26, AR SR Be il d 2038 AT TP R FE#
B, RIL100 pM dTTP ¥ BE 244 T Re % B S FEAIC
i i 8 (1) A S R B UL g e v R ek R, AN
2T B X5 e i e Bl R R e LB DRI, AR ST e
SEEGIAE 100 uM dTTP ¥R FE % AF T AT

] 2 g5 SR 0T, 478 GC & & 50% B,
7 fifé e i A e 1) Sk 1 S 50 H s LA 249 R 78 %, fifk
Jite g (B8 1 Ee A 20 22%; 4 F8IR GC S &N
T0% IF, T7 fifR e T gk e 1) Sk 1D ST 56 B4 B A9 4
61%, fift e H g R I L1295 39%; 4751+ GC
TN 100% I, T fif Iie B A e 1) Sk 1) SEE0 HOHE te
BN 2920 21%, i Jie g [B1R (1) B9 2978 79%. B
PRI, GO & 5 50% 32 1 2 100% B, 2 B R4
o R R LE AR e AR R R AR LR M, 3 LR
JiE K B2 FEAIK.

TEfR e R A, X AR LR B S R A AT B 2 A
JVE BTG 4k SR AT AR e S I T R A B A B . A
T, 1P 5 B i I R IR Refe o dE R, AR e
Stk R 5 HEEDNA Z B AL EAE . i,
fige e ity B L2 A\ PRLBE DNA BBV oK, T84
PR H H IR KT OB B e i AR B L L
DNA I EAEH, EIERBLTE, fTFHE 5 BEEI R
H H IR KT T ORUEE, iR e RGN IR R WI R A B A
SIS KOS A, 24 DNA T8 N4 GC R, TT7 R
[SYNEZ (&I WEN D

Kk, FATIAN DNA 7519 GC & & &, MY
SRS R eI I AR e 2, 2 S 5 K AEY
e e, B R A FLEBLS, A3 e B B R
BEAR. 0BT LR, ] R 2 A e 7 i e 3 A2 R A
AN 52 3] 24 1 e A e 3 ) 2 TR S B R 0 I BR
fil, J52:DNA 751 [ F e 2 B 20 H g el 72
B, M DNA A GCEREIEE S, JI2EN
GC & & 100% I, X Fl 2 i 72 5 1T e £ i 43
JVE B A LA ARG T TG v 40 S8 T e

3.3 TT7HEEEAREIIETNERIIK

3.2 14 GC &5 100% I, T7 fiflie i £
fif g Jt R Hh K 22 BTG V2 AR e 3 Sk 7 R g R AR Tl
1B, @S e, KR 2 B ELR LR
FE BRI A 2 LR, K 3 (a) B, B2, S
i IR EAE— P12 LR R LS, WKl 3 (b) Fiks.
T B X6F T B N [ 3R A0 2% 15 [ P B B R ) A A
T 11 TE [ B )46 47 B )3k FE v R AN A7 A 45 i
AR, ANy — 2B e R TS & LR B BRI Ga A B
P FE P AAAE 2 PF I BOE R, N SEIR i ok
F, AT LW 27 2 80 AR T X — LR I
W BTN SR TR, BRI [EHE B % IR AR
F 2 — Ik 1B) B B W46 67 B, AR T 2218 BR ok
PE, 3 B R IR (9 2 )R R A A AEAE R P
PR, MRN8 12 BB I A2 P A7 R £ b (R D IR,

I 0 G v RN, BT R S A A
AEAEWERS BRI G LU 2058 81%, A7 22 12 7]
EMBRHILBIZI R 19%. W TRIE S, 24 T7 e
il TGV 4k S AR T T AR RS B I, (R TGV E AR E
YEFFIDIRAS, A e B 5% DNA | i 7% 11 fig T
053 BB RIR KR 7T B B R RONEE ; SRR RS
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S~ w ~w
e =
£3 £%
= 3
£a &8
o] =R
1 1
0 5 10 0 5 10
1.2 1.2
e 0.8 [ e 0.8
3] m
o~ ~
= o0ag = 04
0 0
0 5 10 0 5 10
Time/s Time/s
(b) B
~ —~ 2
== N
28 F =3
£8 L £4 L
] =3
L 1
0 5 10 0 5 10
1.2 1.2
& 0.8 [ S osh
2 @
) <
0.4 [0 0.4 [
0 L 0 1
0 5 10 0 5 10
Time/s Time/s
()
S~ w S~ w
By ZE
52 [ G g
=i G
4 L £ .8
] =R
1 1
0 5 10 15 0 5
1.2 1.2
Eos L Eog [
@ 0.8 0 0.8
~ Jat
< o
0.4 0.4 [
0 L 0
0 5 10 15 0 5

Time/s

Time/s

K2

0 miesisk

470%; (c) DNA JEY GC &84 100%

Fig. 2. Analysis of unwinding processivity of T7 gp4 helicase in DNA substrate with different GC contents:
(a) Helicase in DNA substrate with 50% GC content; (b) helicase in DNA substrate with 70% GC content;
(c) helicase in DNA substrate with 100% GC content.

| T

ZFAE GC & DNA JRYIN T7 gp4 el %

(a) DNA JE# GC &M 50%; (b) DNA J&¥ GC &
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HLEE DNA [AH BAE FH 4k 22 B 72 5/-8E I, T
43 HUBE B R IB KT T OOUE , e e IR [T 4h AL
B XA R R T2 BOU LT 2 B
1), AAFLEH DB AR, PR AN I R AU 2
T7 i el KPR FEE X ), DNA JEYBIRES 2 —
), 10 FRET 256 (10005 52 2 645 i DNA,
JIt ULV X 533X P R 100, 350 S8 N I ] [ B e .
FEE 3 (a) I Ta] it Zerh, BEAE T7 fif e B T 3B,
FRET {HZ# AR E L 0.1. ILIs, MRl 8 6% 4%
SR e AR 5/ -5 R AW 46 7 B 5L B H2 )N DNA
JED) LB E R oK, T XUEE DNA HGE IR K HH7
OWEE DNA T S 3 FRET B B ¥IAE. B 3 (a)
JIT 7 SE 56 B AR SCHR [9] B g S T Xt /b
BB UL T AR R R AE SR RIR IR S, DMEHEH
T 58 .

RS> BT R SCHR, R BRI AT, R ek

AF DNA A 38 48 T7 fift Jig I 26 200 £h 37 3 57 T [ gk
ITRRTERT, Se TV SR BRI % 20-2], (R,
T7 ff e B e A 57 21 37 J5 o) HEAT B 1a] (AT 26 FO
g, M sE A TeIE M 3 B 5 T R T AT & M e, K
XFHILGRR N T7 fEIERE AR, AR B . it
A, X PR AUANAZE T T7 fif ey, 2t 7
W 2 R e R AR AR SCARAE R A, A BB B ) E AT
ITERARE. DRk, SOW A SO SEge s, wnifix
Fh oA R LR R A0 5/ -8, R0 T7 fift e i &
M3 B 5 T AT AT A, XL G AE LA I 5T
FTERARPE MG R, HARFE A\ 0 A e il 2 A %
PEMZER. R, AR SCA X R 212 [F1E B 52
RATE S L, MATRERATES B L. i
2, X I GTR A TT ff e B4 ) 1 %1 ) 3/-5%
by RERANIS SRR AR e B T AR e R R R AR T B
HE.

100% GC
(a) (b)
0.9 0.9
Rewinding
event
= - E e
I 0.6 0o 0.6
o~ ~
= e
0.3 0.3
0 1 1 1 1 0 1 1 1 1
0 2 4 6 8 2 4 6 8
Time/s Time/s
19%
B R 21l iR

3 T7 fEIERE B FIER IS (100% GO)

(a) BHI IR, (b) 2248 iR

Fig. 3. Two different backward movements of T7 helicase (100% GC): (a) Rapid rewinding process; (b) slow

rewinding process.
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Fig. 4. The slow rewinding process of T7 helicase by magnetic tweezers: (a) Schematic diagram of the

magnetic tweezers assay; (b) slow translocation phenomenon of T7 helicase after unwinding the whole DNA

hairpin; (c) rapid rewinding process of T7 helicase during unwinding; (d) slow rewinding process of T7

helicase during unwinding.
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Fig. 5. Model for the switching strand process of T7 helicase: (a) T7 helicase stop unwinding during its unwinding

process, the red dot means the interaction site between T7 helicase and 3’-tail; (b) the state that T7 helicase

instantaneously slipping back to initial position on the 5'-strand or dissociating from the 5’-strand; (c) the process

that T7 helicase open the ring-shaped structure and rebinding to the 3’-strand by the interaction with it; (d) the

state that T7 helicase slowly translocating to the initial position on the 3’-strand.

4 % #®

KH smFRET A1 MT £ AR X T7 i e B 5 fif e
b v e RN A ) AT T E . @ &
HA[R] 3/- 55 45 K9 1 DNA JRYIIGAIE T T7 fift e iy
BEAT R N T - S 5, BRIFARZH
S5 R HLE DNA BOOUEE DNA (52, A, @i
ME DNA P GC & &, RIFHIH GC & &
M m 2 S8 T7 el E MR e FE s 2R 5 R AR
Bl is i, HETT A DNA R b I 7% 550 3R 5147

GO, B R ILAR BE AL, 38 I o M it e il 1 [ 38
PG, RIUK 2 Bt Ol T bt BB p) i #E, A%
oL T NS RHR AR, @it — 2Pt MT Sk
56y, BT IR ILIZ b G2 48 o] R I R AFAE, JF b e o
DN H RN G AT REDN T7 e Je g £ A i i R b 2
MEBEILR . fa, $Rth T T7 el BT 6k 12
by ich

SE

[1] Dillingham M S 2011 Biochem. Soc. Trans. 39 413

118201-9


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.1042/BST0390413

¥ 12 Z R Acta Phys. Sin.

Vol. 67, No. 11 (2018) 118201

[12]

Jankowsky E 2011 Trends Biochem. Sci. 36 19
Bernstein K A, Gangloff S, Rothstein R 2010 Annu. Rev.
Genet. 44 393

Zhao DY, Liu SY, Gao Y 2018 Acta Biochim. Biophys.
Sin. 146 1093

Klaue D, Kobbe D, Kemmerich F, Kozikowska A,
Puchta H, Seidel R 2013 Nat. Commun. 4 2024

Li J H, Lin W X, Zhang B, Nong D G, Ju H P, Ma J
B,XuCH,YeFF, XiXG,Li M, LuY, Dou S X 2016
Nucleic Acids Res. 44 4330

Wang S, Qin W, Li JH, Lu Y, Lu K'Y, Nong D G, Dou
S X, Xu CH, Xi X G, Li M 2015 Nucleic Acids Res. 43
3736

Dessinges M N, Lionnet T, Xi X G, Bensimon D, Cro-
quette V 2004 Proc. Natl. Acad. Sci. USA 101 6439
Sun B, Johnson D S, Patel G, Smith B Y, Pandey M,
Patel S S, Wang M D 2011 Nature 478 132

Johnson D S, Bai L, Smith B Y, Patel S S, Wang M D
2007 Cell 129 1299

Zhao Z Y, Xu C H, Li J H, Huang X Y, Ma J B, Lu
Y 2017 Acta Phys. Sin. 66 188701 (in Chinese) [iX#i),
A, BEE, HEN, Dk, S 2017 YR 66
188701]

Wang S, Zheng H Z, Zhao Z Y, Lu Y, Xu C H 2013 Acta
Phys. Sin. 62 168703 (in Chinese) [F3, ¥ifF T, &Rk,
Flikk, #RFHE 2013 YEL4R 62 168703]

(13]

[14]

(15]

118201-10

Lin W X, Ma J B, Nong D G, Xu C H, Zhang B, Li J
H, Jia Q, Dou S X, Ye FF, Xi X G, LuY, Li M 2017
Phys. Rev. Lett. 119 138102

Zhang H, Lee S J, Zhu B, Tran N Q, Tabor S, Richardson
C C 2011 Proc. Natl. Acad. Sci. USA 108 9372

Zhang H, Tang Y, Lee S J, Wei Z, Cao J, Richardson C
C 2016 J. Biol. Chem. 291 1472

Matson S W, Tabor S, Richardson C C 1983 J. Biol.
Chem. 258 14017

Ahnert P, Patel S S 1997 J. Biol. Chem. 272 32267

Syed S, Pandey M, Patel S S, Ha T 2014 Cell Rep. 6
1037

Donmez I, Patel S S 2008 EMBO J. 27 1718

Jeong Y J, Levin M K, Patel S S 2004 Proc. Natl. Acad.
Sci. USA 101 7264

Patel S S, Picha K M 2000 Annu. Rev. Biochem. 69 651
Morris P D, Raney K D 1999 Biochem. 38 5164

Tabor S, Richardson C C 1981 Proc. Natl. Acad. Sci.
USA 78 205

Hacker K J, Johnson K A 1997 Biochem. 36 14080

Korhonen J A, Gaspari M, Falkenberg M 2003 J. Biol.
Chem. 278 48627

Ahnert P, Picha K M, Patel S S 2000 EMBO J. 19 3418


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.1016/j.tibs.2010.07.008
http://dx.doi.org/10.1146/annurev-genet-102209-163602
http://dx.doi.org/10.1146/annurev-genet-102209-163602
http://dx.doi.org/10.1093/abbs/gmx146
http://dx.doi.org/10.1093/abbs/gmx146
http://dx.doi.org/10.1038/ncomms3024
http://dx.doi.org/10.1093/nar/gkw295
http://dx.doi.org/10.1093/nar/gkw295
http://dx.doi.org/10.1093/nar/gkv209
http://dx.doi.org/10.1093/nar/gkv209
http://dx.doi.org/10.1073/pnas.0306713101
http://dx.doi.org/10.1038/nature10409
http://dx.doi.org/10.1016/j.cell.2007.04.038
http://dx.doi.org/10.7498/aps.66.188701
http://dx.doi.org/10.7498/aps.62.168703
http://dx.doi.org/10.7498/aps.62.168703
http://dx.doi.org/10.1103/PhysRevLett.119.138102
http://dx.doi.org/10.1103/PhysRevLett.119.138102
http://dx.doi.org/10.1073/pnas.1106678108
http://dx.doi.org/10.1074/jbc.M115.698233
http://www.jbc.org/content/258/22/14017.long
http://www.jbc.org/content/258/22/14017.long
http://dx.doi.org/10.1074/jbc.272.51.32267
http://dx.doi.org/10.1016/j.celrep.2014.02.022
http://dx.doi.org/10.1016/j.celrep.2014.02.022
http://dx.doi.org/10.1038/emboj.2008.100
http://dx.doi.org/10.1073/pnas.0400372101
http://dx.doi.org/10.1073/pnas.0400372101
http://dx.doi.org/10.1146/annurev.biochem.69.1.651
http://dx.doi.org/10.1021/bi9822269
http://dx.doi.org/10.1073/pnas.78.1.205
http://dx.doi.org/10.1073/pnas.78.1.205
http://dx.doi.org/10.1021/bi971644v
http://dx.doi.org/10.1074/jbc.M306981200
http://dx.doi.org/10.1074/jbc.M306981200
http://dx.doi.org/10.1093/emboj/19.13.3418

) I8 % 48 Acta Phys. Sin. Vol. 67, No. 11 (2018) 118201

T7 helicase unwinding and stand switching investigated
via single-molecular technology”

Chen ZeV?  Ma Jian-Bing?® Huang Xing-Yuan®?® Jia Qi®® Xu Chun-Hua?
Zhang Hui-Dong)’ Lu Ying??*

1) (Imstitute of Toxicology, College of Preventive Medicine, Army Medical University, Chongqing 400038, China)
2) (National Laboratory for Condensed Matter Physics, Institute of Physics Chinese Academy of Sciences, Beijing 100190, China)

3) (School of Physical Sciences, University of Chinese Academy of Sciences, Beijing 100049, China)
( Received 20 March 2018; revised manuscript received 10 April 2018 )

Abstract

Single-molecule fluorescence resonance energy transfer (smFRET) and magnetic tweezers are widely used to study
the molecular motors because of their high resolution and real-time observation. In this work, we choose these two
techniques as the research means. The bacteriophage T7 helicase, as the research object, serves as a model protein for ring-
shaped hexameric helicase that couples deoxythymidine triphosphate (dTTP) hydrolysis to unidirectional translocation.
The DNA strand separation is 5'-3'- along one strand of double-stranded DNA. Using smFRET and magnetic tweezers
to study the unwinding process of T7 helicase, we can have more in depth understanding of the unwinding and strand
switching mechanisms of the ring-shaped hexameric helicases. First, by designing DNA substrates with different 3’-tail
structures, we find that the 3'-tail is required for T7 helicase unwinding process, no matter whether it is single-stranded or
double-stranded. These results confirm an interaction between T7 helicase and 3'-tail. Second, examining the dependence
of unwinding process on GC content in DNA sequence, we find that as GC content increases, T7 helicase has higher
chances to stop and slips back to the initial position by annealing stress or dissociating from DNA substrate. As the
GC content increases to 100%, 79% helicases could not finish the unwinding process. Third, by further analysing the
experimental data, two different slipping-back phenomena of T7 helicase are observed. One is instantaneous and the other
is slow. The results from the experiment on magnetic tweezers also confirm this slow slipping-back phenomenon. This
instantaneous slipping-back results from the rewinding process of unwound single-stranded DNA as studied previously.
When T7 helicase cannot continue unwinding because of the high GC content in DNA sequence, it dissociates from
the single-stranded DNA or slips back to the initial position very quickly because of the annealing stress. However,
this slow slipping-back phenomenon cannot be explained by this reason. According to previous researches, T7 helicase
can only be translocated or unwound from 5’ to 3’ along one strand of double-stranded DNA because of the polarity
principle. We suggest that this slow slipping-back is induced by the strand switching process of T7 helicase. Through
this strand switching process, T7 helicase binds to the 3’-strand and are translocated along it from 5’ to 3’ to the initial
position, results in this slow slipping-back phenomenon. This is the first time that the slow slipping-back phenomenon
has been observed, which strongly suggests the strand switching process of T7 helicase. Based on our results and previous
researches, we propose the model of this strand switching process and this model may be extended to all ring-shaped

hexameric helicases.

Keywords: single-molecule fluorescence resonance energy transfer, magnetic tweezers, T7 helicase, stand

switching
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