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SMELLIEAT B B4 110 Rk, A WA S e e
B R IR AT

A W9 A i o T G 5 AU DNA R
HEREIN AT 8 pN BIHr Jiit, gpb ol DARFLEGE B
ERAA RSN L, MRS 1R/, FF2oh
DA 15 B 23 S A %S B0 gp5b ME DL B 4 (10,
X 45U T gpb ATLAA A BE B4, (HR AR
BB L 2 AN B T ROR IR, RESRTCTA 7
AR NERT (CEFAAET) X gp5 HHE &
FOAMIIHEA TN &, XA B R T 5EIR): gpb T )
VERIN, 5 J0— e R (0 40 S A R

X B AT B A O S iR RE R RS
(smFRET) W5 B AE— A I EIARAT, I
FE— 5T PR TR RUBE I 43 3T X gpb Y6
BBy 2E I TIN . AR T AR & BLRME A A 1
i1, gpb WAl LABEE e, (HRGE BT 4 nt 27
Jaat oz mlR . JE AR AN IR R B Y IER T
R R AN T UEBIR K % gp5
IS, AR SCEHT T 94K 5K ) &5 9 FRET J5 ik,
X DNA BUEERGIN T — A INgy I3 12080 DL kel
55 DNA XU YR K T3, it 3 )5 40 i K R sk
INCEEESRIRK RS T P I R B gpd
1 gpb LI T S ARG & U BE 2 — & T, T
Hol FEMFE A FAA MDA B XUl T
gp4 # B gp5 TR T DNA BIIE KE A7, s>
T gpb SN KA.

2 SR G
21 RAGEBERARKERIRSR

T E 12% D9 M ot i rRL VK BEIG - 48 g IR
%, 30 mL 40% PNMEIERE /H SOSN M BERE (19:1)
VW, 10 mL 10 x TBE, HyO(%#Me 100 mL), 10%
APS 700 pL, TEMED 66 pL. Bt & 4 5 76 B ik AL
DL 400 VA HL T 30 min. 7E X — i R
LUK P RE S A BIUERE A 10 10 nmol /L DNA;
FE & 20 A 40 nmol/L DNA, 40 nmol/L gp5,
100 pmol/L dNTP, 1 mmol/L — & & ¥ B 78
37 C 7K ) Wi 1 min J5 A 100 mmol/L EDTA
LR B 3: [ exo gpb, HATHIERS, 2 —
B FEAL 4 AL 2 —4F, (B2 ROV I E] N 5 min;
FEG 5: FIRESY 3 —HF, (2 NI A2 5 min. 48
JE ¥ 5 ARSI R Y 451 AL #E4T 3 h A HLIK,
I B G AR G Ar i

22 BHTFRWHHE LSS

T P B B A PRI (B RR 4 3L
UK XT3 R TR BT I, A 1 R AR doe Ah )
AT M, &5 4 100:1 9 mPEG 1 biotin-
PEG Z4TEM. TEIE AT LA WLS25 30k [14).

2.3 BOTFRAHIREELH IR

e VR B A HIXUE RS R A A [ 38
TE YRR T, B A HE B SR R R R N A Y
biotin-PEG, X5 fiN A 100 pmol/L DNA, &5
A 1 nmol/L gp5 Fl 4 pmol/L dNTP, Wt4E Cy3 Fl
Cyb BOGERAE B, IF LA SO R AR X
T gp5 Fl gpd — A IIA Y S8t A8y, ek Hh i
B 1 nmol/L gp5, 20 nmol/L gp4 Al 100 pmol/L
dTTP JERE SR ARG .

2.4 EHMEHK

gpb 3L T NEB 2y H, exo™ gpb 43K F GE
health 2\ F]. gp4 & BOCHR [15] 19 )7 ¥ 2l ik 45 3.
ANTP 35 T Takara 23 7. DNA WK T iR
T, IR KR J7 B DL SR [16]. S5 50 I Y 22
MR & A : 50 mmol/L NaCl, 20 mmol/L pH K
7.9 B9 Tris Z ¥, 10 mmol/L MgCl,, 1 mmol/L
DTT.

3 #R538

3.1 SMIEMEXT gpb fEE AR

Z AT SCHERN N RE S U] 2 T 3L gpb Toikdk
B R R 0 SR T BRI — A AR SO 2
AR T AMINIE Y exo gpb VE A XTREAH SR (O T
X3, TR LS5 R 51Tedh o, A 248 iy
A gpb BAE exot gpb), I T WE 1(a) Fiw
) DNA, HG MR SbRIC T Alexad8s, 221
RNHBILEE (PAGE) BRI X 25| Y6,
e J5 18 488 nm 3% B i T DL S 44 A5 2]
I EE RS, HE I A5 9 DNA R G g 0 6% B 46
THE. I XTEG exot gp5 #l exo™ gpb V=W, M
E 1(b) KRB 3 ] LLUZIAE 1 min #Y
] exo™ gpb KFER AT 7 W) HR Bl 4 ER 4 e 4 1,
HA WA BRAE R AL, AR IR, 7EE] 1(b)
B IR ZE A5 2 JE P exot gph HAG M/ DB 4wk
BEE . AN, exot gpb AN T — BB ECA
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DNA. fE7E Rl 1(b) HIKZERE 4 AL 5
JER B A A SR N TS 45 R T LA BE: P exo
gp5 #R T E T, B2 exot gp5 5%k HRA R /D
A I NIRRT B HL K (PAGE)
F 45 AT LIASAL exot gpb &— WM ik, ©
BETT DL B b T LASMI), At T MINE PR A1
TEFEC T HEEE A IR, 2 SEE AW
DNA SMIJ A B . i SR 28 48 T AT, exo
gp5 A LIS 94T IF DNA WEEIF AT & . T
PAGE 5250 H R T i e SR, JT6iEE 3 exot
gpb TEREE 4 5 4] b U4 i shaSad B, it ok
& exot gpb LUK BE B e 1AM T] AY K E F1E
B AFRATAE T T 5 9Ot R BB A 1 Oy
12 18] SRS UL A Ak 1 U A

a
@) 25 nt 13 nt
primer overhang
* il

45 nt template

(b)
1 2 3 4 5
exo + —_ + —
Time/min 1 1 5 5
Elongation
onsars - A T

Origin
— s | * *]ID; NI

Bl 1 exot gpb Ml exo gp5 [ PAGE SX8  (a) HL UK SC 56
B DNA, 76 5| ¥ 5% 5 3 b i A Alexad88; (b) T Alexad88
MRS B RS AL 58 14454 0 DNA B JBUR KB, 26 24
257 & exot gpb A AL 1 min JEIIEER, 5 3 4% exo gph
A1 min J5 IS5 F 58 44 5K & exot gpb A A 5 min
JERYEE R, 26 5 NS R exom gpb A b min S5 ) 45 SR

Fig. 1. PAGE assays of exo* gpb and exo gp5. (a) Illustra-
tion of DNA that used in PAGE assays. Alexa488 is labeled
on the 5" overhand of primer DNA. (b) Results of various
condition. The first lane: Original length of the DNA. The

second lane: The synthesis-product of exo™ gp5h with

Excision
e

1 minute. The third lane: The synthesis-product of exo~
gpb with 1 minute. The fourth lane: The synthesis-product
of exo" gp5 with 5 minute. The fifth lane: The synthesis-

product of exo~ gp5 with 5 minute.

3.2 gp5 IMIISHERBIFTILIE

FEE T AN 2(a) FrasBy Y % DNA, @it Fric
1E DNA AN [R] 8% B A9 Cy3 Fil Cyb % #4700 &

DNA R G5 &K MEEL. 2 DNA R G
it T DNA XUk, Cy3 Fl Cyb B 85 2248 i |
HEM AL R RCR FRET FEIL, A1/ DNA
REHLER, FRET g, [Ny FRET HE
BRIKEERN 6 Wi, Bt A A 5T LIk E] 2—3 A
A B

ZHT A TR I B IR Trx 2385 B exo*
gpb 454 DNA, #H1IE K exot gpb FEIEMET 15
KB, BT nt B9 SARBIECE nt A9
¢ 191, ] 2(a) RN 2(b) IR TASIIA Trx [R5} R
HIIGLER ) exot gpb JLFJCIAEE B, 1MIE 2(c)
& 2(d) iTLAE HINA Trx J5 exot gpb 7] LAFT
JF DNA XA THE 5 e, #E 615 FRET TR,
B2 FRET FREH—EKEFHaRAERR. X
IRAT HhZerh BRI T BERAJEE (synthesis proces-
sivity) #EAT4E T, M IE AT LUk IR B R Y
G3 AT e $RBUT A, HAr A -F- K BE (proces-
sivity) = 0.26 + 0.03 (&l 2(g)). HHE3CHR [17] 45
RAEARIN S AFRET = 0.07 294 1 nt, Hknf
DL R BRI AN 2 3.7 MR 52
HI Y AR B e HA KT 8 pN AH 6 Ay
B, MAE 4 pN i G SN 8 A B, 3% AT fE S
KR BT BR 2 3, TovE R B A A B B
. A TAESE— 2P0 FL B el B AT o0 (e
oK FE /T R] ), e 3L B B A AR v B ANTP
(4 pmol/L) W] LAiEF] 8 nt/s (&l 4(d)), iX L
Z UL exot gph At 7B I ) SR SR AR, (H
B LR. AT MR XA LR B R AT
Y, SRR TAHMNIEIER R exo gpb 1E R X}
A HEAT T smFRET 3256, Ml 2(e) FIEl 2(f) AT
PURITE exo gpb MSLEe TR LT3 A [m] R 1 3
%, XU T LR BB RSN B0 Z R
TF3CHR & BT DNA A B e % B e i A7 Rk b
VIR BEG, (H 2 B THB AR AN ) B LT A
), BT LAAT BRI UESE WA ST 0L T 2Bl
FREz A ) 112020 FRATTXT il 2 b Ak e 3R A B
(excision processivity) #17 T 411, ME 2(h)
UG AT LA A A B 1 43 A 2 5 e TR B I,
SR EE R 0.24 + 0.03, #0555 HETE 3.4 nt £
i, X—IE AL T R B S 1A A exo”
gph TERE B AT RREL /M) YIRS . 3l 2 X e 5T
Bnl LA BE, gpb HE B E] 4 nt Z£47 ], exot gpb
SEIF AR AN, 1t T E AN K 2EAZE
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(a) (b) exot gp5+4 pmol/L ANTP (c) (d) exot gp5+Trx+4 pmol/L ANTP
Trx
0.8 WWWW%W 0.8}
= =
exo™ gpb m exo™ gpb m
/~ =
0.4 B o4l
i , , o , ,
5 10 10 15 20
(e) () exo- gp5+Trx+4 pmol/L ANTP (2) exot gp5+Trx (h) exot gp5+Trx
Trx
o J 0.4}
0.8 a (Processivity) a (Processivity)
B 5 E .g =0.26+0.03 é =0.24+£0.03
exo~ gp E o :‘é E ozl
. & =
MAUMN\J\) o . Jid 0

0 | |
5 10 0.25 0.50 —0.25 —0.50

Time/s Synthesis processivity (FRET) Excision processivity (FRET)

Kl 2 T7 DNA A gps AWrE G5B MM (a), (b) WA 45 A0l B B+ Trx B 23R & B 015 4% B 4 DNA XU (), (d)
i B PR F Trx B 38 A Tl AR 05 38 4% 40 DNA, (H 2SR (o), (f) AMIITE MR ARG 1 gpd A S FIMIT; (g) exot gpb + Trx SLI6
A K B P G TR, L3 A Tl JE PR e 8L (h) exot gpb + Trx SE8 P AMIIR A G T IET, A0 il L R e PR 2K

Fig. 2. T7 DNA polymerase gpb repeats in synthesis-excision cycle: (a), (b) exo™ gp5 cannot have displacement synthesis without
co-factor Trx; (c), (d) gpb with Trx repeats in synthesis-excision cycle; (e), (f) exo™ gp5 attain full-length displacement synthesis

without excision; (g) histogram of synthesis processivity from assay of exo* gp5 + Trx, the distribution is well fit by an exponential;

(h) histogram of excision processivity from assay of exo* gp5+ Trx, the distribution is well fit by an exponential.

RA M A T 5 B H-SMTREA FhJCE FLE
M HEATHE B4 A SOl R LA RN R AR S
KAWL — BaE R, HUREA T AMIIEE,
R B R B SRR, SR HIY
BRI,

3.3 SXEFAR gps EERIKERR
HHE ARG BN 6E RS VI BRES R Y
AR, 1 exot gpb R J1 43 Z— MR {6 A 45
BRI IR P2 B i B B A AN 2 R
DR BN, LT AL R AN R EE exot gpb
FEEE e PR A SRR, 55 et
TR AP Bl 1) 2 TH WU AR K R . o T U B2 ) el AR
T exot gpb MR, FATTE L E 3(a) Fr7s 4K
ik JIER A TE SIXTIMII R KK T )45 1 SR B
SRt — B Al 5 BUE DNA S X 5 B4 )
DNA jifi in 5k 77, iXA4~5K 1 K#ETE 5—6 pN ZE 47,
M AR A 8 120 AFRET = 0.11 4 1 nt, Wk
XoF SEYOHE AT HE— 20 P R AT S R I 5K
gl DNA b5, A B 6E & 6K RS K
55K & B e TR ECE WY 43 A1 (] 3(c) FIIE 3(d)),
2t RS, AT B R A 4 = F) 9 nt/s
(I 3(b) A&l 4(d)), TAMIRFHEEAE R 2.9 nt,

ELAS TN 7 B A% RS AR /DN, 3 T R A D) R AR
KT, HB—ERA K EAE AT
4.9 nt, AR T, (HREXFAR K AR TG L
SEAREE L, XYL T1E 6 pN BIAN I, gpb
ATHER TC 1 T IR K HE T (R 52

34 MRBEHREHETRTRANENRE
heEgx B A ik B IR I

FATZ AT TAE R BLBAAIMA gpd fif i o B
JEARE Y 16 T AN A exot gpb b TGk 8 Axhik
B N TR AR EE B A E B, exot gpb,
Trx Fl gpd DL K dATTP B AARSMEE 4 J5 A 2
N (] 4(a)), Bk E 4(b) Fros il £k n] & P ek
B AR T HAL B MR B, R 4(d)
AL, B HRRY R (14 nt/s) PT84 S Y
HRE (8 nt/s), MIMA gpd J5 e RIFRSHUER S
A FER (B 4(c)). XU T A BT T U4
J&, B ERERE RS TR KR T, RATEET LIRisist
BTSN, XA AL A, e
BHAY 3 A BEAS TSI, 1005 A S Bh A e T XL
B, o EA R, SN T RA B AR B
BARKA By 2324 eI gp4 J5 A F-HEAM]
XA TG BSCRHETT REREAR TR L.
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exot gp5+Trx+4 pmol/L ANTP
(a) (b)

0.8

!
|

Tension 0.4
W
YAUOUANY ) )
5 10 15

Time/s

exot gp5+Trx exot gp5+Trx

0.4 0.4
(c) (d)

(Processivity)
=0.54+0.04

(Processivity)
=0.32+£0.03

0.2 0.2

Fraction
Fraction

0
0.2 0.4 0.6 0.8 —0.25 —0.50 —-0.75

Synthesis processivity (FRET) Excision processivity (FRET)

K3 T7 DNA RG M gpd SMIBY R K RIB KRS (a) PRI 188 R B (b) A0oK K T 8% S B0 Y LRI 285 (c) exot gpb +
Trx 7E5Z J1J5 & A BE R Ge i T B, FLa A 2 2 e F5 55 (d) exot gpb + Trx % J R SN BE M GE BT, 40 A il JE 2 e 15 4K

Fig. 3. DNA regression pressure induced exonuclease activity: (a) Illustration of nanotensionior; (b) typical trace from assay of nan-
otensionior; (c) histogram of synthesis processivity from assay of exo' gp5 + Trx with tension, the distribution is well fit by an ex-
ponential; (d) histogram of excision processivity from assay of exo* gp5 + Trx with tension, the distribution is well fit by an expo-

nential.

exot gp5+4+Trx+gp4+4 pmol/L ANTP
4100 pmol/L dTTP

@ o )

0.8
exot gpb ® E
~
=

04r

NAUAULANY
5 10
Time/s
1.0
(c) ~ 16f ()

I“.’
5
= 2
~
% 0.5 3

g & sp
B-‘ 0
b7
9
<
+
3]
>
n

0 ! L 0
0 025 050  0.75 0pN  6pN  +gpd

Synthesis processivity (FRET)

El 4 T7 DNA fif hEREH B R &M e IRiB KK T (a) gpd, exot gpb Ml Trx 3 [F 4% B iy 8 B, (b) gp4, exot gp5 Al Trx H:[A]
Bl B AT MR EZR ; (c) exot gpb + Trx + gpd AT LASE 46k B (d) A R B 0 4k 2 3 i

Fig. 4. gp4 decrease DNA regression pressure which facilitate gp5 to attain processive strand-displacement synthesis: (a) Illustra-
tion of displacement by gp4, exot gpb and Trx; (b) typical trace from assay of gp4, exot gpb and Trx; (c) exo™ gp5 + Trx +
gp4 attain processive synthesis; (d) synthesis speed in various condition.
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Fig. 5. Model for gp5 strand displacement activity in various condition: (a) exo™ gpb repeats in synthesis-excision cycle; (b) gp4 fa-

cilitate exot gp5b to attain processive strand-displacement synthesis.

3.5 BEEpEERAILEH
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Abstract

DNA polymerase is essential for DNA replication and repair. As it only performs the 5’-3" polymerization,
there are two kinds of DNA replication. One of them is called strand-displacement synthesis: DNA polymerase
opens the double-strand (ds) DNA to attain the 3'-5'strand (leading strand) and copy this template in a
continuous way, and the other is extension synthesis: DNA polymerase copies the newly separated 5'-3" strand
(lagging strand) in a discontinuous manner. The replication complex of T7 phage is an optimal model to
investigate the mechanism of replication because it is only constituted by 4 terms of protein which are DNA
helicase gp4, DNA polymerase gp5 with co-factor thioredoxin (Trx), and single-strand (ss) DNA-binding protein
gp2.5. The replication complex of T7 encounters both strand-displacement synthesis and extension synthesis.
Previous researches reported that gp5 can have rapid extension synthesis but lacks the ability to attain strand-
displacement synthesis. It also reported that gp4 translocates on ssDNA at a rapid speed but unwinds dsDNA
at a very low speed. However, gp5 and gp4 together can attain rapid and processive strand-displacement
synthesis. Although extensively studied, this mechanism remains unclear. Here in this work, the dynamic of
strand-displacement synthesis by gp5 is investigated with single-molecule Forster (fluorescence) resonance
energy transfer (smFRET). It is found that gp5, without the help of external tension, can open dsDNA but only
attain strand-displacement synthesis about 4 base pairs (bp), because its exonuclease activity excises the
nascent nucleotides. Therefore gp5 repeats in the synthesis-excision cycle which results in the less production of
strand-displacement synthesis. We conduct another control experiment by nano-tensioner, a high precision
smFRET setup which can exert a tension on dsDNA, to change the dsDNA regression pressure on gpb. It is
observed that reduced dsDNA regression pressure can increase the length of strand-displacement synthesis and
reduce the length of excision which indicates that the dsDNA regression pressure can regulate the strand-
displacement synthesis of gp5. The further experiment shows that after gp5 and gp4 are assembled into a
replisome, it can have a processive strand-displacement synthesis and barely any excision presented. The speed
of replisome is a little higher than gp5 alone but much higher than gp4 alone. Additionally, the length of
strand-displacement synthesis by replisome is much longer than gp5 alone. Therefore it is indicated that the gp4
can reduce dsDNA regression pressure to enables gp5 to attain processive strand-displacement synthesis. On the
other hand, the gp5 facilitates gp4 to unwind the dsDNA.

Keywords: T7 DNA polymerase, T7 DNA helicase, fluorescence resonance energy transfer, DNA regression

pressure
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