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1) (B RFE BRI AL, LR AR [ K 20 5, BB 53, JE5 100090)

2) (Department of Physics, Emory University, Atlanta GA 30322, USA)

(2016 4F 7 A 22 HYEI; 2016 £ 8 A 12 HILBIE R )

(95 B3R ) 5 e A2 4 o o [ 90 2 ATk 1) B A 7T U5 1] Reec A B A Dy S 21 I 5 R 1) B 2l L T
—HAZHIL. M smFRET PR AR GERASE S8R BoR, AT RV E AL R 1 2 T LA T BIRAN
TR, SR, SX LR TE I [F N AR BUR AR S RS R 7R ASSCHR AR GERE B 45 & DNA KR G5 T
FUI7 %, I LRI B I RecA S 3 (1 [RIVE B AL RN BR B 12 A L . A AR SES6 T 58, FRATT S
MEFI LA 1) RecA N SRR B H-F Bl E 5 A 4R — 2, (HIFIESIE, 12 L& Br A pk 3R 1T,
2) FLIE MR RecA B “ 4 & L i S B HGE M Zh S AR IR, MR 25 45 oA SHCE Bt MK
454718 3.0 pN, 5IeEREE SRS & I EURARTT; 3) BEls X 7 BEASH I 7 [r P WL 58 %A [R5 e ik
ATBESS ) SO NS . AR 1 — AN AT AR IBURS S A & v Bl ) S2 36 07 1%, JF PA RecA 8 HOA B Bt 5256

WOAIE T H TSN, WABRAS & DNA R IREEK 17575 R4 1 T 0T Rec A BlCH At [R5 20 82 (B T ARMLEL A7 .
DRI, A S TARAT 2B O 500 5 A W2 U 7 RIS A R ) — A L ETA.

KgEiA): [FAYHE A, RecA, MiEL, DNA KK
PACS: 87.80.Nj, 82.37.Rs, 87.50.wf, 87.15.H—

1 5 7

[F) R 2 FEAE DNA B ig 55 = A it 2
FEPESETT T B A R X, A ar s Dt e — 4
HEE AT, AR A B S S, AR
VIR A DNA W7 245477 1 15 BL I A1 K AR, f ™
HIG LT 2K E DNA XU B 8¢, iIX A 2 3 F0s
AR, W EEFEAMMAT. X DNA
P AT B R EERE L — 2 FPEEA . PIK
J¥ FF TR R ) EE ZH S Rec A A3 4 1 [R] 9 40 9 91,
FEXEEWT IS, RecBCD 2 ££ XUHE K 22 1) dik 11 4b fige
TE—BUF A 3 3 5 Hh R SR R o, FRBE A &
[ (single-stranded DNA-binding protein, SSB) %
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P PSR B PR X 300 L DNA (single-stranded
DNA, ssDNA) #E47 {3 231, 75 [F] Y5 8 41 & A A1,
RecA T H & B4 SSB, MM EHL & 3 ML H
R (T 045 & 76 ssDNA BB i B A 22 -9, 32
H, % H 22 HbrAEE DNA (double-stranded
DNA, dsDNA) b3 [EWE 741, 78 [R50 X 8
ol A A A Aok HEAT R U BE 2 A) ) S e, I B
B8R & ® T G, ARSI SR, H
RuvABC BT =HE 158 X, 58 A DNA fIf2 5 12,
b 7122 DNA i), [FV5 B 4 E 2 7= A AL 2k
MR B R AR, LR A R AR g vy T R R R AR
D] Sy AR of A i 447 A2 0 5 R £E 22 B80S 0L T 2 AN
IR, SR R RAR AT B, K AR M S 30 A A
BAEAE SRR, e s b, a5 P )
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FHEAEH — BEAERAE XU 72 AR AR Ak, [RIYR B 2 2
P2 A A 22 R PR A AR A A 1S DUAS BT . 22 A8 11
WBE, et E BRI S L.

RecAfENFENEEH SR REED, —HZ
BT AW AR — AN FE AT P12 van der
Heijden 2 U] i) F Jie % Wi 55 )5 1%, ¥ DNA QU1
% OB IR RS J5 NN A% B B 22 10 7 V0t 7 1R R
BRIy R, W& B EA R EIEHE T, &%
B H 22 /£ DNA XUBE FEECH (I % 9 2—6 nt/s.
de Vlaminck %5 U F| FHOGER 5 WS 45 & 10 5 1%, Il
& 3l RecA 8 456 £ (second DNA-binding
site, SBS) 55 HLEE 2 [A] (1 45 & 714159 2.9 pN; Ra-
gunathan 25 71 il smFRET A, 3 i 75 W% e A%
\H2Z Bl s £, KW T EAZ2S5 B
DNA ¥ U5 45 & 3047 [F) U8 bE XS i), 2SR A7 AE — A
< 14 bp MFEVEF . Lee 2 PRI TREA, 18
T Tk 22 5 EORNEE 22 TR) ) A I TR Ok
WFNR EHAEY R R A — DN RE R R
JC, M A2 5 AMER S S 3 ot EACHK B e
~ 0.28kpT. BT UL EJ7E, X RVEE A1) 8) )5
MR IR, 28010, smFRET £0R H g
R0 3—8 nm T B (1148 4k 001 i 4% G w6 % i
SRR ) 77 12 SUAS B A2 [ U 2 20 0 R 4 K R i)
SRR R, AR, [RIVR E 2SR R R
J7 HA B 5 O B E AN XS, BRI, 0 [ R B
HIATIRNT I, BE— P LE 5 R0 2 U
SANAR L RS TG WS L ART PN
N Bl % v 2 R R ) R

TRk, BROR M 2 [ N 23 QTR TAEY)
ORI, HH S T7 15 AR AN Wy 1 6187 .
TSR R, Xou 25 U] ) B8 B R T
FLDNA WM BUR I T pH B A RL 7 [F B X i-motif
DNA S50 8 e = AR s2 i 1% S 06 45 AT A
5T i-motif DNA 4K 8 AF 1) srH 4 it 1 = %
fik4f; Zhu A0 Li 7R GBS 9T DNA 437 f) £
I\, P — TR 773, AT LU TR ] B
IFABHREE, JF B3RS 790K R0 #12%, H DNA
PRI S5 5 IR E AT A BRI, T3 8
W55 5 4 B IT W 3 37 I B 2 R &6, 38 e F 1
BRLTFIE S RICER R A o 3R 0 ek A2 =
WK B SIRBR AT o SR BRAE e AL AR EL, K455l
Gy FANEREE B T B b, 8 10 SR R G BRAE Ik
e 0 58 BE AR AR 2 55 I 23 1 BT AR, KT 2 I

& T A Wi she s KA SRS /N &R
(5> PR = 2 T 3.2 nm IKF. AR %S
WEBE A5G DNA RIZERI BT, F ATP~S, RecA
5—Br90 nt (154 DNA /£ 37 °C T B 5 3 &
F22, MR ALIENNRBES SR R 7 D kK
90 bp [ [RIVE X 385 & A [R5 2 20 B < 4 S B2 T
B B 45 5 7 RecA I 2E 85 & 07 A1, TR =4
SER, Tt — 52 BB AT LUK e B 4 B AL AT
EHIF, 51 DNA R B B8 4L, % ssDNA
H BB (free join chain, FJC) '] #£ 7 pN
PN, MEA LS FREEERET 1 nt 305
JE = AR AL K FE AR 24 0.82 nm. X [F]— %
LR, A GG 5T TR BT P AL 1 DNA #e BR &
FEASAAN 0.17 nm, A EATTIER1/4. B, A
753 R DATE 3R I &= 9 Bl A R At b RS B s
BRI 3 W2 1T AN BE A Hd #  SBS Ml ssDNA
Z AV EE A 0I5 SR8 5 SRR [13, 14] 45 AT,
UERA 7 Z 5 i aT S, e, AT DIARE S
282 A Wi e 5 490 1) 5 ) P e SIS AS (7] e 82 7 7]
BREAS et 2, A i ot 7 5] U5 B 20 1) 4 1 HL A 42
BT —ANEBIEMTRIE T .

2.1 SCIG/RIE

RecA & KT [R5 2 4 3 A2 1 — %O B
H, 70 T N38 kD. [FYEEAHL T, RecA HHH
45 G 1E ssDNA _FJE BUA T 18 e 45 1) I i 1 22,
B2EE 9 9.6 nm, BEAMERTE N ELE 26 RecA HEH
FLAAR B=0200 AR EARIRAS R, dsDNA XU E 1
BREE N 3.4 nm. PR, #EE 25 Hir dsDNA #
ITFEHIEL XS B, 75 B8 dsDNA FiK & H 51 1.5 1%
A REREAT A RLAL B 10 7 51 Lu Xt 9, J@ it dsDNA Jz
IS HI J5 K B AR A0 AT LA 5T [R] 5 5 41 (19 3 ) 2
2. WP K5, 1 bp I dsDNA K AR &P 358
0.34 x (1.5 — 1) = 0.17 nm, 1% 5t ¥ 5% B £ 0 =
dsDNA K JEARA 32 43 2B 1, Toik I %2 31 4 it
FONEIAR A, ST S O s R AT, FRATT R
T T — PR 45 & DNA R ICEE R ) SE8e 5 %8,
Kl 1 (a) P, I AT A 270 bp KRG
DNA 75 FIERAEFE bR S — N A% 2.8 pm Y
T NG /N TR 22 ), e ok 8 R S5 ot T ) e
DAL it InAE W Bk B 7). ZEH 25 dsDNA
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HiATHT, RERREMIIT B KL ETEES
Il 5 77 R WU 2 () S B 45 6 1, — N
10—15 pN 20221 DU 1 (a) Bras i 57 2] 37 ekt 7
A N 90 nt A% SR A 22 () )5, B
T8 3 (AR R ) 5 0 1 R DX R (55 )
BOx, T AR H AN RO () B Bk (k) W &5
A 7E RecA S F M SBS I, 7557 S35 F F # B #e
BN SBS EHiIF. BEAE S BHEAT, DNA %
B FE R I A ET i, TR i A 55 DNAL R
Ui N5 RecA 2 &5 & X0 EE DNA B 7r. AR 4E
] 1 (b) H 1 ssDNA Fi i i 2%, S MEHFRRAE 7 pN
F1 S FHE K29 0.31 nm, TEKE L0

\9
270 bp y\
N a
il
1
0.6
(b)
g
£ 04l
~
-B;»(
NS
=
o2t
0 L L L L | L L L L
0 10 20

Hit1/pN

K1
AT S AT SN AR R A o 4

KN 0.51 nm. Kk, #2511 bp K
dsDNA KFEALF #4745 0.31 4 0.51 = 0.82 nm. [f]
P (17 3t 2 AT L 00 ) B AR A B Sy A G i B T
W5 A%, ROKHE S 70 &OSL4H 5 1 S i 3R HLRE ).
H 48 van der Heijden B 5t 2H [13] | FH JiE % W 55 45
410 kb K DNA I AL A IS R, EH 2
5 dsDNA MG GG, 28 e g % — 8 1 26 5] 1
HBEAT, FEASRROBER T R S 28 26 bp/s.
AL, 7E LA 100 Hz AT RAER, AT < F 2
W 1 () Fras 0 S i 28, 1% 8 A 22 5 R BUEE
564 R NG, DNA 40 F56 B B AR B (E N
73.8 nm.

8888 pmpin

— M
— R

HMHE /nm

1) /s

(FIRAR) (a) ScB BRI, (b) ssDNA BB R 12k (FIC); (c) 90 nt B FIZ LA 6 nt/s i1

Fig. 1. (color online) Experimental approach: (a) Scheme of the experimental approach; (b) theoret-

ical force-extension curve of ssDNA (FJC); (c) anticipated time-extension curve of strand-exchange

proceeding at 6 nt/s.

2.2 XWHE

221 WARAXZEMDNASTFHFH & HiERE
DNA 43 () il 6 5258 fir H 47 270 bp &K k&

SEH ) DNA 4y F o2 I A T A T (1)

11 ssDNA H O A /R, & 5 B ZH R 1T 5355 T

F 1. Ee¥ HL, H2, Stem1 A Stem?2 25 L 171 VR

4, T95 °CHEE 10 min, 1B K EEREH=

X 458, B 5 K B4 H— B 190 bp ) dsDNA
HEAT ZE K, I H1 Seall A1 Seal2 i 264 3475 11,
T4 DNA RT3 50 5 K 270 bp 1
DNA KR &5, FWHEL 73 1K 750 bp ) dsDNA
Wit T4 DNA 045 g ),

DNA 7> FH#Hz: 2 uL DNA 4F (50 pM) 5
10 uL BN 2.8 um FI#EEK (10 mg/mL) 2218 R
4 10 min, DNA 4 T F 8 — i br 1c 9 A2 9 2 (bi-
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otin), i#id biotin-streptavidin A1 H.AE H 5 i B AH
&, BJG, TERGERR DNA Hin N 60 uL (1 PBS 2%
MBRFEAT RRRE, A IR AA SR R 8 J FE VR S VRN
FE i, DNA 731 53 —Simbric s - (digoxigenin,

DIG), i i DIG-antiDIG AH F{F Fl 5 # i it & TH
. EHZLGEHG, F PBS S0P AR e H ik
I DNA 737 4%, 185 - RESHT IT R R 4514
AL DNA 73 T HERRCR.

1 MR 270 bp KREHH DNA 75 T i 2 & SRR F 51

Table 1. The sequences of oligonucleotides for the construction of DNA molecule with a 270-bp hairpin.

EAS DNA 75 (5 — 3')

H1 PHO/ CTA GCG GTG TGC AGA CAC AAC AGG CAG TCG TGG GGT AGA GTT TCA CCA A

H2 PHO/ GTG CTT GGT GAA ACT CTA CCC CAC GAC TGC CTG TTC AGC CAG CGT AGC CGT AC

Steml TGT GTC TGC ACA CCG CTA GAG CC

Stem2 PHO/ TCG GGT ACG GCT ACG CTG GCT GA
Seall

Seal2

PHO/ GGG AGC ACT ACG TTC GGA CTA GTG TAC TCT GAC TTG AGA CTT TTG TCT CAA GTC

PHO/ AGA GTA CAC TAG TCC GAA CGT AGT GCT CCC GGC ACT GCA

222 #HEHEaL

150 nM RecA % M (New England Biolabs),
5 nM 90 nt % DNAFI1 mM ATP+S (Roche
Diagnostics) 1" RecA & M2 MR H (70 mM Tris-
HCI (pH 7.5), 10 mM MgCls, 5 mM dithiothreitol
(DTT)) 37 °C /K 15 min. Wil &P MR A 2
MikEE 2.5 nM 5, BEARE MBS SR

3 HR51

3.1 BN RecA N S B [EIFEEH i
NESAE H bR DNA 73 T [ H R, ATT# it

IFEREER LR 1T pN SIS 14 pN, 7ER 1N

14 pN ZE 5B, 270 bp I DNA Jk J& &5 ¥ 35 5¢ 4 hr

IF, KN 238.6 nm, WK 2 (a), 5 FIC
ITHAHRMESER -3 MAREAL)E, REHZ
5 DNA K Fe g1ty b1 R X R AR A8 v,
HDNA 7 K EERAE S S AT G I, anf& 2 (b),
BN 74.1 nm, KN TR E 8.4 s. T
Xof At A2 e ith 2 (1 23 A, 49 HH A 4 S 1Y) ST
AN 7.6 nt/s (n = 5), 53CHA [13] i 1E 1735
FETGRH B 2 5, UEB T AR WTF AT . AR, 5
Bl (c) T I S e BE LA ], R R
I SR R LA B e R 40D Uk A SRk AT 1,
K12 (b), BRI KT8 6—30 bp. AN /™
AKX — N [E ) JR A, 7E van der Heijden 25 13 )
SEIG R A B2 10 kb B DNA 201, RGN
BT 500 nm, A& A & BEE S, B A GE
SRS IR BE IR

3601 (a) 14 pN  (b)

P /nm

14 pN

0 2.5 5.0 0 20
Hsf1H] /s

"
180 200 220

ff1a) /s

K2 (MHEM) (a) 270 bp A REEHITE 14 pN fi ) FHFTIF; (b) BEAS e 5N 1 LAY i 2

Fig. 2. (color online) (a) 270 bp hairpin is pulled open by a force of 14 pN; (b) a typical MT trace of strand-exchange.
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N TR R NLAE 5 2 (R IR 2 AT
FEA ), ATBE JE K 3Ok, W 2 (b) B, fE
14 pN 77, DNA 73 TR KR A B, KN
158.8 nm, R4 180 bp K RLEMFT I =4 1K
FEARAL, AR FIC A 545 H i B K E
157.2 nm AHAF. 38k 0E SN ET S 0BG 2 A el A,
MZE A2 )5 KA DNA 71K B B8 A2 i A5
HAFEA LR, AL T %5 van der Heijden
2k 11S)fe P 00 W 5% 7 9 A B LA O e 1 T 4 %
ORI TAESTEY RIEA N 2 S N4

3.2 MEHWHEHESRecAEHE_E4H
NSRS HEEER

RecA T HA M4 G AL L, YT LLEE 5 ss-
DNA M, FYEEMITFE T, RecA 5 — AL
& (primary DNA-binding site, PBS) 5 ssDNA £
BV AR e 45 M A% R 2 PO AR s
ATP BRI ATP~S 1E N Bl A 1kl &% A
22, BT ATP~S tHE/K AR, DRI 2455 58 i e B R AE

(a) RecA

@ SBS
PBS

250

()
200 -

100 |-

Az /nm

50

—50

—100

PP | L S S
0

1) /s

J&, IEL3 (a) AT LAE H, 4 B A 2 BN RecA
R P B T AR I, T 2 45 A A RecA ISR 45
A ML s 3 (b) Bow, SR ER 043
FL T R] AL SR 3 4 B H 55 5 RecA S8 45 G400 R 5
B A ISR, R AR RN IE AT A b
ik 5 SBS Z 8] 12 & 71~ F 4.

T DN R B R S A A AR S T,
5 EER FHREER 0 2 J7 10 A WS B s . A SEIS R4t
H EERETERE S AR TH Y dsDNA 4>+ 5 #E Bk T LA
B BURTERE )5 # kA SL IRV F N g i s g A
F= kB];g;;; B (1)
X, FO/NRZ B RN, (L + R) AHEK,
L Ny dsDNA SERR K, RNWERY-42, (022) R
BRAE 2 77 ) A WIS 3 5 B2 (R 39 5 22

dsDNA ] /7 i At th 28 456 Fl B e i o 4 A6 7
(worm like chain, WLC) [*°:

Fb L 1 1

kT Ly 4 4(1—L/Ly)?’ 2)

96 | (P)

B /nm

24

103 g
102 ¢
101 ¢

100 3

ThER )Y /nm?2 Hz 1
=
o
I
T

Ju
[}
|
o
T

10-3 L s L
0.01 0.1 1 10

3 (WFIRE) (a) W HYeRE (S0 15 SBS & 4 HR T, (b) F B S SBS 8031 AHIT E R, (c) RRTE 2
U7 16l AT SIS B 2% () BABRAE o 7 17 AT RIS S ) Th i
Fig. 3. (color online) (a) Sketch of the displaced strand (green) bound to the SBS; (b) dynamic interaction

between the displaced strand and the SBS; (c) the bead excursion in the « dimension in time; (d) the spectra

of the z-dimensional fluctuations.
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A, F Y dsDNA Fraz4i /), by dsDNA HFE K
FEZ1749 50 nm, L2417 /)T dsDNA B SEBrK e,
Lo N dsDNA 5B K .

i BRI T, X (022) s i ) &
A DATEFR 5 S IR 77 ) SEm . AR SR A 52
HLOWE 7N B R R LR RE R KT RS
B F, Y201 SEIGIE AR RN B R, AR S
RGN F, 41820 Hz, 03 (d). A6
() G A B H e #8523 9 AVT GE680, B4
M R AFE AL 200 Hz, N T BRARTY 5, BATME
FH 100 Hz #4705, 2 KT smFRET FIRAER (29
30 Hz), fE4&m 1 WS 18] 73 #2310 [F] I, B ORAIE T X
7705 PR HERF

SUG 45 4% B BBt 5 SBS R I 4E A S 1
3.0 pN(n = 5), 5 de Vlaminck 25 1] {5 F 5%
SEE OB RS R, 2 IE T A
ST SRS, (AR R I, ARSI T sk
LT 6 RecA 28 45 447 5 5 05 B 5 AH BAE I 3
A I R A S AL, LS 56 R B A ] B
NEFE RecA B (158 45 A A7 AU 45 65 7 10 1 3l

foss HENZ

— :
()
P j -
% ’/;
5 @)
—_— \
E = -
- amm |- -
(a)
™
W
O
) - j_nIO

ff'*'\_“
L4 -
N
2 '-smo... )
L d E}-}

(b)

4 (MTRE) B 37 6] 5" BEAT i K iR b s S 2

FI 221 dsDNA KR L5 P

M /nm

PFKE /nm

Tz REgR A T — AR AAT T .

3.3 XHREIFEEHEEZHA S EMHE

F ATP~S 1 i B PR 7 i) 4 1A% B 3 2 3047
AT 4 1) 77 )R] DA A% BR 1 22 7 ssDNA 1) 37 £
5 J5 e 5 B 3 U7 Akt AT P30l i 4 (a) o
NPT, SRS e 57 1) 3 HEAT I, B RO
DNA 4 F 112 AR TF 4R, DNA 4> T K E S b5
e AC P HEAT T IZ 0 0. E, W SRR 3 T
5 J7 EEAT, Wik 4 (b), %5 22 R Je 4 kb
N1Z, BtiE S AT 2 — A D-loop 4544, H 2
90 nt A% [ 22 48 58 BUEE RS #e J5 , DNA 73 7K
JEA 4 BRI A 73 nm A A7 IR S8 . X
oA [0 11 2 7 B 168 T AfG o 7 5 6t 19 77 T 12

PR AR X 4y 07 ik, FEERC T Al i 3 I A
MGG, R 0 B ARG VLS. T X — ]
AT LI e PAR e 45 46 A [RIJEOCEE I R, BRI 4 (a)
Hh %t B S AR R TE % B 1 42 T 1Y) ssDNA T 41
efguk. 248 N EEVE N RIVEAAR N, BERS 6 T7 )

96 -

-3
]

48

24

BifiE] /s

Isf1H] /s

(a) ZE A 22 H DNA 7074 HAbE A (b) &

Fig. 4. (color online) Two different docking modes of strand-exchange proceeding from 3’ to 5’: (a) Insertion

of the filament starts from the junction of the DNA molecule; (b) insertion of the filament starts form the

middle of the dsDNA hairpin.
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M3 ST AR IR DL, BRI AT BA R S 454 22 1
BEAT, PRI, AN SCELSEIN WA DNA 70 TR E K
B B A R A R AR H . AR G S 08 TT
2, AT Rl A R dsDNA [FJJR X 1) 7 5% 5% 233
AR RSl T DA S B0 i 52 e 07 1) 1 ) 25 031 DA K
ANTE) 73 ] BB A2 4 T R S LR T I 7, DR SRS
BT AR R B S BRI 1 — A R 1) &) 1 v e
W7 TF-B.
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B L HE RS R A G, AT R B E
etk 5 RecA H A 45 &0 S B A M E AR H.
AT, 29 A2 ROUL IV Bl A TR, ARG 1) 22 1) o
HER (<5 nm) RMES M. BRIV, BEL
e P Yy L 5 SCHR [13] S5 RARFT, (HIF RS it
17, M2 LS B s A e il bR, BATIEE R T
RecA HHH 485G A SHCE HBE B S LA
F, I HERAIN & A 22 18] R 45 & 112979 3.0 pN.
e, BATE L SLI8 I W] T A TVEAERE T R U
J3 TP R i BT R AR

£k b, WhBS DNA KL RIARN 4 & I TR AE
SHETBTUR I 625 9 Bl 1 [R] I PRAIE 1 B8 RS E, IR
TF 78 Rec A A At 5 41 BT /v 3 i) DN A 52 21 AL il
St T —MEBAERIILIE TS .
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Abstract

Homologous recombination (HR) is essential for maintaining the genome fidelity and generating genetic diversity.
As a prototypical member of the recombinases, RecA from Escherichia coli has been extensively studied by using single-
molecule FRET (smFRET), magnetic tweezers, optical tweezers, etc. However, these methods cannot meet the needs of
wide-ranged observations nor high spatial resolution at the same time. For sequence comparison, the average base-to-
base distance of the homologous dsDNA will be stretched from 0.34 nm to 0.51 nm. The increment for per base pair
is 0.17 nm, which is far beyond the spatial resolution of magnetic tweezers so that it cannot be directly measured. As
a high-resolution technique, the smFRET enables us to observe more details of reactions. However, its valid measuring
distance is 3-8 nm, which limits the observation range. Here, we propose an approach by combining magnetic tweezers
with DNA hairpin, which may solve the problem effectively in the study of HR. In this paper, one end of the DNA
molecule with a 270 bp hairpin is immobilized onto the surface of the flow cell, while a magnetic bead is attached to the
other end. An external magnetic force is applied to the magnetic bead by placing a permanent magnet above the flow
cell. The first 90 bp (from the junction of the hairpin) of the hairpin is homologous to the ssDNA within the ssDNA-RecA
filament. Thus, the filament searches for homology along the hairpin, and incorporates into the homologous segment
for strand exchange. After that, the displaced strand can be opened by pulling at a force of ~7 pN, and each opened
base pair results in a 0.82 nm increase in DNA extension. By using this approach, we show that 1) RecA-mediated
strand exchange proceeds in a stepwise manner and the average speed is ~7.6 nt/s, which is in accordance with previous
result; 2) the dynamic interaction between the second DNA-binding site (SBS) and the displaced strand can be observed
in real-time, and the binding force is calculated accurately through the z-dimensional fluctuations; 3) the processes
of strand-exchange in different directions can be observed, and the directions are distinguishable through the reaction
patterns. The results suggest that the combination of magnetic tweezers with DNA hairpin is a potential approach to
the study of RecA or other recombinases. Therefore, our design can be an important single-molecule approach to the

research of HR mechanism.
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