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RecA 41 I HE S FE95 J— 5% ssDNA Fl
—2%k dsDNA (double-stranded DNA), 3t 3 Z %,
SrE TEE (AfREE) . C & (FLAMEE) F O 55 (W
i), Hh T#E 555 RecA S5 8 TE i 24,
Bl 5 A% 22 2 555 R IR AR EE (OC WUk ) 4T
(PR 2R AR, el C 855 THEFCXT, O HEdk
B LB 1(f) Uros). B AN D REER A
—FE, TSRS 2O Rt il RE 2 R AN R Y
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Al RE SR AR 1 22 B B, Rl BB 252 C B
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FFRICHLAT P BE 23520 RecA #% 8t H 22 1 [A] 48
Rid e AFEE P CHR e R A R0, A
SCRRZ R e Sk

IR, HEscHe i BT B2 x o hmC A H 2 8L
JEIE. RecA #f THERE] B-DNA 19 1.5 5K BT
ATESTRAR Y, iR R EERAR A triplet Z [H] Y
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IR, R, FRIC triplet 125 A9BSR 3L S bR
e triplet H B (B82S AT BE 23 R AR SE . [R] B,
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F) Sy Rk g (8] AARAS i3, FRic = [y
R R S ML AL G s i — 45

AR K BRI T A B bR G A S R AR I
Ji i 20F RecA i3 14 [R) V5 5 41 5 SR AR [R) A 52
WL — RGN A ST e, I W HE D AR iE i
A B bR e 77 3, R SO bR 1 19 5 e [ 2
T A%, T RS S B A B ok EA T AT
W] A BRI /N D FE bR IC 7 O B2 ), 3 2 B0 T
FRET A N FH T [7) 5 5 21 5% 22 e f 5% T6 72 [0kt
B IR, (]S HA S SR e S50 B 2R &

2SI AR KR
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S R R 1 22 I s R A S 4t i AR A
A RecA buffer i3 >4: 70 mmol /L [ Tris-Ac,
pH = 7.4, 100 mmol/L. NaAc, 10 mmol/L f}J
Mg(Ac),. S50 1 F2 %E FH ) RecA & H I T New
England Biolabs (NEB) /A F. % ¥ % b il Fl i
AL S T Sigma 23 &) . A0 LK BT A IS 2k
S P e B DNA B0 B A4 TAY T#% (&
1) B AR AW LU 2 DNA P31, B A 7511
N5 B 3 .
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1 SR BRRER  (a) ssDNA; (b) dsDNA; (c) B SEI S (d) DR LEILHT; (e) FRBE AR S (F) BEACHSLH; Jovh
BOFENTHE O C 8 RO O B B AN RecA HH

Fig. 1. Schematic diagram of the experimental process: (a) ssDNA; (b) dsDNA; (c) single strand binding experiment; (d) double

strand binding experiment; (e) single strand invasion experiment; (f) strand exchange experiment. The black strand is the I-strand,

the blue strand is the C-strand, the red strand is the O-strand, the orange ellipse is the RecA protein.
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IC BEbRiC 1 8575
CCTATGCAGGAGGAAGTTGAGTTAGTGT
CATGGAGTTGGTCG.

IC #EFRiC C 55751
GGATACGTCCTCCTTCAACTCAATCAC.

CI #5bric 15751
TGTTACCACTTACCAACTTTCAACTCAAT
CACACTCCTATGT.

CI #Ehric C HEFH1:
ACAATGGTGAATGGTTGAAAGTTGAGT

CO #bric 1874 (%% C 5 51279 5
#, O BES51ZF IR
AAGAATCTCACTCAGTCTCTAGTACAATT
ACCACTTACCAACTCCTTCAACTCAATCA
CACTCCTATGTCCAAAGCTGCAGAATCTC
GTTACTTACAATGGTCAACTC.

OC #ric THE/74 (%5850 C 55 51%)7 5 5
#h, O #E 5iZJFHIAH [ ):
AAGAATCTCACTCAGTCTCTAGTACAAAT
ACCACTTTCCAACTCCTTCAACTCAATCA
CACTCCTATGTCCAAAGCTGCAGAATCTC
GTTACTTACAATGGTCAACTC.

C XN THETS (%555 C #5179 1
#, O BE51ZIFHIHIR)):
AAGAATCTCACTCAGTCTCTAGTACAATT
ACCACATACCAACTCCTTCAACTCAATCA
CACTCCTATGTCCAAAGCTGCAGAATCTC
GTTACTTACAATGGTCAACTC.

PEAR G 20 A b s R, SR sE
THE . B O4E R CHE . BN OFE, 2RO AN
Cy3 DENFRiE, Lo 5 R Cyb Zthric. AL
H T A g ) DNA ESRVLRLT S, B LUG S
FrEE B AR LA B IZ bR e XTI ] TEE 37 d R 4R
5 NAGRIEAL, 40 C 4% 720 B dEARiCC R C 85 L
5 1HE 3 S P AR S 72 A B3 A C X A e 3 £
B (G CHES THEK B AHRIRS, WA R F C 8 5/
Ui AR I AR T2 AR,

2.2 H4F FRET HH AR

PO TSI BRI AT SEIG 2 1, HERTAEH T5 B
F, IR —AN 7] LAER B4 F 20 i) DN A-ZE 115
AHEAE A PR B Fri i IR | B S A T
J&, H KOH & 5¢ Ak, B APTES &bt

B, )5 4% mPEG:biotin-PEG = 1:100 &
HIGMEE 2 h SEIBHE, PRANA TR LS % S0k [19).

XFEEBE R AT, BOA TR S5 aa Bk Ak
GIC AL, PR 23 BB R T ERE . 7R
Fo— AL B S S INRE &, A8 55—t
ANEHE AT IBORFAE S 5 AR P 201,

2.3 H4HF FRET 3%

7EN& ssDNA /dsDNA ) FRET {&i}, s
FEOEFIZR (streptavidin) #4447 F biotin ) ssDNA/
dsDNA $iiE fE3r RIf, HERREIEE (100 nmol /L
WAL, 1.5 mmol /L i %A L 5§, 56 mmol /L
i BE, 1 mg/mL Trolox, pH = 7.4) Hjll i HA7]
I FRET A, {2 an& 1(a), (b) Pis.

HEEESE B SE LI (b PR S8 4R
RecA B H:45 4 Bk DNA SR EE R R 11 22 W
HEZH L8 246 RecA 455 B 1M K I Jo 4iE {1 22 X B
DNA FR53E BOEEA% 3 1 22): Il ssDNA /dsDNA
454 RecA WM M2 )5 1) FRET 4. S it
HERS R 2K ssDNA /dsDNA S 138 RS,
fIMA RecA buffer +2 pmol/L RecA +5 mmol/L
ATPYS, EEME 15 min, R EEZ, INAK
ARG FRET {8, f R0 1(c), (d) Fix.

BRI (TEAS SRR R 22
PS4 L AMIE GE): 5 ssDNA T A A A% 35 1 24
55 A E5E VS AR R FRET . 7 T84S &
RecA ¥ IR B 225 INA AN, 5 iU 1 I 7
IMABRE R G WEL FRET 8, WA 1(e) iR,

HETHL SIS M ssDNA A 24 5
RN 5 o8 B BE 28 e ok B2 TP FRET 28 4k, R 7E
L EIE U 222 )5, BRI OC BUEE FIBR A &
SIFUEE FRET 224k, W&l 1(f) Pos.

VL RFA SEAE R 2 2 5 20 R
HBLTIN 5 mmol /L ATPYS PAB I RecA fift 5.

3 HRER
3.1 WHAIRICHISER R

TE RecA A1 [F) 5 5 4 B sC i R b e
IR THE . C £ O BELEAZ R F 220 43550 X 1 2
PR G AS Ak 1 8E IR 245 G 7E RecA IR 1 47
B, BERC IR AT SR EEAAE; O 85545 5 7E RecA
M 2 1 5, 7E45 4 RecA J b, ghm K &
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A% B-DNA 19 1.5 £, Bie 24K, 24 ATPYS
TETERT, BEACIRSE UG O BEAREL, H555 2 75
25 A ] 27855 Y 1 C 85 B AR R 5 RecA T
4 A, 02 O sk hifhet, Bhphifh, NS
O 5 HAMICXT AR A 5 18% B AMICK, HARR A4
oA HE L AR B2, GRS e )t R A C 4
AEFEEMHEAL R BT F FRET #
ARIEE RecA I T B 28 it BB 28 /DA — A
YA FARMCTE C#E I, (B —ABE B TR
e INElEs-A1E

TE TEERN C BERRICHY, A SO Se U XU 4
L% 1) S G R 7 X P AR BT BB AR E T T SR o7
BH, PEAHEAC i 28I T 55T C #E8% RecA
L HRO X, BT LA E A2 RecA £41%8 1C WEE
BUBEACH A, SR B ANl 1(d) s, XF
XU LS B0 A 10, PR Ui dsDNA J2 A5 T B
B2, R, AR S T 1C S5 BCR E A —
BOAAT A THEFEME R 0 (15 nt), DhRRPEAR I
FE A RecA PSR U FERE. BEBRBETE AR IR T
AT LA B TIE R 1 22 i Be R e B P AR s o 78
(EE R 14, 7 —4< B AMiE & C 8. 4 RecA H
REAESRBETT o A%, TE A B 1 22, SR 5 JE {31 XL
H, BT AR R PR e T EZE A 7 0] RecA HAEM
LEEM 3 S PR SE, M) 5/ v a4, Jr L&
Kl 2(a), (b) Fr7s WIS T7 n]. AUE B 5825 e 48
AT THE 37 I BEEARIC, SR 5 44 AE i 2] 55
— AR E

ARSI T PR FRIC: — AR C BEARICAERT
Ui (MR 42 )7 18)) 19 CTBEARIC, WK 2(a) FER;
T A VEEbRiCE AT s Y 1C #EbRic, &l 2(b)
fiR, Hpmic Oy s At pR i 29, HZGS FRET
(B 53 AR FEBRBU AT AR L B RE M, 1 X 4 5 A
A 5 1 I i o R IC N SR BAE FRET {1948
fb . X T FRET HAEMLZE R A6 T
Z IR RS AR B, T LUG s thric & B 15
THT 1) WU 8 43 20k 252 TV A% B 1 22 02 To T AR BAE
FRET {H 97284k F 1. 24 DNA #% RecA L8 k&
HEEEAS R I, 2378 L B-DNA K 1.5 4%, Kk
PRI T 2Z R EE B &K, (KRB FRET
EIIES AR, ISEEEE ok A, 1C FEbRic 78 i
KB P12 28 0 EL A S A T CT BEbric, B T4
MIFRIC R RZI /N C BEbRiC. MWTIRE UL, 7E410E
I RecA 23454 RecBCD 2575 A A Hi st (i b MoK

Ui, I LA S5 DNAVEN TEEIE UL 22, T RecA
) RN RE eI S8 U S, Pt DAXS T 4% L A sl
SRS R, T C #EE N EAME, RecA /1%
HEAZ A AR T EAR A LRI, AR PR S
FEREBIURE, MHOEARIC AT RETE —E R b SN ik
VLRC; MZEHY B, 155 S RecA BUSS S IKEE R4
SRR T, 1T C 88455 RecA KEE 1551
TERELHMT ), X R 52 B9 UhRC
M) R4 25 b A SCHEDY C 8 pRic fs2me K T 145k
Fric.

B2 T T BRI A 40 0 3 R vh 45 40—
B, I HAEEESZ R ), RIVF 31 HEX 25
LXK MAIRS I C 8 1Y B B #0551 XU
DNA W 2% B 2 [a] Y Tl BE Y. PR, AABRS |
PF, THER C 8ERYARIC AT RETCIE IX 73 BE S 4 1 B4
bR, B LUUCR AR AT s 5 i R o H R AN HL I
I THEERRICHY. (H T EERRIC R /N S5 E X A SC
B TEARAT T LAY, RO TE XS SE | S #5555
LS RIS I AR I R, Mg n] LFVES IR
SR HABBED ChRIC A .

O BEFN C BEME Ay [7) 5 Fi 20 B A2 i e v A6
Mk, TEBEAC#ead fe b o B AL EOR, A H] T 55y
F FRET SCH0AYUE, SR 84 B Qi A fr
P, A SCiseit TAI GRS 8, 78 O BEA C #EHY
L o bRic— o061, O BEFRCERTRIFR
N OC HEbRiC, RZWFRHy CO H#EFRIC, it
WNIE 2(c) Fras. B9, AL 2(d) Birzs B BE A4 S
7R ] AR B —A~ 0GR IR R S B, 1
R WU DNA MR A2 RN 1 2Rk
£ T PIFE (protein induced fluorescence enhance-
ment) SV, XAFFHEII RIS F T, HE FRET
{H (0.8) JFBeA Bl RS, XTI ERAFF 5K, T
PIFE ZHEILHE H A2 B, Fr DIAS SCHED X 2 75¢
JEor T NIE AL 22 0m) %), S8 )5, FRET {63
AF) T — XA (0.45), XA DUEEG L,
2[R IR HE X R AR, X B L B IXL R, 48
R R IR HEA R T AW BT Bk iy AEER
SERZS, BN OC SEbRIC Y RE S A S R e IR
A&, X O R X ARRR RS T RER A T4
TIFHIENEZ IR, CHERFEN S O #E B AT
XA g 5 T 4E HAMECRT, 2R R ECN Y O HEAS
REZERF LT RecA 5% 2 25 AL ITRE R, T LA
REE FRET R AR, ABIE, A0k
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(a) Cl-strands labeled Direction (b) IC-strands labeled Direction

<« <«
12 bp 12 bp
I 3 1 3
C 5 C 5
| 15 bp | 15 bp
40th 28th 40 40th 28th
Initial Initial
—— Binding —— Binding
el ' el
o} o}
= X
3 3
£ £
- -
o o
4 Z.
0 0.2 0.4 0.6 0.8 1.0 0 0.2 0.4 0.6 0.8 1.0
FRET FRET
(c) OC-strands labeled Direction (d) o [—cCy3 Cy5 —— Total
|
C l 5 g 8 WA L N A | V|
2 \ !
=5 AN
o 3 = W WL\/V\NJW VW
9 bp 80 82 84 86 88
Time/s
CO-strands labeled 1.2
=0
| g 0.8
C 5 m 04
o 3 0 _PIFE '
| 80 82 84 86 88
81st 72nd Time/s

K2 fERr PSR (a) BJ7ON CLEEARICAL B 7R BIRT (P (8 m0h Cy3, L6500 Cyb, FRICIF 515 Jo X B 1HE 37 S e Ih 19
LA E), TN CLEERRIC M A FRET (S8 (K (4, Nowwe = 724) FIXLEESESE FRET 403K (35 (4, Nowwe = 1360), #i
K FR R GELE R TT 15 (b) 75 0 IC BEARiC AL B R B, T J7 8 IC AR IC I #) &5 FRET E 481 E (K, Ny = 516) FIXUEE
2% FRET M43 El (M €, Nowve = 2546); (c) OC HEbRiE (1) R CO HEFR I (T) m B, 87 Kk Ron 383 09 7 1] (d) OC #dr
IO B B R g S W 2, P 2Lk Oy sk, @40 Cy3 LR, BEALh BOoLM, A4 N FRET (H

Fig. 2. Strand specificity experiment. (a) Schematic diagram of CI labeling positions at the top (where the green dot is Cy3 and the
red dot is Cy5, and the labeled sequence number is the base position corresponding to the 3 end of the I-strand), and the statistic-
al diagram of initial state FRET value of Cl-strands labeling (gray, N, = 724) and statistical diagram of double strand binding
FRET value (blue, N, = 1360) at the bottom, the arrow indicating double strand binding direction. (b) Schematic diagram of
IC-strands labeling position at the top, and the statistical diagram of initial state FRET value of IC-strands labeling (gray, N.ye =
516) and statistical diagram of double strand binding FRET value (blue, N = 2546) at the bottom. (c¢) Schematic diagram of
OC-strands labeling (top) and CO-strands labeling (bottom), where the arrow shows the strand exchange direction. (d) A typical
strand-exchange reaction trace labeled with OC strands, where the red line represents the light intensity of Cy5, the green line rep-
resents the light intensity of Cy3, the black line represents the total light intensity, and the blue line represents the FRET value.

WAE CO BEPRIC RS S H0 T, 4 R B S b
2 A o i A AERR RS, X B O HE AN
C H#ERIFRIC, 1E58 AL 2 SR Rt AARFRE /Y
R, KRR AR T3 2 B R AT, B in
RAHIIE RecA I 3 B HE S et 72, 04 & 78
O B FFATARICHIIT R,

H & 2(a), (b) H1 IC ARic Lt CL ARic Ay = Y
XUEESELSE LU ] 1 T EE RS2 /N T C 65 [FI,
K 2(d) B ROBTZ AT HIGIA O HEMIbRIC 2 HE2E
B A5 AR, AR TG 25 Bk, H

FRET #F5¢ RecA Jr- S HESCHT, O BERIbRIC 2
FEAMREIRE, R, HYUe C 6, R
/NEOJE TEE. (H T HERbRICTE SRS Had R P L IX
IrHEIZS AR, BT IASSCHERAE C B LRI,

3.2 FRICHMIREIRE

BR TARICHEI R 22 200, ARSGEH 5 T hR
IR Y 73 — YRR MR BURE. 2
RecA 2455 3 MIIEIE M —1> triplet, B IRHEA
B 22 hi 3] T B-DNA (1) 1.5 £, (H2Hifh
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RO B AR TPAE triplets Z [8), 1 triplet PNFBAY
3 AN HE Z TS SR PR 2L B-DNA (19 1] i 24,
XFERZ5 R AT AT B RecA W% & H 23517 751
Eb X RN 58 S 28 e, (HL[R) Bt (45 triplet HP RS B
RO PAE TS, BIZEAZLL 3 bp H—1
A BT, BIIETE triplet PNHRAN triplet S ZkHH A
EHAFRBE.

N T IRFEAFERRIC A B R AR, A SCE#E
THE triplet PN#HRFITE triplet #1Z% /triplet 2 [B]
rtmic, dnicr BB 3 fras, Horg s oy
RecA HH45H 3 MRAIE AL triplet AUALE. AT
FURAIFRIC AN 1] 73 AR IC (base labeling)
I 28F5RiE (backbone labeling) ! B2 (4] 3(b)).
ARSI PR E A AR C 7 S I e
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)
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(d) Between triplets Initial (e) In triplet Initial
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=TTrrIr e =TT e
C mlllolll g | nl\ C mlalgllll E
o o
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aTe :
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(f) Between triplets Initial (g) In triplet Initial
3 } Invasion g Invasion
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Label on the base T T T T Label on the base 1 T T T
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FRET FRET

K3 ARICALE SEIC TR (o) CIEEPRICAL BRI (P& 6 50 Cy3, 206 8N Cy5, RI0F 515 8 X B 16k 37
Ui AR A IR B ); (b) BRFERRIC Cy3 4 F A (o) ‘BARIE Cy3 43 F &), (d) triplets Z [ 445id, LA B-DNA (K
£, Norve = 895) HLEE AR (AL, Noyyo = 1017) BUEEZEZE (FR I, Noyve = 2392) SEIG LS FRET HEE 1A (e) triplet PNFEHE 2L
Fric, LA K H B-DNA(JK 5, Ny = 694). FEE AR (L1160, Noypve = 2238) BUEESLE (K, Nawve = 3543) LI A FRET (H4 1
& () triplets 31 2 58 FE 470, BL K& H B-DNA(K 5, Noyve = 895). B5E AR (L1 {4, Nowwe = 2797) WUHE 28 (R, Nowvo =
2339) SIS FRET {45118 () triplet 78] F:FR 10 HY B-DNA(K (A, Nove = 935). FLEE AR (Z100, Noypwo = 2341), XUEEE
2% (W, Nawe = 2346) FRET {451, (d), (e), (f), (g) ZEMIAREIE A (a) F7HEAL AY 3B HOK K

Fig. 3. Comparison experiments of labeling positions and labeling methods: (a) Schematic diagram of Cl-strand labeling positions
(where the green dot is Cy3 and the red dot is Cyb, and the labeled sequence number is the base position corresponding to the 3’
end of the I-strand); (b) molecular structural formula of base labeled Cy3?%; (¢) molecular structural formula of backbone labeled
Cy3P; (d) statistical diagram of initial state FRET value of the B-DNA with backbone labeling between triplets (gray, Nyywe =
895), final state FRET value of single strand invasion (red, N, . = 1017) and double strand binding (light blue, N . = 2392);
(e) statistical diagram of initial state FRET value of the B-DNA with backbone labeling in triplets (gray, N, = 694), final state
FRET value of single strand invasion (red, Ny, = 2238) and double strand binding (light blue, N, = 3543); (f) statistical dia-
gram of initial state FRET value of the B-DNA with base labeling between triplets (gray, Neyye = 895), final state FRET value of
single strand invasion (red, N, . = 2797) and double strand binding (light blue, N, = 2339); (g) statistical diagram of initial
state FRET value of the B-DNA with base labeling in triplets (gray, N . = 935), final state FRET value of single strand invasion
(red, Ny = 2341) and double strand binding (light blue, Ny = 2346); the left-side diagrams of (d), (e), (f), and (g) are en-
larged views of the area marked in the box in (a).
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BRI AR ICTE 4 D22 2 A AE
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I A0 Bl 5K 174 S T R ) M RRUAR 7 7B 28 i
WIYE DNA ‘B3 2[4 A 965+, FIRET R 4%
1Y Jr ER L g AR B A BE P S ). 7 triplet INHRIR
BRI I I 50 T, Qi 3(e), () Fizn, ATLA
FEIEERC (K 3(e)) BYSAEE AR FIRUEESE S5 1Y
235 FRET {HA & H i i 70 A, A0 bR id 41
(I 3(g)) WAZS FRET [ & N4 59431 .
XFFAE triplets 1 bRiCIPIAL (K] 3(d), (f) AR
PRI LSS, (HE 2RISR I = (3] 9 22 55 9F
AR, AR EEA A, R — 2 Thhe.
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FRET FRET
4 CHEXARICEE  (a) fRicfr BRI (&g @ik Cy3, L0658 Cyb, FRic P45 Xt i THE 37 5 16 19 Bk 3 007 )

(b) CHE BRI K E (), H B-DNA(JR, Nypve = 674), HEE AR (L0, Noypee = 987) WHESHLE (FRTE ., N.yve = 3606)
FRET {H e 3 & (1) Rk e 4 (R 5 6, Nee = 684)FRET S ITHE (F7); (¢) C B BUARICI KB (75), H B-DNA(K 4,
Norvo = 974) L BEEAMR (L0, N,poe = 1495)  SEEEZE (5 {0, Ny = 1618) FRET {HZ T (h) 855840 (FRIE @, Noypwe = 597)
FRET 41Tl (£1)

Fig. 4. C-strand double labeling experiment. (a) Schematic diagram of labeling position (where the green dot is Cy3 and the red dot

is Cyb, and the labeled sequence number is the base position corresponding to the 3’ end of the I-strand). (b) Enlarged view of the
C-strand backbone double labeling (left). Statistical diagram of its initial state FRET value of the B-DNA (gray, Neyve = 674),
final state FRET value of single strand invasion (red, Ny = 987), and double strand binding (light blue, N, . = 3606) (middle).
Strand exchange (deep blue, Ny = 684) FRET (right). (c) Enlarged view of the double C-strand base labeling (left). Statistical
diagram of its initial state FRET value of the B-DNA (gray, Nyuv. = 974), final state FRET value of single strand invasion(red,
Neyve = 1495), double strand binding (light blue, Ny = 1618) (middle). And strand exchange(deep blue, N ... = 597) FRET

(right).
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3.3 EIEHERFRIEAR

e T 1, C, O BEMIINBLE, AT A
C B A HEATARIC, [FI bR iC 7 B0 24 R e
triplet . Dy TR AT RERRIR SO LR ICHI R,
Ja ] PR T 5 A PR, 2052 C BERREE AL
FRCH C BERZBRIC, HAFRICTE triplet K.
W 4 FroR, B XS SE | R AR DL K g
AR IR AR LRI, B e A% H 2219
RIS ALY NI, C BRI SR IC R4 R AT
JEMLE R T C HEE 2R AR IC Y. 3 al R T
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T THFE 98 EARIORT DNA FRiC AL J5 5B 45 ¥ 1 5%
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FERRICA B BYIEEE T, RecA &45G 3 Mkt
JE R triplet, AR 1 22 A RERZ LA 3 bp Ky
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IR BT, SR e C #E
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B A TARIC AL B Y [R]FR AR K BEE 3 bp HYREAL
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AT X 3, 7T DL R m RO,

2 |, I F FRET % RWFFE RecA 4t
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Abstract

Homologous recombination is a central mechanism for maintaining genome stability and biodiversity.
RecA, as the first discovered homologous recombinase, plays a crucial role in homologous recombination strand
exchange. In recent years, with the development of structural biology, significant breakthroughs have been
made in understanding the static structure of the RecA nucleoprotein filament. However, research on the kinetic
process of homologous recombination strand exchange mediated by RecA continues to encounter significant
challenges. Research into the dynamic process has been ongoing for decades. In recent years, the use of single-
molecule techniques has resulted in significant breakthroughs in this field. Among these techniques, single-
molecule fluorescence resonance energy transfer (FRET) technology is widely used due to its ultra-high
temporal and spatial resolution, making it well suitable for studying RecA-mediated homologous recombination
strand exchange. However, the fluorescent labels required for FRET experiments may affect the RecA-mediated
strand exchange process, which is often overlooked by researchers. Most of related articles focus on the effect of
fluorescent labels on local structure. This paper primarily examines the effect of DNA fluorescent labeling on
protein function, focusing on its effects on strand exchange from two perspectives: strand specificity and
conformational sensitivity of the fluorescent labeling. Using experiments such as double-strand binding, single-
strand invasion, and strand exchange, we develop a labeling scheme with the minimal effect—9 bp spaced
C-strand double-base labeling in triplet— that can effectively improve the efficiency of studying the homologous
recombination process. This result enhances the understanding of the effect of fluorescent labeling, allowing
researchers to rapidly optimize the position and method of fluorescent labeling, and reduce its negative effects
on the strand exchange process. Moreover, it provides some inspirations for other fluorescent labeling

experiments.
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