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man T 19824F B Mk B 1, 3@ 1 RS A T I
B, KEERFEEDNAR] LS iR K p 77 K2k,
UK. Seeman ) AR AR R T AN B 2 4
KRR T, S, T DNAR SRR 24
SRR R T E SR, DNAHTACIUR/A 5 T %3 Kk
B 20004F, YurkeZEHRH T —Fi i R A “toeholdif
PRSI [N, TEDNARUEE I — 3, (R — e K
FE 1y Bt 45 45 7 15 (toehol iy, BN IE A, T
HAMNE AT L Stoeholdii 45 A, Ji 814 SR B, H4 I
AREEE WO R T ok, SR TR B, AATTATRL
Fay 5 B P A2 2 1 S N 2R 8, SEBIRE E (M D RE, 2 540
RO R A BEYE S AR 45 &, SEBIUT 40 A A B R ) i .
T8k B N [IDNAB) S RN 248 fEDNATHE . 43
TR BHRERZIT 8B G RS
FLA VA I R R 51

ASC[E AR SR AEDNANIYE . toehold%E B i
SN PR AOU A BEML A . DNASE B e Sz W 2k 1% 18 4 45
FITH R FCIHERE, FEXTDNASE B i s 3 2% 56 18 42 1) A
ORI A 50T .

2 JEEEDNAJ) A1 5

DNA W) B 57 5 H AR B D R 1A 56 1303 UIAE O,
BFEEAL(E BAEiE. DNATT S #x5. B, K
Lok, DNAMIPIEEPE G 52 5k (T foif . xf
DNA, TEHEK KT 1000 bpltf, HOREAH )k 27 45 1438
e 2ms, DNABHME R — LRI 2 71,
AT DR B 3 v 20 1 O R B R SR AL (HE,
DNAZEYDIRERI eI, R H A HE R ) )51 i
M REEAR BV, Rk, 9K, DNAKHEREM
D15 G AR U2 B T NATTI T2 R0

R, A TR A K (K P T 454, Raber!™
R, & BN TCIR G R, JE75 VS TCIR P
[T I 160°A - IS5 1), Frifa 22 Ae {15 keal/mol.
0 AR O SR Y T 5 — VR R By 1 B g A
L. Leszezynski%s "% FHCPMD (Car-Parrinello mole-
cular dynamics)%f SLANMRIE I 70 R B, 7E300 K=
T, WA 30% M) S AT 45 1. A A
U 8 P SRR TR, BB
TR A RN, Al AT AN, FELARAST, B
FEWEE IR B NIVE 5 IR 07 B PR VDA OC. THREE 1) 95
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VEF RIRE S R BR I SR . B IE FO X 58 G TATU
PINIYE, SIS ATINITE, XFCIFZMIR /. ShishkinAll
Furmanchuk !> VR B, B3 i) SR 43 52 1) B v
FIMIREI . VR, Gy Cv THIRITE 1958, A
WSS, (EAE BN, Bl A) 2 R AR i T,
T8 PR 0 i -J46 B (imino-enol ) S A4 1 A7 e Al
U R FICPMDE, A BIZ A T80 112 A
[ 2 /1% (metadynamics) 557 A AR N8R AE 15, 56
— KM T IR N GCHIATHRE: 6] i T #5751 52 4
HBETH, AT R ILGCHIAT 2 18] XU 155 7% At 22 73 5
N~14F1~T keal/mol. IXEEZE FR W], 4 BDNA )55
BRI 74 HIAEE R, Bt X 48 S AL 44
A R A TE X DN A S 35045 1) A0 22 P il R 32 1 7 37 11
Phiik.

T, DNAE BRI A —Fh el W Y 5 e
A TR, RV R M RR K R L
50 nm, BI150 bp. {HE, DNASZRR fy2AE 5 b A
TR AR A I B 19 2. AR5 5 TH IR R
W, 5T 150 bplUDNA Fy B th 23 A4 K P 1 s gy ),
MAE R TR, MDNABEK /N TR R,
MITIEFIACHDNAA NI RS, RIGERA SN, X
ANTIEMILG, R T MM FEEEDNA ) 2= i 78
fR 92 4R, Wiggins. VafabakhshFlHaZs!" i J5i
T RAB R ERIA L, R I T 100 bplIDNA%E B
RE LIRS i, R IUHTRITIGFE. NoyMGolestanian''!
BT B SR, R BIDNARHU R SN T
AN Z e B 43 JARI /D . IR EETF T A5 B, RTDNAK
o e FRAR R IR TR T HRER. N T MR REDNATE i E R
B BRI, AT SN T BE B R S I A S
(“bubbles”)*? . 145 (kink)™ a8k 3 %] B B (open-
ing) Y, (EE, X LT VR R R 25 A R A5 T A SRR
P EE. HR BEAG RS20 TAEWT MK SR A DN AZE 46 55
JRBE R R R e AS B . L, Mazurs @ i 5
T B T S AEDNAR S i, $2HDNAKE K
F-3METE R HH(10.5 nm) R, 7SR A e i AR AR 7Y
IR, XEEHF A R, DNAKSE NI )28
AR, WARAFAEGUL U IR I HURE 1 B T AR BR,
JE A A5 IR g 1] RO,
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AT I T L TE R E DN A b e rh i S R A 7E
S WITESSPER B2, R0 T 40 8E R B DNAY#E
PR BB KA. AT RV 9T 5 TR 2 B, o eerh itk
FA, FERAEEBCK B |, LS il A AR 43 A 45 ] AR
BT A In(P)~(1—cosO) 2 5 22, Horh 0o E B
fRE, PAMER. IXEW, ¥ DNATE T KR E
R DAAR S S A A OB B AR AR S L R
DNA, 7E8EK KT 25 bpiit, 25 iR Miln(P) 5
(1—cosO)F& £ AR I<H; 55F25 bph, In(P)-5(1—cosd) &1
B A, T H AR, (WA R ()™
X FH], BEKAERTT25 bpith, DNAJR i 550 d e 548
B, T R R R, 1ER S 8UERDNA
P B0 e R AR AR R A X AT DA, SR
HAHERAER, EXTDNAS SR T3, 2% Bt
I, AR R R AR F ROk, B2, AR,
FEGF IE & 3 IDNA, 75K T2/ Mg e B B, <>
SRR B T /N, TN T2 AN R e SR,
PE SRR R R R T K. X ANILG A, 2R e
JFYEFI X DNARIPE R DTk, RA#EKKEME. 545
A B S R LA W DN A SR F 5% 0 2 1)
— PR IR AR L, T T A 4 SR B R DA TR R R A

DN AR () 2 514 8 12 1 85 -1 B 38 6] 3 485 4 A
TG PR ], A AT Sy 1) B o . AR K
I5F, DNAR] DL 38— (Ko 7 AsE Kt 3
SEFRN ) T 0 B S e S ™ B HOR. e, A
TR, A-tracts/ 57X DNA K ZIFIER BAMEH: (1)
B FHDNAME R (2) A-tracts H G2 RILH
BRREINIERY, P AR P R L, R
He 5 AE FI AT DNA RS20 B 5 5 50 A 5%, flA1 % B,
DNAH P2 AEGCF AR PG5, AT BRI DRSS
Roe. T, EEARLS N A R, X
BT 5R I BRAT, DNAFE (twist)MJEl, 8/NDNAY:
2. DNAF ¥ 5DNA = 2045 /) (WIDN AFE IR g ) 2 8] )
SKBE, 2 H RTE 13 3% ) 1o .

HE, AT IDNAN SRR T P35 Tk o
BT [E) -4 B VR PR B e el SR VB . X R
H, WEXDNARIRIER ESIERH, — BB KIS
. Odijk. SkolnickIFixman (OSF)* A Jy, il
HAE X DNAFFSEK L1 T #R A $]~10%. 171 Man-

0.1 0.2 0.3 0.4
1-cos(6)

Bl 1 (a) KEN63 AN I HEDNA; (b) DNAFEER K
INTR (L)~ it 3o E B (L) FNAS i F P2 (0);  IE T 4 FHDNA
J1 BL(o)Fh P S A A DNA F B (d) 2 i B RE 00 A, AE
PR ADNA B, B ARBERR EE R vk . TH B,
DNA M BEK B BIEUE 295 154 25, 35 458155 bp'"(1%
e A

Figure 1 (a) 63 bp DNA oligomer; (b) schematic diagram of the DNA
contour length (L,), end-to-end distance (L), and bending angle (6).
Probability distribution for bending angles in DNA fragments of N =5,
15, 25, 35, 45, and 55 bp, in normal DNA (c), and neutral DNA (d), in
which backbone phosphates are neutralized [29] (color online).

ning R T IEGFA R OB E, fbikJy, DNANITE
FEREE/EA TR, PapoianZ L 4 TR, K
P~ B AN A FH AP DNA 7 22 K B 1 BTk ) LAl
M AR AT PN A T4 TR T
A A i AR RN IE 5 T EDNARFEE K, K
I A HAE IS DNARRSE K B2 ) BTk ~10%, 5
OSFHIH 1L —EL.

XDNAZ¥, HIEFEP R AR SA 2 H BT AT
MR, FREDNARIM R 4585 AR 5
BA TR, MG H RS RMER, B
DNASEHIEA . KRE LFIDNAYTE, PLA et
Sy YA, F I, AE8EDNARIYE PR,
EAFRA TR IEFRAM AL

3  DNAZ%ER YA
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[ N7, toeholdfi Bt 145 & 2 4 A i #E. 7E4r 1 /KF
RS HEHL Y FIDNAZR AL B 15, S R il AR 4% 1
RESC R OCHE. JBH, DNAZRAHEAR B N —H AR
PR, XM E AR e SRR, XL
AT B A FR AR 7R, (R SbR b, XA A
AT RE B T 248 ML IO B0 11 24 L, JEH 2 DNA
7B AE He b 1) B .

YR - RDNAFr 2R FLER M, BR 1 4TI M<dr
BB, EAFEFTIE Y43 (collapsed
state)””), I HHRE L2 5 G CHREE X A B ANEEAH 5.
I YR LT AT 1O BRI X 1 0 B B I AR O
T, G:CURZE X 7EBE B A [ RO AR B, o AR BS 30 7
it g B2 R MGCIHE N AL T B BRI,
HARB R A P RAY, 17 A7 T8 B R SR,
EARMB A B, Hagan ' SR H 4574 F3h /1
RS S B HBETHE, WA T34 bp S EDNA
ARSI S5 G AR TR, RILZSRAEE 2 5%
G git, HAE A Haem FAAEZ A a4,

1 7 #6455 14 5] N Energy Landscapeit 2, &5}
GC-tractsfIGG-tracts B SEDNAFE R, & T X FifhE
FBEB 243 N 4. GC-tracts H1GG-tracts i) H H
Rt MK, BAWHEMNZER. GC-tracts/7 41 H H
FeT L, fF{Con-pathif 3k, XN HAE T #2535
J1ERRAEAS(E2). MATRIL, XHEEDNAKL, GG-
tracts ) 5 B R E 76 K F GC-tracts.  HAFAE P 2% 1T BE
HIES A% BBk Ul XS 4 42 (zippering) A AT A HE % %
7 (slithering). X147 NEL AT 42, GC-tracts/ ¥ 411 E
HAEZ2, B S T GG-tracts. XTHEE AR, B
BEME TR T &, AREE M. AR,
GG-tractsJ 741 [ 25 EREECE W UG 45 G I, 25 50 I AR Bk
FFHEES, HFEIES RN BA R R AN, X
GC-tractsJ 741, 2k BB 7 2 fk s BT ) - 1E 4 X,
IXFE AT DL G B (R A5 A2 45 S B, X2 KKK
GC-tractsZ X HIMEE. A 1t — P IE T R BIE R S
REERIORER, IR NI 2 55 5 FE 1 20 23 2 O 25 Bl 2
Je SR VE R R, IX KA EEDNA S AT A It 25
AORR, HHAEARFRE T, RS EE
fl12% 5. FergusonZs®VR I, 7EAT-tracts/¥ 41 (1 v 7] 5,
FHoR Y, 5IANGCIRIEXS, 7] LA #2248 H HHRE
T RS AS, FEAE S N #8422 AR D

MR AEK T, DNAM 1) H HBe 2 52 4.
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[ = et oy =Rl P oy Al P 2R S = DAN
1B 4 (pseudoknot). 2 (bulge)Zs £ Fhak i+, o E I
172, DNAZRAZ M Z4E 5 H B Ak i3858t % D) A 5%
FESH M A PRI, 20 B P SR (0 PR AR S A
YERAFLE, 2 (TDNAZRAZ KI5 ARG i3 v %A
TARBIMER. Braun2 VR I, AT B dIE R,
16 bp AL R IRET 7£ 20 i v 1) 2% 22 26 Wl 25 n Bk

3.2 DNAGEF# Y

Toehold i 2 DN AHE B # S5 )i 2 DN ATH ifi ) &
PUIKBAR 1% 0. Toehold V4% [ DNA%RE & i ) B A2 1
W DNARUEE, IR B — K P 1 B ik toehol d i, Vi
S DNA AR N/ AR EE), frtoeholdIHREN T, H4
PR35 NDNASUEE B4 8 e TR I B (El3a). 7E
A toehold R B FE LT, 4 5 8t s SV 388 5 72 A T FHL
Wr iR, H B T DNAXUEE 1) 5 & AR B R A Sy W
B S AR AR 2 U 1) 2R % 1Y), Toehold I
FH, — 7 TIPS B 6 S SO 2, o — T T T A
B 2 SOH % . Zhang A Winfree 5 HH, 785 #5 3 8
SEMZ G, AT R R AN
toehold, IXFhHE & it [ N4 FR A toehold 5 #(toehold
exchange) M (EI3b). XA F&E5E (incumbent)ffjtoehold
AIRAZ 5 — e & e B, Etoehold 58 4 e i,
BT A o T R B A e R AR A AN A LR BEK,
MNTTE AR UF SR BLTE ZE IR [FI, B2 5 1 2 ] 43 il 14
AP THE. ToeholdAZ Hie e B Ay 52 % itk 155 e I . X 8%
(R AR R A T AR ) R 41,

R (leakage) Sz b7 A2 | 21 DN ASE 25 3 [z 7 R 485 15
THFIR M. R e N, BRI B, RfRERA
toehold FITE AL, ¥ H I N AR Bl HAth B MiE 5 i
MsE s &, RSB RAEIFRBES. X
DNA WP 2%, Bl 5 48t S ARG G B IR BRI IEG,  Je V3
%2, IR R 2 ™ R M DNARE 25 4 [ B I 26 1] 1E
WISAT. PR, WA B, & DNARE B 4t e 8L
P2 1) B DR, IR R BT LA R R
(initial leakage) I #E I (asymptotic leakage)™ .
WIUG MR 2 F8 R R AR IS, 5 5 3F 155 H R SR 19,
X2 tHDNABE& Bk fa 0 B AT S5 08 550 i
JEEA A AR S BT, ik RS L i E Y N
PITEOL, $HE SRS, X F 2 T Bl
FRIOL S IPIRRRE LA T A LA T, S8
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Bl 2 (a) dGCGCGC)H B 258 [ HH B T &, 110 B 298 K, [ H RS T {8 29— 10 keal mol™. (b) - EHd(GCGCGC)H
R BRRAS (A) 5 58 A 4430 IRA(B) Z 18] 1 53 1 FH RE 7 (zippering) #54%. N B Ad(GCGCGO) A DAL R AR (A) 5 58 4 44
SERA(B) Z ] 5 1 P BT 17 (slithering) B 4212 R 46 i % )

Figure 2 (a) Free energy disconnectivity graph for the hybridization of d(GCGCGC), obtained at a temperature of 298 K and a regrouping threshold
of =10 keal mol™. (b) Top: fastest free energy zippering pathway between the conformational ensembles corresponding to dissociated (A) and fully
hybridized (B) states for d(GCGCGC). Bottom: fastest free energy slithering pathway between the ensemble of structures slipped by four bases (A) and
the fully hybridized state (B) for d(GCGCGC) [42] (color online).

(a) Toehold binding Branch migration
e g EE——
e N S —_ s
............. T e
(b) Toehold binding Branch migration Toehold dissociation
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B 3 (a) Toehold /T FIDNA%KE & #t s NoR Z . (b) ToeholdFE A2 e S5 W 7w 2 B () 4% i 1))

Figure 3 (a) Schematic diagram of toehold-mediated DNA strand displacement reactions. (b) Schematic diagram of toehold exchange reaction (color

online).
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SR aG MR, ST R R B R L R 2%
QianfIWinfree! i it 5| A3 £ [X 35 (clamp) 5K A%
BRI SR . Jiang 5 i 78 K R i loop #B 43
GINESTL, FRAK TR KB 0 I MRS 5. Seelig
28V P S5O 76 40 1 vh & DN A R 1 5 Sk 4 (DN A
B BB, AT PRGN . BT R 2 1 I 1)
RS I R, P4 R R 0 b OO R 7 e
TR AP, GINBE 2RI M RS, R AR
WES. i, s 7 — PR s eg——=4a
GIRYI(El4a). HE Y E B TAL 1) A EEDNAJK
W, d I R A A S 1R A S ) K 22 B ).

L T2V, A& R 34 2 BEARIAE = AT
H: B, HERMATES BRI IDNAREE, Mk
G 7 K BBEDNA PR A B 1 AT i B A A, HAIR,
&4 IPAGEZIAL, J5 12 B % 3R 15 =1 4l FE (1 25 DN AR A7),
= 26 A DN AJE A A E — 2 JTE K DN AR A,
AT LA R g aa R ; 55, BT EAR 2
DNA%E & #e B H FHRETH R I, ARy 1 HIsE LS
F(Gunction)AH 24T 7543k 1R s B B FE R BTN T4
AMEIRE 22, AT R T R B (K 4b). 1E
N—FH R g, ARV S ] LUS T 5 2%
IR ERET BB TH RV R S N X 28 IR, FEAR M2 I
ARSI () A VAR S AN E.

3.3 DNAGER: 2 B A foU LR B 2 4%

DNAHE #5 4 [ S 2 DNATE I 3 3 40 K AR (¥ 5
i, LA A5 40 IS I (T TROUUATL A1, Xt A Je A A e 1 48 S
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Junction Substrate P (98 !
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= Strand displacement steps
() Input (1,) (d)
_— 1.00 Input I, Leakage 1.00
Input (1,) P am 5,-based
Input (1,) g 0754 ——100x ---SHHHL 0754
Input (IA(T)) = S 0.67x SA o SL-based [
—_— g 0.50 — 033~ S, % 0504 L
s ] —0.07x .S g 1 -
PA{J/ P3’m qu} PI{J} . 5_ 0259 i ey vy o 0.25 . - "
5000000000 _ 500000000 _ 500000000 \n s; 0001700 ymanan ..-Sfonly 0.00 ~Lsapii_uy T T
0 20 40 60 N Ny ™ Ny
. N\ N g
Time (min) ° ‘3‘\\\{“

B4 (2) HETRMEHIRER. (b) Lk RIZLE R AT HE R A 2D A SO, (o) T 4L& WM O DU N e 5
He S S 2. (d) DU NG 4 S I 2 B ) g 2 o 2 ) R LA e B (190 2% s D)

Figure 4 (a) Schematic diagram of the J-substrate (junction substrate). (b) Intuitive energy landscape of the asymptotic leakage in L-substrate circuit
and J-substrate circuit, respectively [60]. (c) Schematic diagram of four-input circuit fabricated with J-substrate. (d) The kinetic curves and the

background-to-signal (B/S) ratios of four-input circuits (color online).

Jo7 [ 2% LA FE B R L. ST DNAKE B 48 S5 87 R AROU s B
IRE, B T IR WinfreeZ5 AR 1 () “intui-
tive energy landscape 5B (IELELAY). TELAAY AR5
X B e S SRR B, MR RSO R E
RETE. BEJS, 0MORIRLr S 5 TIEL B Ve i
TR B A s R g R L A OATL R, R
T BRI 22 5 i 5 A A 1) 2R i W PR A
TR B OCHREVE R, BHULER 125 A g,
AR MR SN, KRS R T 2 AR R
fEME L. Zhang TR B 400 ST RS L R R BT
FAS (“macrostate”), HESF T HE B4 SN R AT
R AR, AR e 0 A i 4 %
FREL, SR 7T MR, S TR S
PR RIA R, B RS MEMEY&. 1Rl
HEAh b, AT — D S MR I R T B SR AR
W, FEEETERHBR T T BRI AZ R P EE SRR ET,
ZIRETLE AR ATWI B 26 A0 R, Rl FR A 3] 7 pM &
P, LCRIZEA A R R B S I A . AL,
Seidel % R FHIELBERY, BE4L) 1 G 4 O X DN ARE £
e BT RERIFEE, Hoat B4 R S SLIe 45 R &
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DNALRLAL 1310 R ™, iioxDNA%E™, Sy A
TE R H 4y 7 B0 38 A i 5 6 e B AR P2 4Rt 1 m]
. DoyeZ5 3L T-oxDNAKIH. T DNASE F. Turber-
field O TN 1 A IE S 4 P IR A RS 1 e
T (HS2, e e S B (R, ARADMEE B 4 S
AR EE SURIARKR, TS BRIk A (1 7
wEE, AMIMEHES NS &8 EENTFSE, H
T DNAGE e S S AR, A FH B — 1) SRS AR AR T
RE TR TUBE B e S B S R A e gL 4 1)
&K Hlenergy landscapeit B, #%& 8E& ) B 58
B GILAG N A 2 AT A B, B S B TR T4
A BV TELB B B, JH 3 BER P AE Y 77 1i -
(1) 3T REHERE, FEAR — MR — MRt R A B
e, M JUABIIE RN A A (2) 73 SO SR il
TR 56 el 12, B ORGP BE Fr B S BE 1 I B9 1 AR,
DL EMBE S NREEN 455 18, XA REHAZ
[FRS A, (3) FE RN HL G R, (R EESEILH 2
AL A RSO, BRI S8l 5 e & A M
B (4) GRS A B B 5 s S rh R B DG BRI 5 A .

DN A B £ 4 [ 7 W 28 16 2 1) 55 — > R Bl A2 X



HERE Y 2023 4F 0 S3 R 4

DNA%E & 4 s SR RG AR R 2. G0, AATTHEE Hb
18 Hltoehold#f Bt 1K B R T DN ABE B e Js2 B f) i
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Figure S (a) Scheme of DNA circuit based on TMSDR. (b) Fitted rate constants for the first step of the designed circuits. (c) The melting temperature
for the signal-substrate duplex and invader-substrate duplex with different labels [71] (color online).
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Figure 6 Scheme of isothermal PAEs (programmable atom equivalents) assembly driven by a toehold-mediated DNA strand-displacement circuit
[86]. By fine-tuning the reaction network, the trigger strand will be released, resulting in the transition of deactivated PAEs into activated PAEs which

eventually assembled into superlattice (color online).
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DNA: structure, strand displacement and reaction network
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Abstract: Other than being a carrier of genetic information of life, DNA is one type of material which is highly
controllable and biocompatible. Utilizing the specific base pairing and the programmability of DNA sequences,
scientists developed a new type of reaction called toehold-mediated strand displacement reaction. Based on toehold-
mediated strand displacement reactions, we can construct strand displacement circuit and even more complex reaction
network to achieve specific functions. In this contribution, we reviewed recent progress in DNA mechanical properties,
DNA hybridization, the mechanism of toehold-mediated strand displacement reaction, and the construction and
modulation of reaction networks, and their applications in the self-assembly of spherical nucleic acids and cellular
assembly. In the end, we discussed the future perspective of the field of DNA-based reaction network.
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