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A% X 4% (immobile Holliday junction, HI)'*'——#DNA
Yo S RGO R RE, 2H 2% o PR = A IHE 2
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1117 - 2 BVR = 4 CIDNAYT 48 A A H B0 SR % T
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FEDNAFT 4L AR 1, — 4 K H. 5% DNAGHE % K
M13mp 18I B (R K 7 51, 2940 75 7000710 3 ) 5 15
4T B W — R B AR R T H AR A L R, T
W— 4R G, ZRJLAEET LT RA MM
JEEEDNAJT S, 3 W SE BT 1Y 5 20 2 T8 1 i 3
HAMEXT VR, 50T BET —FEG K AE DNAE 22 [ @
BT ARG Y 33K o 2 2 B R W] il 85 BLAR 7E 100 nm
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050 U T VR AN IR bR, BROAR T BB AN 4 R T 3K A
Proathy Y, A7 —EFE B L n] B2 MR I 40k AL s
TR HERR Ak, MELUZEGRIIE ™= SRR T4 AR
- bR 58 3 B T AR EE #4 5 d E DNAJE B8 53 2 2l ik
k. DL b I sk AR AE — 8 R _EFHAT T DNAYT
YUARTEE A BL 2 FA R R 2 1 2 0 AR 2.

20174F, KEEEDNAYTAEA K I iERA1FE 2
T SR Ge T AR B A A0 A B PO, S IR
AT AR B, 20 2 DNAJT 4045 A Lo B kY
DNAJH B4 B, Fr A 0 FF 3 2 R0 & 2 4548 19 )7 51
SRS B — A KA AEDNA . 2
-V, XK R AT N A TS AR
FPe X, dAEa B L. BT N7 E DNA K BE 1Y
ML, HETA TG BARERE—, ARG R
T By JLRMAR, K AE DNAYTACA 7] e 76 il £ 4l
FEH T . PR AU DNAGUK S50 b AL S 4T
PARARGET Z LS. AR SOH TS B EEDNAYT4UR
()R TR IR, g A DNA R 4 07 s, IRt
AR B & J R R

1 RS AUR S Il
ARFT L, 3 A1T38 % 119 B-DN A — F WU it

by, R4S (). TEDNAYKH AR, 8
AR E 132 B HIES 55, 24 WUEEDNAT] LI 25
R RIE BUHT i, Horh () AR A FE DX (double
crossover)?!! F1 PX 5 Bt (paranemic crossover)**!( [{]
1(a)). iXLEDNABIH Y H I ALK DNA A — 4 b1 kL
R 4, WAEGIK B LG58 T DNA R R M.
FEPXAR e, 2 BEEAE — i 9 SR IE DN A H [ B 1
I DNASE 2 8] BIr A5 AT 38 B[R4 247 9 HI 45 5 8 2
K. SDXBIHA—FERY R, S S MECHY
45 55, PX AR A AE245 P 3 0 0 B e 45 14 1 PRtk 2R
BEDNAH 1 A 22 1] A% B 56 BN A XV HE AR 45
A PBNE 1(b)); Y HIZE 5 280N, PXAT ik
— 5 M LA B5E DNA F J B (- 1(e)). e
20074F, Yanif 4] #1Seemanif B 41 PH & VEIER] T 1]
BRI Z P8 (rolling circle amplification, RCA)
(19 77 ARSI A5 1 78OK B 125 BREE DNA [ 241 26 1
HPX 25 16 (T 1(c)), B 5 A AT Uk B 3 4 1Y PX 45
Py [ ] A A P 3 s T AR 194 A2 1 IR 1 SR ). 5k
T AETF I T H— 4 B BE DN A 4125 2 Z<DNAYY
K EGEHE B ST

MR, FH— 5 ABEDNA L L 29 K 854 IF A Jmy
FRTPX%5Hy. 1F DU & (Tetrahedron) 2 = b M 45

(a) DS DX PX (c) o e Tandem repeats of
= Ner % .~ )) b4 /\/_ L*/\ antisense (-) PX
\ Y - —
N N \/\/>/ K)/ L Y o~ T i e
A e NS Circularization 7\;< N / \-.\- Pstl
AN N R R ([ rea ))
&4 £ &A Ay phizg || /)
\ KA P X /
£ O el polymerase \\ =g
A - b A N - Restriction
¢ '\ i 7 \I (W ,/ \ . i
. t \ digestion
(j e St L
) 7 > e e(+)PX )
/ —
< I~
N N v{\\ > ) ?
(b)
Restriction
?\ digestion
N Q0 Q0
% Tandem repeats of . ,-"5_‘\\_ (}i-"%\
sense (+) PX Primer 2 i - A
+ — S R\ e >f:;\’ Circularization Q-?:}”"
S Pt [/ ' e N N
= B o ] Fhize  SEes W%
& \\ /| polymerase {/ /\/\ {/;:-.\>
. ¥, / N AN AN
8 \&;q_____f i 1 O/
( o

L —

B 1 (4RO (5)DNAGIK 41255 5 R B E R K B RCARIPX. () XUEDS, DX, PXELHAYXT L (b) MECHIZESAYPX AT 2 444K
HEEAIAE, (o) ATBCIMHIEERMPX AT 1 40 KEEA%E, IFAERCAK HIHR™!

Figure 1 (Color online) The common DNA tiles used in the assembly of DNA nanostructures and the preparation of PX tiles with RCA. (a) Compar-
ison between duplex, DX, PX tiles. (b) The PX tiles with even number of the Holliday junction can be self-assembled by two long ssDNA. (c) The PX
tiles with odd number of the Holliday junction can be self-assembled by one long ssDNA, which can be amplified by a RCA protocol™!
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¥4 (Triangular prism)?HE 4856 J5 i 1 54 DN A%E 20 25 5¢
L, HAS AR 3] TUESE (F2). # Rk 2 HE 28 1) 45
A3 LR R 14 SUIE e DN A (Tetrahedron A — 25 i
FrHh). HI T HADNABRGE R RIVEA BR, BT AT LA
G 3KFE 1 HE ZR 25 4 70 AU AR AR 52 2% 22 Jm M LA Fi- e
AeFFR A0 =g Y. [N i ] T 47 & Tetrahedron 19
HEEDNAK AN 2861 HfFE, [fiitriangular prismXf
Jof P LA DNAAY AT 198 B 5. AH Iz A 3K 24~ 45 4 1Y
Ji 07 B A B T F S O R A B R
Fr AN BT A, 33k R ] — 2% L DN AT BUAY
FH S~ DN A SZ e A4 A A 7 77 v 1T R HE Tl 3
ST /N EE R CREAE ~10 nm), HIASEH TR AKHEE
ARSI A 2%

eAh, 38 A5 i — 2% BRAE DNA F ) F 90 56 A
FI4 FF FIDNA bulge Fll T-junction, — 4k Fl — 4k Y
FEGIAR FIDNABIFE | = 2 A8 A 45 4 0 mT 9 20 2 1
B S il =5 ) SRS 7 E e AR R LR TiE 2
HHASDNAMRTE, X LLAE i 31 55 R RF B4 A%
155 Y — 2R 2H 25 iU DN AN K 25 - B il 25 . 53 A,
Shih %5 A PO18% 28 47 18 ] F — 2% K R 170088 3% 72 47 (1)

10 bp

HEEDNAYT & 2404 )\ T K (Octahedron) 4544, & (1 5
A1 DXL PXAG AL, SR 3 S5 K475 5K 75 ZEAR A AR
INJLA PR EEDNARH B H 4128, A LB HIEE X
Y 5EA H— S BAEEDNA K 52 R 44t My 20 %

2 REEDNAYTACARIY SN

H 20074F PXALH IR T A] i FRLAEEDNA F 2H 25 L)
PP AN B DNAGN K [ 413 ) 243120,
SR, AR — B i ] Lok A FH B 55 DNA F 20 256 v 3k
A5 10 0 DK 5 b SEAS 45 B A8 S B BE (/N300 Bl 3k )
fAT o0 . ALY 2 RS Y B, 58 4 Tk R[] B 40 1
DNAHF4EA PURT 4% R B A P (single-stranded  tiling)
AR 3 0 2 A 2 R A B 3 .k Horp B RN AE T
MR (R S5 K 52 A B BT, A EES | AT 23S
S5 TR IR 25 + v i SO TiE DL 4k e 0f AR H
FRAE L, I 45 o5 A 18 22 25 25 SRS DN AT & 40 B
SERMERS: R BEE QAR RS ZE
ARFT 2, T & 8l 1 2% A BIE T P 45 4 1) 4 2% 1201,
20144F Andersenif- A5 £H P FIRNA kissing loop/2 Af
fE 22 B 52 B 20 45 s 7R AR i =2 R) ST % 40 ¢

B2 (4R K BAEDNA [ 41255 0 =4k (3D)45 1. (a) TetrahedronZE#4)75 2 8 X T~ 11 (AFM)[E412%); (b) Triangular prism& 471 2 & K

TS T S B (STM) [R5 127)

Figure 2 (Color online) The 3D objects assembled by one long ssDNA. (a) The design of a tetrahedron and its corresponding AFM image'®. (b) The

design of a triangular prism and its corresponding STM image'””!
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F, SEPLT A BABERNA ] 2H % 5k g e f £ 1L
) 45, (BT HGE S, HFIr &0 AR RNA
600243, HA BE LA K AT 4 25 T8 1 A 45 440 11
FARFEEARA T TE. 1 Hokissing loop/&RNA%F
B —FP A EAEH, XA DL RS A & B
DNA H 4l k.

EE A HEEDNA A 4125 W PXE5 A It 104F )5,
20174F Yanif B2 Y inif 21 POV A R T T I 55
fEG DNAT A () K AAEDNAFIRNAITAE AR, fili]
K H B K AT I5 100007 G L 1 LB DN AT &t — &

I A SCRUH B (JE13). B HOR I SRS 2 K
HEEDNA T A A & T Y A 2 b XU T, i 32 e .
[B] %) )7 3] Al 3 35 ST 9 38 X4 i (parallel crossover)
HENT B BR R (KI3(a)). HH By 0 2 AT I 38 X4
AR T A B T AR o — SR BT L 45
ANEHBATE IS, HS R 20T, fEPXEIED
ZHRA T AT X252 (B Yanif 41 f Y in
TR POV A YR TR AT A ARDRS 3% S8 A7 i 38 &G 5,
BETTE— 25 K DN ASE 19 AH I A7 B LA BRFT 25 52 80 5%
LB, KT AR XL S B %, AR

B 3 (MR ) KREEDNATTAIAR. (a) KAGEDNAYTYUR Z K A~HFZHSMMARL: (b) 4% HARE ZAE T ) A T g8 &

%[201

Figure 3 (Color online) The long ssDNA origami. (a) The schematic for the assembly of long ssDNA origami (A—H) and the dynamic relaxation

model of an ssDNA origami (J). (b) The designed ssDNA origami shapes and their corresponding AFM images

[20]
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A AT R T K BEEDNAT A HIME R
45 (K 3(a)~G)), WHIE LR T M. M
[ AF 0 B T I B[R] B SOAR 5 RNA Y B2 i J] 1 5
DNA A [R] 105 X5 P47 A 58 S5 5 TR) 4 TR] A H A0,
H AR AEERNAPTACSE T g 2 k. 5
UL HT ) 55 DNASK RNAYT & 25 9 A HL 3, H4EDNA
B RNAHTARA ] 3RA5 B9 254 ) RO 271 7L A%
HRBEWERA RIS AP HE XHIES
(E3(b)). 7EHEE ] | il B — 2k n] fi AP 0 4% R 2%
AL B B 2k e g5, FREEDNATK
RNAFTAUAR IR 1L SEDNAYTAUR —HE 52 B 1 45
Rk R AL AR (B 3(b)). AR TR T —FE A 3l
AR R P i B8 P DA —A 15 B 4R ST R i i an
far H — %< DNA %% B 41 %< i% &l ¥ (http://dna.kwonan.
com/). IXAh, PAEEDNAYTUCLE K T 48 RS s A4 Y 1Y
WA A, XNk R &2 2% i P AR ZS A A
2 N SE I — o R AR BT RE R T — AR B 1R R

3 KHABEDNANH KIS )ik

HYPMDNAGU KRB & JEDIFE, W LLE 2K
MWL R A TFDNAM A L. B BG4k iy &
B SR — R B AR A TE ) SRS DNA(CUn W5 7 {4
M13)4h, A3 DNARE LA AR 38 i 1k 2 & B i o7
HAFEIR, T LLUADNAM A N —ERE LIRE T
DNAZKEE AR A & J&. 1 BLAE B & K BB DNA YT 48
A, w7 AR X H P 8 2 17 51 K L4 DNA
K& TR St — 2RI, HEZ Baifk#a s
P BRE, K PABEDNAG1004 58 58 ) (1) & 0 DL AR
U= 38 7= g R B A A L (K AU DN AR & BT
A TR AR, 8 i b5 A BRI PCRAL 3 AT 30 45
2y MRS TSI 1 AU DNA), B X F
HEEDNATT 2 05 F- HoAh il & k. (5B TAE Y
(A A PN Bl AR AN FH DA B — S5l B AR M 09 F Bt BT
B A B DNA Y il £ 7 i 254 DUF JL#D.

(1) R¥ik. fEAEDRD(EEREEAY),
RNA 5 53 FcDNAJE— AR EE L Ay B2, 1%
SR IG 133 0 cDNABL R AR Y. S ML #2, 3R]
FEMRAN O] Sl 24 A OSEE TR 25 19 B P51, 8% )5 il
1o B ik Tl G S XUEE DN AR AS AR N I RNA, P FH
B ST A RN AR B 2 e S 45 21 BABE DN AP i
— PP MU Ty, (HR TR O R B A
fiff A & 2 A0 0, T AE A 7= A% DL S A = B
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f1%) ] 8.

(i) FEREfRL. MR AR TR R —Fh 2 B0 i 2%
ssDNARY 7. AR TP AEEAR Z2 1T LR i DN A [ il
25 (DNase), Lt 41 DNA#F ] (Exodeoxyribonuclease),
DNASMI] 8 5 Hr 25 5'-3'8% 3757 [n] A ity T U [ it
XUEEDNAPY. G L 58 05 45 5% 4% i DNA SN ) i H AE A
T XUEDNA Y — 555, TR A o8 B B AT 3R A5 Bss
DNA. il i 7EPCRAKBONEEDNART, T 7EE 4% 8 /Y H
R XoF 17 11 5 | 9 A i A — 2 B fk 22 180, BELAS Exo
it 1) A LR UANAE B, DA S B Exo fifg 7 b 45 B Rb B,
BF H A BABEDNAR S Iy Ak 38 T AU DNAZS S
WL FE B IR S5 49, RV B (Nickase) B 17 B A 1)
R4 BBE LI — AN 11, M LEExofifE A WL AT 5 1
FUR R A, P2 A R B BAE DN AT iR i 1k i AR
b e, JF H i T AR A% R 7 1 (FL an G-I
RS ) 1T BB 2 AR Bl 005 P, AR FE R R AR S
PR . YN Al A )L

(1i) 2B PR RO AR (3 (HPLC)VL.  7Ei# i PCR
JE AU DNAR, 2 SR 78 H b i — 25 5 1 W0 oK v b i
b B K PR A 5 1% B A LN Biotin ek 6-FAMM, A ¥ B 7E
AR 2 AT (AN v R SRR PR ) 2% B #ME FE HPLC
HH P B S TRDAS TR), DA T S B0KE XUBE DN A7) 25 4l fk
B 45 B BEDNAP® (B 530 Al 2 3328 A B2 R 45
B WFEER, BN YDNABER KT, /BSR4
2 AL

(iv) WEERAPZ (Biotin)f&Mfivk. SHPLCH %2
{81, Biotin# & i 7E PCRifil £ i AU 5E DNA I B #MiE I,
SR FITI A & - 2R FL & (Biotin-Avidin) (4 A B.AE T #%
DNAW fft 2 REPERRF I, TEsAktE AR AT, W
HEDNA R A% IE B AMECXT T, AR Biotinf& i (14 H
FEDNAE 5 2 W . o SIS REER N e, v 3RS
P 2% BLBEDNAP 3205 1k B AR A B s, BTk
15 1 ssDNAXE IR UE AN B 24— € F2E ) dsDNA.

(v) AEXTFRPCRL. FEARMEPCREEFH, R
W5 | 00— R SE AR Y, B LR & = £
JWUEEDNA. 1% FAEXFFRPCR, L R U519 i &
FEARXTEER, A NS AR, RS Y
IEHEE R, XEFLTILRRRZ A, FiFsY
THAESEEE, A R SCREFE 32 T SR B R F e R oA
PR, 0 0E B S kS A e T R K, B
2459 3] — I 4> WUEE DNA A IE LB 5 DNA IR & 7%
Py, P2 R LAY i A AR K PR DNA S B Ok . X



B

PO L R BT 20, HAR 2 S0 2 SR . (EAE R il %
KA ssDNART, 3% 75 R = () BB A B IR PCR
IR A A, FE DL A AR A A e DA R R
Al BERAR A 1.

(Vi) RCA¥:. RCAFEZAFTE T HIRDNAN 5
RO SR, B UAIRDNA A, 7] & fil$-
B LT 2 BT RKERN & 2 EE oni kg
HFEDNA, 7E 285k BRI PN s 5L A i 1 e S A%
fif} (Deoxyribozyme) B /E HI T, & 1) H.4% DNA 1] #
PIEI R H ) AAEDNARY B, RCAZEALE B HE T
DNAZK [ 41245124422 Kz ssDNA ladder™ 4546 i1 1 45
WL (ELTE A B K Y SR A DNARE, A 38 R 18
RCAfFEH, Phi29 DNARGEEA S kA BER, T3
AW £ WAEDNA, 750 A FEEDNASSE 4 H
A BEHETF HEEDNA [ 7= 5 4 R I RCA B Y AR 1
FERAAE TS B HE.

(Vi) WERRARTE. TR AR A X A R A — 2
R ZZ W R R A JE DR 2 SRR B IR A, M3 i
2 H AT SEDNAYTAUR b F AR B 2 1 — 2% 32 e
DNA%E. % T WM 2R IR, I EE
R 2 — S HOR LBE DNA, K 6407 oKL, &
DN A il F1IE B R 384 8 07 5 04 3t A% 45 8. i e vp e
H F I M13mp F 51 J& X B AL BUMIL3 I DA e, i A
T ZFIREAL s M LacZ 3 N, ] 2590 — 5 K B /Y 1 IR
DNAJFFIL M3 I (A WOk S 220K B, HUBYE P+
(B IR, G877~ A W B) M KT, R
F 5 H AN S R AR, T AR B i AN
Ff g3 I TR AR, i o AN LTS e A Sk A K R Ay
Z4. DR T A R A 5% 7 R i B TR A ok, A
B o A 25 B 1 0 AR AR % W B AR 1Y) SR EE DN AL R 4
O # 18 A M 13mp 2 F1) 14 5 B A mT DA 72 7 48 A 300071
Ze AT BYEAME, 7= A K 24 R 1000077 Bl 3 1) 555

DAL It 1 T 3R 06 A it K
DNAM, 2 t BB K M 3 T 1656 T 40 R 10 6 .

ST, T e T Ak o 95 B4 I B BE DNAY e 41 i J2:
W W T R 0 B TR A e B B A 1, TG v AR K PR
DNAHFAEA X K A DNATT 48 H & LI oK.
(vil)) B ARYE . BARMI3 RS — R
7 (68 b o £ BB DNA R W T 1A 7 vk, (H 2 A
TE—E f ), O A A B9 B A Wk T A 52 o) 9
WS ZJ. XX AN, Al B B AR BT
Jethiofe, HAEA B AL H — > 5 A M3 S il & 4

F(M13 ori) 8 12 HlE G A (F1 ori) TR, e A%
AP HEFE BT, A R 0% B
I T A 25 S (B MLLBK OT) (K1 4). il B e 8 42 ) AR
2 FUA il B W TR R B e DE R A B, (R
RIF AR T b — DS A MI3 oris F 1 orifiY i AL
F, B4 e dil B TORE I B A% DN A0 22 Bl %
PR, Zr b E E A R R, e v,
TAMI3 oriskfl ori i Uk i 255 Ak il HR4% DN AT
A LR B k. T TR P A B R AR A, AR
FAM13 ori, HiCHRIE 1A 8 F 51510 bpt*l;
XTI S A, W HAF 2381 bpt®. Il [ 17 5108%
38U SFIF AR B LASL, 8 a2 07 v e X 3545
() HLEE DNA H Y At 3 510 v] DL 3R AT A e . F)
FHAH B R RS, B ET AT A8 1Y SR DN A K B 1l 3k
F| K 29300004 ik FE, e H 38 98% Y 7 51l & 1T
SCHYS IR R AT EIARILE MRS S, HRE
] LA SR A BRI YT Bl KRR R T
Deoxyribozyme ] Bi1>". i T4t h gk A 44 125 B AAIR: |
Fea . Hol A PSR L s, e — MR R E
A K AAEDNA TSI il 55 1 2.

4 JEp

MHIDNAGIKR AR R B AT HR%EHE,
DNAHTARA [ B T X — i 2. 20174 B 1)
K BEE DN AT ACAR PO L R B r v B AY o B G K Bt
DNA F il #& B RO e TG AR BIAS . 7= i
G207 I A8, X ARG B R HE S DNAGY K H R
% . R BT K BB DNAJT 40RO H g i 38
FHF il 48 e A g R A B, (H 5 4 HL4 1) 3
() = e R TR B

TEA W) BE 240, 15 G DN AT 4R i) 45 1 40 >k
S EVE Y BRARIEAT T — R334 52 56 51 B
BT RAE AL, ARSI E T T —
Ao B N AR S 500 388 BT 2 - v i M A DNAZH 2
T, R ok % SE DN AT 40AR il £ DNAZH
efk, HpAR FEZHILE %A B DNAKT B4 e sE .
HR A 24 AT A DNAG BN AT, il & 7i e i %
SDNAYTARLE Y KR AT 2+ J7 - E T oo AR, Xt
T DNAGK AL A Bl R FH & A KA R . ek,
TE T A0 K sh W 5296 2w, &GP 4R i i
DN A% Bl i 75 BL ik — 5 b 25 DLk e A i b, XA
aifb P R S INR 2 TAER FSA. S51E5DNA
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RS origin

W

6@\\
6§P
5
C'?QO

’),é \Qﬁ

) :I
2
1o8u]

B4 (FIZRSURS () it B R R 12 1 48 M3 42 TR B A (o) A ssDN AR 25 [ )
Figure 4 (Color online) The schematic depicting the preparation of ssDNA containing the M13 origin with the helper phage/phagemid system*”!

PR L, KA DNATT4CA 75 5 19 T4 DNAF
B R A — 2% BE B R A9 il Bh Wk B Ak T DA &
A KB F B RAS KR 3RS AR K BA4EDNAYY,
B Y 45T R S DN AT AR 45 K 1) 1 AR 42 i 7
FHILLLF. 3 H, KA DNATTACA i % 25 0 1 it
TP NAE RS B BE T4, IS 2454 E 75 i — 2
alifl, fEIRME EAREER]. M, KAABEDNAYTALA
A fig 2 itk — L E DNAG K B AR AR Az 4y 1 24 4T
I 24y 356 36 T T ) I PR AT

BEAN, FEAWIRP, ThREME A AT W R

RPN

RNAZEHR AT DL by — 45 KB 1 415 U A ) — 44544,
BEIT A LR W) ~2 DI RE, 1K B BEDNASTAEA /Y 1
BUAEFDNAM H A 1 26 B) T 8 H BURRNA B — 2% 6
PFr&feS. G BT SR L R 2RI S,
1My H2H R A 2 A AR AT BR, EJE K HLEE DNAYT
AR BTV | i i AR AR [ AT &
£ —E I RERIDNAG R 5 R P 3L T — el fiE, 7%
S BEDNA AR AATE A N B9 R T — 2. 3K
TR K B BEDNAYT AR 1 B 2 R, A8
DNAGY K AT A Py 12 27 U R H A5 31l PRIV

Seeman N C. Nucleic acid junctions and lattices. J Theor Biol, 1982, 99: 237-247

2 Kallenbach N R, Ma R I, Seeman N C. An immobile nucleic acid junction constructed from oligonucleotides. Nature, 1983, 305:

829-831

Winfree E, Liu F, Wenzler L A, et al. Design and self-assembly of two-dimensional DNA crystals. Nature, 1998, 394: 539-544

4 Zheng J, Birktoft J, Chen Y, et al. From molecular to macroscopic via the rational design of a self-assembled 3D DNA crystal. Nature,

2009, 461: 74-77

5 Rothemund P W. Folding DNA to create nanoscale shapes and patterns. Nature, 2006, 440: 297-302

Douglas S M, Dietz H, Liedl T, et al. Self-assembly of DNA into nanoscale three-dimensional shapes. Nature, 2009, 459: 414-418

1014



B

10

11

12
13

14

15

16
17

18

19

20

21

22

23

24

25
26

27

28

29
30

31
32

33

34

35

36

37
38

Seeman N C, Sleiman H F. DNA nanotechnology. Nat Rev Mater, 2017, 3: 17068

Seeman N C. De novo design of sequences for nucleic acid structural engineering. J Biomol Struct Dyn, 1990, 8: 573-581

Goodman R P. NANEV: A program employing evolutionary methods for the design of nucleic acid nanostructures. Biotechniques, 2005,
38: 548-550

Williams S, Lund K, Lin C, et al. Tiamat: A three-dimensional editing tool for complex DNA structures. In: International Workshop on
DNA-Based Computers. Heidelberg: Springer, 2008. 90-101

Douglas S M, Marblestone A H, Teerapittayanon S, et al. Rapid prototyping of 3D DNA-origami shapes with caDNAno. Nucleic Acids
Res, 2009, 37: 5001-5006

Benson E, Mohammed A, Gardell J, et al. DNA rendering of polyhedral meshes at the nanoscale. Nature, 2015, 523: 441-444

Veneziano R, Ratanalert S, Zhang K, et al. Designer nanoscale DNA assemblies programmed from the top down. Science, 2016, 352:
1534-1534

Burns J R, Seifert A, Fertig N, et al. A biomimetic DNA-based channel for the ligand-controlled transport of charged molecular cargo
across a biological membrane. Nat Nanotechnol, 2016, 11: 152-156

Langecker M, Arnaut V, Martin T G, et al. Synthetic lipid membrane channels formed by designed DNA nanostructures. Science, 2012,
338: 932-936

Liu X, Zhang F, Jing X, et al. Complex silica composite nanomaterials templated with DNA origami. Nature, 2018, 559: 593-598
Douglas S M, Bachelet I, Church G M. A logic-gated nanorobot for targeted transport of molecular payloads. Science, 2012, 335:
831-834

Li S, Jiang Q, Liu S, et al. A DNA nanorobot functions as a cancer therapeutic in response to a molecular trigger in vivo. Nat Biotechnol,
2018, 36: 258

Pinheiro A V, Han D, Shih W M, et al. Challenges and opportunities for structural DNA nanotechnology. Nat Nanotechnol, 2011, 6: 763-772
Han D, Qi X, Myhrvold C, et al. Single-stranded DNA and RNA origami. Science, 2017, 358: eaa02648

Fu T J, Seeman N C. DNA double-crossover molecules. Biochemistry, 1993, 32: 3211-3220

Zhang X, Yan H, Shen Z, et al. Paranemic cohesion of topologically-closed DNA molecules. J] Am Chem Soc, 2002, 124: 12940-12941
Wang X, Chandrasekaran A R, Shen Z, et al. Paranemic crossover DNA: There and back again. Chem Rev, 2018, doi: 10.1021/acs.
chemrev.8b00207

Lin C, Wang X, Liu Y, et al. Rolling circle enzymatic replication of a complex multi-crossover DNA nanostructure. ] Am Chem Soc,
2007, 129: 14475-14481

Lin C, Rinker S, Wang X, et al. In vivo cloning of artificial DNA nanostructures. Proc Natl Acad Sci USA, 2008, 105: 17626-17631

Li Z, Wei B, Nangreave J, et al. A replicable tetrahedral nanostructure self-assembled from a single DNA strand. J] Am Chem Soc, 2009,
131: 13093-13098

He X, Dong L, Wang W, et al. Folding single-stranded DNA to form the smallest 3D DNA triangular prism. Chem Commun, 2013, 49:
2906-2908

Tian C, Zhang C, Li X, et al. Approaching the limit: Can one DNA strand assemble into defined nanostructures? Langmuir, 2013, 30:
5859-5862

Li M, Zuo H, Yu J, et al. One DNA strand homo-polymerizes into defined nanostructures. Nanoscale, 2017, 9: 10601-10605

Shih W M, Quispe J D, Joyce G F. A 1.7-kilobase single-stranded DNA that folds into a nanoscale octahedron. Nature, 2004, 427:
618-621

Wei B, Dai M, Yin P. Complex shapes self-assembled from single-stranded DNA tiles. Nature, 2012, 485: 623-626

Geary C, Rothemund P W, Andersen E S. A single-stranded architecture for cotranscriptional folding of RNA nanostructures. Science,
2014, 345: 799-804

Hughes T R, Mao M, Jones A R, et al. Expression profiling using microarrays fabricated by an ink-jet oligonucleotide synthesizer. Nat
Biotechnol, 2001, 19: 342-347

Higuchi R G, Ochman H. Production of single-stranded DNA templates by exonuclease digestion following the polymerase chain reac-
tion. Nucleic Acids Res, 1989, 17: 5865-5865

Zhang H, Chao J, Pan D, et al. Folding super-sized DNA origami with scaffold strands from long-range PCR. Chem Commun, 2012, 48:
6405-6407

Zhang H, Chao J, Pan D, et al. DNA origami-based shape IDs for single-molecule nanomechanical genotypying. Nat Commun, 2017, 8:
14738

Erkelenz M, Bauer D M, Meyer R, et al. A facile method for preparation of tailored scaffolds for DNA-origami. Small, 2014, 10: 73-77
Dickman M, Hornby D P. Isolation of single-stranded DNA using denaturing DNA chromatography. Anal Biochem, 2000, 284: 164-167

1015



a4 % B B 2019448 Foesds F10H

39

40

41

42

43

44

45

46

47

48

49

50
51

1016

Espelund M, Stacy R, Jakobsen K. A simple method for generating single-stranded DNA probes labeled to high activities. Nucleic Acids
Res, 1990, 18: 6157-6158

Pound E, Ashton J R, Becerril H A, et al. Polymerase chain reaction based scaffold preparation for the production of thin, branched DNA
origami nanostructures of arbitrary sizes. Nano Lett, 2009, 9: 4302—-4305

Gyllensten U B, Erlich H A. Generation of single-stranded DNA by the polymerase chain reaction and its application to direct sequenc-
ing of the HLA-DQA locus. Proc Natl Acad Sci USA, 1988, 85: 7652-7656

Ouyang X, Li J, Liu H, et al. Rolling circle amplification-based DNA origami nanostructures for intracellular delivery of immunostimu-
latory drugs. Small, 2013, 9: 3082-3087

Gu H, Breaker R. Production of single-stranded DNAs by self-cleavage of rolling-circle amplification products. Biotechniques, 2013, 54:
337-343

Ducani C, Bernardinelli G, Hogberg B. Rolling circle replication requires single-stranded DNA binding protein to avoid termination and
production of double-stranded DNA. Nucleic Acids Res, 2014, 42: 10596-10604

Yanisch-Perron C, Vieira J, Messing J. Improved M13 phage cloning vectors and host strains: nucleotide sequences of the M13mpl8 and
pUCI19 vectors. Gene, 1985, 33: 103-119

Messing J, Gronenborn B, Miiller-Hill B, et al. Filamentous coliphage M13 as a cloning vehicle: insertion of a HindII fragment of the lac
regulatory region in M13 replicative form in vitro. Proc Natl Acad Sci USA, 1977, 74: 3642-3646

Kick B, Praetorius F, Dietz H, et al. Efficient production of single-stranded phage DNA as scaffolds for DNA origami. Nano Lett, 2015,
15: 4672-4676

Vieira J, Messing J. Production of single-stranded plasmid DNA. In: Recombinant DNA Methodology. New York: Academic Press,
1989.225-233

Chen X, Wang Q, Peng J, et al. Self-assembly of large DNA origami with custom-designed scaffolds. ACS Appl Mater Interfaces, 2018,
10: 24344-24348

Nafisi P M, Aksel T, Douglas S M. Construction of a novel phagemid to produce custom DNA origami scaffolds. bioRxiv, 2018, 309682
Praetorius F, Kick B, Behler K L, et al. Biotechnological mass production of DNA origami. Nature, 2017, 552: 84-87



Summary for “HT7 515 B = BEAR A K Huik DNA FH 415 T il %

Programming and preparing long single-stranded DNA with
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As a popular assembly technique, DNA origami offered a simple way to fold long, single-stranded (ss) DNA molecules
into arbitrary two-dimensional (2D) shapes. To design a desired shape, a 7-kilobase M13mp18 genomic DNA was raster
filled into the shape as a scaffold, and over hundreds short oligonucleotide staple strands were carefully chosen and add-
ed in excessive molar ratios to hold the scaffold in place. The assembly of a desired 2D shape with a diameter of ~100
nm can be achieved in a simple annealing step in hours. Due to its convenience during preparation and the large address-
able surface area of the assembled shapes, DNA origami has been rapidly explored as templates for many types of bio-
material and biomedical applications. However, a few limitations hinder the further development of this assembly tech-
nique. One is about the relatively high cost: When it comes to large scale preparation (e.g., gram-level) for potential drug
evaluation in animals, the requirement of large scale of hundreds of synthetic DNA strands usually brings about bills near
to 0.1-1 Million Chinese Yuan. Another issue is the leftover of the excess of the staple strands: They are hardly to be
completely removed from the desired DNA structures, which may cause unwanted side-effects during biomedical appli-
cations.

If a desired shape could be assembled with only one ssDNA in a high yield, the second issue would not exist anymore.
As early as in 2007, the Yan’s group reported that the DNA tile with odd number of the paranemic crossover could be
assembled by one ssDNA. Later on, several groups found that the tetrahedron and prism-like scaffold objects could also
be assembled with an ssDNA. However these DNA nanostructures created by a ssDNA (~hundred bases in length) were
relatively small, with diameters <10 nm. The challenge to create large shapes with only one ssDNA is that in the one
polymer folding pathway, the crossovers that bundle many helical domains to form the shapes would inevitably encoun-
ter the topological knotting issue, which set the shape formation into many kinetic traps.

About ten years later, recently the Yan and Yin’s group developed the ssDNA origami technique as a derivative of the
traditional DNA origami by integrating all sequences required by a desired shape into one long single strand. The key
innovation is to use partially complemented double-stranded DNA and parallel crossover cohesion to construct a
knot-free structure that can be folded smoothly from a single strand. The removal of the excess of staple strands yet still
possessing a high yield (>90%) of the desired shapes and the adaptiveness to single-stranded RNA origami hint a prom-
ising future of this new technique in biomedical and biomaterial applications. Moreover, the recent development of sin-
gle-stranded DNA preparation, for example, extraction of single-stranded genomic DNA with customized sequences up
to 30000 bases from the helper phage/phagemid system, enabled the acquisition of gram-level of long single-stranded
DNA in a cost-effective manner (~10 Thousand Chinese Yuan) and offered a solid foundation for large scale assembly of
single-stranded DNA origami. The settlement of the two major issues in the traditional DNA origami should pave the
way for applying DNA origami-based nanostructures in clinical tests.

In this paper, we summarized the research progress of DNA self-assembly with one long single strand and the current
ways to prepare long single-stranded DNAs, and finished with our thoughts on the future of the new single-stranded
DNA origami technique.

DNA self-assembly, single-strand DNA origami, long single strand DNA, phage
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