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% DNAZKREME N AWK LR, BAZE i WAEMTHRE. 5 THFEEF. EWHEHEEE
¥, AC; ZmA TEANEREN 2 TENRKRENE M7 § A%, HBHES PRI XTARLEERER.
DNA#THAHIANE RRETEME N E £ EEH IDNAFT ERIT. AXEANERTRELE £ D0 THE
B DNA-AEM R TR MM ARGHELX =T HH L TDNABRR G AN FHERAKR T % MG, FEEL
75 T DNAZG K 2 M- 2 4 K 20 T B 4% 7 Bl Rk R B 0k A 2 o o 7 B DL R DNAZ K LR ZE ARML, 6 DL
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Xeiltin]  DNAZ k254, DNASTAK, 4 10 F 402, 4 4 s ts

TENARE b, DR E RSN AT 0] 2128 2 ) 53
T BRI A — I SR XS RORTE ST
AW oA EAE IR 2% DL R A=) R G MLl i sE b 2
WS —E AR, DNAGERHE A X — 8t 26 F 412
K iy Seeman# 2T 19824F R, FFAEZJFHY
JUTAEN AR TP R )2 % (tile-based assembly)
SR, B Sk JLAR TR LAY DNA S EE 1 375 38 1A
FEE R A i AT EE A, FER X S Ry A
FICPHER B HFRDNAZK S5 1. H Rk # W3R
W% J2: fH Rothemund* 75 20064E 42 1 DN AT 45 AR (DNA
origami). X —H AR H FKBEEDNAFRZ BT
t, staples)ii BI— 5 K BEDNAFR Z M IHITF-42, scaffold)
rEaERsatEE, PR Swd 7 —R19 54
= TR Z4EDNAGKR S5, Bt E A%, K1
VDR FIDR AR HE T Z Al BETE. 20124,

T R T — R L BE DN AR B (single-
stranded tiles, SSTs)AYZH M. XK MENG—SXDNAFL
BEOr MANRRIE AR X, Rz E S gk
GERI AR Z, W R Z F YA R 1 4R 2 A B
AT EPIE S A SO RS 1. DNAGRKEE 1
YERIAR AR SHE, B H=s A a] Sk, U454
gt e B PSS, BT
2N H T SEEA A T AR R RS 5
H2E, IFB W23 AR A RAE. AR SCE ot
iR T DNAGK S 54 Kok, s
TR S FHEE:. DNAYRE 54157
FE AR A AL IR, HAR, %845 TDNA
YR ZER-LE R oy A AR RIAHOC ], 2L HG
PR VAR R, fem, A4 T DNAGRKSS
M 7E )R T 71 B A (atomic  force microscopy, AFM).
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DGR B VR AL T S BB (AT Bk R P ) A AR B A
SIS

1 DNAGTZL-A:P5r T4 )i

DNAGKAT ZENE R —FPREFE AR R\ A= 953
TFHTH, AW TR R &5 E
BER. ABDNABRSEY) 072 SR %
Fi3AS EEATE: (1) HAEEDNA-A YT HEEE; (2) B
BEDNA-AEY) 0 T2 G R SDNAGRK BRI, (3)
A= aifth. X = AR SEI A Y TR
KRUE BB HESISR AL T 0T 6E, e sh T8k it
Ersiin

1.1 DNASA:95r TR Amk

DNA 58 FI BT Z A 120 5 > 20 3R, A
DNAREM 58 PR . B T EREEDNA N LU#E
fe2t s A, HAS R BEA R H 2 ook, [H]
4525715 8 DI REFL A AU DN A BRI L E Ak, SR,
X TR R RO, R kRS
H RIS 5 B4 S MR B 5 BE (i 2
R &R A H B N—/C—R iy, XS i o m]
i 4 3 M N I L O ot i I 4 S DT S A
MR 40 A 1 5 8 1 5 s AL 5 DN A& 452 7 AN ],
DNA-H F BB 1Y 07 5 KRBT 43 =26 AR 7
FES PR AN ARG S e S I DL S AL o7 s5 R
SPEIR (5 1(a)).

1.1.1 EEMEFREEE

15 DNARE U I 2 528 53— X0 ] A AH A
H, B 07 Sz 42, £ W) 2R (biotin)-4E 8 35 A
Z (streptavidin, STV) RS Z—Fh i FFIEECHK w7, R
b A B A A Y R AB M A SEAZ T TR HAE RE S S5
FER T ARRLG T STV E bR 10T S50 /5 B 3 A 4
(E1(0)-i)). BFAE R QST 5 HA 44N, Al5dE ot
O (LR LA B S AR, R A AR
PG B LR L —80", o A b I DNA 5 3
B RS 2 AL L. & = LM (nitrilotriacetic
acid, NTA)F17<2H % % ik (hexahistidine peptide, Histag)
Y2t T T LE D EE S0 (BT 1(b)-ii).  NTAMBMR )
AT IR AR 5 HbR & H Rl G T Histag 07 sSS7ENI
ADPIFEAE FAHE 8D, Co(1D)E T a AL BENI(ID) B
TAE R —RhEE . R IUNTA-HistagfEFHIEA ", it
Ab, BRI R G R — R EA ) N A AR

4384

Tivk, PUAREAE LR i 0 26 A0 FRe S 5 — 2/ Ny
THUFMLE G, STHDNA S YR T h H i
FE (1 1(b)-iii).

FET FikJrek, AR S FCA B{DNALS &
F A I DNARE AT AR B X — 2P B, IR
PR — B HAT R IR P S, RERS R kg & 20 B s
53 ¥ HIDNABRNASE B 1(b)-iv). 3@ 4145 & 8
ARG B, TZEDNAB SR 455 2 8 9k
FIUL, BRI R O DN AT ARG KA gk
P, FLT R R T I RE A A
SEUE. BEAh, i HIDNAZS G W AE S A X DNA
BB, 4748 (zine-finger) 8 & A F5 S 115
FEE A E WEEDN AT A 1 X8, R ek v — Bt
FHLP Y EEDNA F BO SR RO T e SR T
BB HARE QTR 10)-0)" . BRI
Ab, HATUCRISPR (clustered regularly interspaced short
palindromic repeats)[lg]ﬂlTALEN(transcription activator-
like effector nucleases)”"“5AENS 5DNAZS A KI5
WAT B DNA- SR 1 BB ) A R T BL.
1.1.2 M f 4 7 B

SRR E BRI L S (T 5 A B 1
SRR, PP G E SR A BRI E AR
TR E RE AT 1Y BRI AR SV R RN, SRR
MREATACHR. Horp, MR b e-Z B e—2) 2
(AP AN, A TR ALBOR I SRR, 2RI
PR A 5 ED A T I fre kA B R DN A3~ HH 4
TP R, A R 1 K T O R e 2
AR AT AR AR R, X FPEIRTT VA A 2 e
B 2 i LA L A5 o7 i e = A S ) [ R

IR IR IR L S DNA M 4% 3 B o — Sk
PRSI TI. L (0)-TRET L (o)-il /R T 2SI
B XU B RE A AS B, BIN-succinimidyl-3-(2-pyridyl-
dithiol)-propionate (SPDP)™*filsulfo-succinimidyl-4-(N-
maleimidomethyl)-cyclohexane-1-carboxylate (Sulfo-
SMCO) Yy Sz EAHLER. 33 B2 A8 Tk ) 4 [l ) 5 i
M2 - A B ZEAZ AR F ISR EE R O, 58 UDNA
SEATAMEEE. 14k, KohmanZE NP HA M H &4
P o-nitrobenzy 1 3E A 1 S BRI SEEL T 651 £ H
AR (A 1 (0)-ii) ™. AT, e
B BSA B AEDNAYT AR LS R IR i i, ASLEE
TRAPDNAGS A SZREAR,  [6] It BETE G I T I 7%
B AR A P, BAh, i BT R e
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Bl 1 DNA-HFAFIE A RGN RS ATR S 8 AR BBCRN. (a) DNA-TE FURE SR nR: i DNA*H%EFW%%@; ii. KBS
DNAGKZEHIZEAE; iii. 401, (b) AESEM I 5 | A E - EME R, i Ni-HistagINTAN SHFEMALE", i, FUF-HAFERR
Gl by T T AR 1T R SR SE AL v, FIIDNASS &4 3R (SRR S A1, (o) S I 7 v i. SPDPACIAIA S A A I %
S ii. Sulfo-SMCCA AT AURERHEB 1) i, SEBUPESSIN ™, dv. S & B A SIS T A SEA FF R B, (d) XIS 1k
SR SRR FEEACE: . DTPCHEIEEO, i, AR A S0 B PSR (o) B PR 1. SNAPHRAEBLIL: i, Halobr 25 Ik
HLEEL (f) B RIEAIEMBIEAENS: i Cu (DEALAYE LA RIPRER IR BT i, JCAIUH 5 5 8 L SRS T i, Fb T e e s
Figure 1 Assembly workflow of DNA-protein complex and oligonucleotide-protein conjugation strategies. (a) Assembly workflow of DNA-protein
complex: i. DNA-protein conjugation; ii. hybridization onto DNA nanostructures; iii. purification. (b) Non-covalent conjugation methods: i. Biotin-
streptavidin[g]; il. Ni-NTA-Histag[g]; iii. antigen-antibody system[“’m; iv. special affinity from protein aptamer; v. DNA-binding protein“(’wlx]. (c)
Covalent conjugation method: i. SPDP crosslinker for lysine residue™”; ii. sulfo-SMCC crosslinker for lysine residue”"; iii. photolabile crosslinker™™;
iv. in situ crosslinking (261 . (d) Regiospecific conjugation methods: i. Affinity-guided selectivity; ii. DTPC strategym AU i, residue of proximity-guided
crosslinking moiety. (e) Protein tags: i. SNAP-tag; ii. Halo-tag (f) Azido-DNA conjugation methods: i. Copper (I)- catalyzed azide-alkyne cycloaddition;
ii. copper-free azide cycloaddition; iii. staudinger llgatlon

Wi B PERE 2 5 R4, AT 3] [ B HA SCHRRE Ho—, DR SRR IR . X — St B 1751
A SR IR EE, ﬂ%ﬁﬁ?ﬁﬁ)ﬁ%%’fﬁi, TEAHS T @%lﬂl FUARAL A AR ELAE A B i s B Rz X Jsk o
HoAtb 37N 1 (0)-iv). AT S AT 4 Sy b e S, i S B0 7 DX S e PR A,
113 SR O 5 4F 5 M 18 Bk I H R R AR A N 5 | S (B 1(d)-D). #lin, Ha-

KEMIER, BIPALSAIAH & P e 2 52 machilf 20752 F T NTAGR B Histag) %5 35 F6 B2
HAREE FIROTEE,  BAnpl W0 S At b i %) 8 26 - PR ET 5 I B H AR R XS A0
6WERR I B GOPDH) (AT XS T BF A RI~40% A M, 7E—i. B G REBHUA R FeX BUEA TR i iR
I H3B4 5B bR ICIE 2 — L IR AR 1EDT . Hidf P, WATHE R —Fh5 | LY. Rosierss NP5t 270
W, [ AR A BN I B SR T IR VT e s i i B A IR B Fe X 3838 o 3 KRR & FE AR (unnatural  amino  acid,
EESIKYIAE . T A LA SRR UAA)GIA T — iR, [RIB RS A GRE
RIBE 7k — o R AT DR 1 3 A A A ] A R ABIR T — RS TR, EEAGHEFERT, Fe
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X874 B 7 5k A1 5 4 1 GRS PR EE, LA S B
TSRS BARPURI R, LA, Kurtift
P SA T —Fh 4 HDTPC(DNA-template  protein
conjugation) )38 FHHIX M (K1 1(d)-i1). IR WS 1 Jels
— AR SERRR S SEAZ T IR S Hin s H AR 45
A, M ERE A RN AESE A Y B AR ST RREE S SRt
() BB FLANECXT,  SEBR H A SN I AR R A 8 X 3
N5 BARE AL L. 5 —Fh X 84 SRR ik
AR TR B L SUE BE I S8 B, X A B
AT LU —A B fe Bt 2= e g (T8 Xl e e B
b B MHE IR b, 513 —RHA 5 Hird
AR 7= A R g A e, S P X dal e S R e B Y e
(FEI1(d)-iii). 4, Nielsens APt T — 23U E BEH]
HE AR, AR R S H
RN, [R5 S 55— FE A5 U B B ) = R
B 3 R D A S I S BRI . Meircher s AP i &
BT — P EE - A T A 2 R ke A R A g A
HARETE R N S B N — & A eing, DEFit—
A1 HoAh B DBCO(dibenzocyclooctyne) E it A1 1
DNAFE sl A A R4

H =, fHEA TR (protein tag)#H 178 H Y H
Thric. HEAFRESE RS ML A B 5 HER R
) Z [ 2 R B 1 T, K S H AR AR
HE AR TR EREE—E, $eesti HirEH
S5EMA Y BT TRZ B MG (& 1(e)). &
UL [ ThT 254 SNAP-tag(20 kD)!'***FHalo-tag(34
KDY S DA IE A8 (0 52836 T LA TR b AR )
R B0 AR 5 — T LTRSS & DNARY A
TREN, RedE—2 3 8 1 PR 28 0 MR I S I
BT R0, AR AT — e RSB, dinix
bR HEERA 2 B bR H BIN-2Ca, HRSFEK
(A A 25 (R IS i 3 4 11K

H=, AR B R A7 E e A HEA T R N
() A 0 1 28 B AN kg A AR e 7 S R R AR R A 4
PERY B A - B R 0 S 7 A — el R A
WIIE A S (P 1()-1), 38 i Cu(DBEA AL, [F5% R
B AEYIRNEA —E k. ik, BaRrtiEd 74
YRR AL (nCuAACP ™Y B EALY -
TR S S AT DT R L(D-ii). It
A1, i FE T H% S (Staudinger reaction) s F] AYE JCHA A
B A T LIS R A 5B S B R DNA I
(B (£)-iii) Y. AEHIE A2 W F4 SRS A5 T b 3R X 4
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P R A AR B LA, T AR RAR
FIMAMARES AR, RO LA SR
AR A S H AR TR E Y, Mok
Fh T B A . B, Rosier™ Mt bk
B FEPTE AR R R BRI G ABIEAG L, #H4n,
BRI A 50 3ot BB B A )y P AEMS 2
PRBRLR TSI T AERR G IR, 7 Ak e i
T— RIS TR YHE.

1.2 EEDNA-EY5) TS AW SDNAT RN A

5yttt
121 %%

A TERE YR AT F UK SR, BT 2428 11
HX T DNAFEE R A=) 5 T S5 DNAEZE F A Y 1) B AR
PARE R TR E R RO R B SR M, ARG
a2 B B AR R, R R IR KRR R AR
T JETE37CHAIRS min, FELA2 min/oC Ay RE Z218 iR
F10°C, FFTE4CREAE™. AN K T B RITE
R2510~20 ntfFEEN, PLRIEHG s VR 7R T37°C
AR E DX )M e g, S8 2 7 o A At A i
e R Sy AT B A R 22 8 1 2 ) BELRK
AT = TR N ST g S R e Ll S A N TRes Py
DAk Can 7 2 b SR A Bl AR 3 SR A ) B TEDN A 42
b B S TRIEE FH60 nm 28 A 10 nmiRF,  HARAS = F A A
~93% FIERI~45%""T). i FRE e AT o 02 1 91 11 e
B S i =%, FE P SRR UE T HOAMAC
X B ] LRSS A R b 9 /DB LA, B red
AN B, B A D —E B b Se IR 7E 8 1 2
(i) 45 BEL[] .
122 #if

FIIHIDNA B S22 256 (1) 35 RIS AS [ R, Gl
] >R FH PR 2 1 Jo v R €2, 35925 (fast. protein liquid chro-
matography, FPLC)o I g HHEE K HL 1k % (agarose  gel
electrophoresis, AGE)i#174lifk. FHDNAMH 4 /NG
DNAHTARHEiE o 55 20 2% 10 40 K 45 440 18 5 RE V& 7E (O 15
R RE TN, Al FHFPLCHE T 4lifh; HATHE KAy
FIMAEASR FHAGEREA AL, s, #ue™. w
BB ) e K T R R Akl Ak R
LI DNASTAUHE . —FP A TRz FPE H BB AR
Iy FH 8 7 2 AR FH S e S P S R 28 X R A A 11
H B8 H B T3, a0, ZTEDNAGRKRES ) &1
Wa, AT DIERES W N S 7 B DNAB L 5



P A

A T2 700, RERRE S AT LAGE B B 7
AR EREER. Numajiri®s A 2858 13 1 FH His-
tag 5Co” W% = WA EF 1, MIhalifh T DNAGE K4S
¥, SRR 2R AV T 240 i T B R A% 1+ 7 A AL
Mok A &R, R Y BAnE P AR
PR, LA B8 VR I 4 B (AR P REER 15 23
B BRI DNA Origamigéﬁgﬁﬁ[so], R
HABRFBE T99%, 1MiH Bk LB RN
60%~70%).

2 DNAZK SZRAERI 2 Wi i H

FEANMEIASR Y, AR 25 ] L kS 2 4 2 AT ik
WY B, DR EE mACHHE B RO, A4
DNAZUK A BAT JUADEAR AT Ve nl gtk 9
K RUBE Y AT F-hE VAT AT DY REAL SO0, 7RI DRk
Fi 5 T AR 12 B AT A DNAZRH A,
A] S — B S (N AR ) o F 4 5 Z A R 6
A2 LERIREDGT IR B0 ARG i 4 o

TR0 S N 5 DN AGHK A A B 256 v A 3 e 45
FIfE M N T 2851, 6 A XA & 5
EAYEIEREY, X — kA B TEsoh . e
b BRI RE, (E2EEYY /L, SCEURRC Y B 1k AT
75 [E] X Bk

A A AL B (glucose oxidase, GOx)/FUR 4 1k
)i (horseradish peroxidase, HRP)XJ /&1EMFFTDNAZH
KRR 3T I 5 A FH R 2 o) PR 20507 e i P %) R
FNEXT (K2 (a)). FEIX—E B S0, FERFGOxAE
b7 2 W S A A B AR R, TR A S A A
(H,0,). FfiJ5, IRHUFEHRPEH,O/EAIEYIHFE, /3
ABTS” AL NABTS . X—MRIISIETERNST
R A X AR E M DL B AEDNASCHE 1) 5 i
P, (RIS AT 38 4 Hy O, 4 7 A S B0 Tl 2 o 4 s ) ),

2.1 JETDNARZZ 2 R a2 b HE

Soe b FH ARSI EE A AR 9 Tl 0K S5 7 1) S R S —
e ZERE . AHICAFFE F I, AW 2 2 e i o —
AERIDNAYKZHE b, A B T4 B0 SO . 2002
&, Niemeyeri‘f'%}\Hﬂ#%NAD(P)H:FMN%LﬂSL*E@ﬁ(:ﬁ
i) 35 52 i ) R 2 ' 2 T B A B A T R BUEE DN A
(dsDNA) I, A ILDNAME [n] [F 2 B AL T 5 4
LAY AS IRE S, SRR T LR 15 PE(EI2(b)). TR
FE R M AL T AG EE—F 2R e R AR A

TAYERR. SRAABEMAGgERIRSWHIL, XF2
dsDNAZH % i 27 2 2 K st i 7174507, ek,
Erkelenz %5 A P™ 1R (i 2% 1 dsDN A 2 45k 41 55 41 i
8K P450 BM3 i, 38 i) 2 1 40 il . 2 P45S0 BM3Ji PR
AN 2 (R A RE S, TR L PR RS AORICR, i e B
A= A TG 1.

THEIDNAGUKRZE R AL TR N 2 24 1 R
JUTER R e 1. DNASTFACH: A i it ] 15 55 o s
WanT s, B B 5T R R s A i AR AR )
G, VE—ZEnT iR nT FHER 28, DNAGY
KEEFATLEGOK R SRR, POt AR B
Y3 DL E R O TE . WilnerZE ANV BiI7E2-75
NIEAA-X NI I DNASZ S8 F A1 40T — 4> WU Bk
(GOx/HRP), K ILHBEAE2-/NIE AR T 424N
NI LB, BRI ERE & T 1.245. X2 i T4 AE4-
NIIEEER BRI EE B 550, T H,0, 5 /04 SRR
W, SB0P AARH,0, 7E HR P 4 R0 v BE S, AN
A5, FuZe NPUf FIDNASTA0R 412 GOx-HRPZLE,
SEER TS URE B A R BE A R (11 2(c)). i RS [
(B FE T I B A A TS T, AT R B, M ] A
10 no38 JiN 5120 nms,  FESLE TG P B B 5 174 384 i 2 3
SURTT RS, TSR 3065 nmitt, i
TEPE S 3 — R e PR R . X T U
H,O, AR AR ALE], XTI T-20 nm Ay ik ] 1 25,
S R EIEN O E Bt ¥R 2 (0 i I (190 e o L £ = 0] 53
HP R AFE S 3 2 1 R T OB s s2 2R, BUE S,
LiuZe A5 — 2578 = f R (3PS)DNA 48 | 4144 i 2%
B, A% T —MDH-OAD-LDH[¥) = BH&EFR. X Fia
(1 JUAT RS Jr 2R T SN H R AR (NADH) 9 76
WHR, g TR G SRR, U BT s
EIRA SRS T — 518, RIGE 24 il i [a) R 25 mT 15
ENZ BRI 2, JEmEan Rg P

T = HEDNAYIKRESF IR FH 7 T, DNAZRAHE /T
ARG 5 T B 32 407 GOx/HR PHES J7 =X 1 2 (1#12
(@) FUHIZDSHHA TIOR3 4ess
FAAHEL, 325 A DNA S HR 45 R4 T A ) T RS TG 1 1)
$ETE, PObRTE RS TR, S5 R T — A%
SRS X . Fus APV R —A 1 A 2
RS ST R AIRE N, EENKEZE
RS IR K IR kT iE s, S ok
WHAHSZHE.

W b SCHR R ) Bk B 22 i A 2 AN oK 25 H 1
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(b) (a)

8,

SB-Luc

bcAB Gluconic
(c) acid
@/y ;@ ()
DNA origami

Glucose

©: O ABTS?

H202 ABTS-

Set stand

NAD*

Bl 2 JETDNARARMZEHARZ FHEA. () GOXHRPHIKFHLR R (b) NAD(P)H:FMNAE LA S5 FIZE 2 BFEdSDNA L 19
() FIJIDNATTHAE 2 H GOx/HRPRGFIK I RFRIIE", (d) =4ERHEDNAITAR AL AR v, () T8#G6PDHAINADHHH 114

DNAREF

Figure 2 DNA scaffolded enzyme cascade arrangement. (a) Schematic representation of the GOx/HRP cascade system[m; (b) NAD(P)H:FMN
oxidoreductase and luciferase cascade on dsDNAPY, (c) organization of a GOx/HRP cascade on a DNA origami with precisely controlled distance®";
(d) cascade enzyme reaction over a three-dimensional, wireframe DNA origami scaffold"”; (e) design of a tweezer complex using an enzyme-cofactor

system involving glucose-6-phosphate dehydrogenase (G6PDH) and NAD

DNAZ KA #S (ADNASE WA T —AS8 1 1 F0F
GBS SR E R R N . X RS R REAS ST
Tt B it P 7P T B X 22 ) 2 [ B 5 190 s 25 Pl
2 L DNABE T i Al i Holliday 25 & SE £ 1
DNAXEE X (DX)FEFH . Z LS & — A2 27
BRI A DNA LA, ] 501 AL N IR BIDNA T
TR S RS- AL AL TR B 25 40 Z ] i U4, 3 1T 52
BT IT HCR PR S A 52 85107, s — BT LUKt
DNA LIk = A (/NI B AR, B R Rt 2
] SE BRI (23 1173 25 1Y) fed), DNABE T A w4~
T Sk R E- A LS A AL T AT IR, At g I AT
N A RERURED, BRI VIR CRAS. PRl
SIS A BT AN BRHERRL, A U,
ST AT I [T DG PR ZS. fldn, LinZs A4 GePDH
HINAD 25 fEDNASE TP I, F LT IT ORI 54 4]
Z 0] FRPBR ZS U8 A S B % AR AL T A T 42 (1] 2 ).
IEAh, 25U DNASE T [FIBEIE A T LUBE FH I AT 336 37
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+ [64]

15 GOX/HR PRSI 1 .

Bifs, AMTXDNASETFRIRS . FFERESH
il Az B S T AR AT T AR R
fln, MarrasZ A8 AT —Fh B T 0 19 7T Hy
DNAZKZER, W] LATE RS A s ) RS N & A KRR
BIRF G it de, vallR 1 BE B LT - DNASS /EH
R A R ERREREE. eah, HuZs AR T
—Fh B RS R AL R DNASE T, ] LLJE Y H B-
P FURET B (B-Gal) 45 B AL GOX) FIET B T F
E M1 2R -G PR BAR 13 AL P B (HRP)BELIDNA
LIS = T AL OB S0 . Ko Al sr 7 — b
AL i, I AT AR DN AT 45 il
Tt [0 3 5 ) R T, S v R R ) H ARDIN A

2.2 DXIRR R AR SRR TR R I 5
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Figure 3 Effect of enzyme compartmentalization and DNA scaffold on enzyme activity. (a) A modular DNA origami-based enzyme cascade
nanoreactor'; (b) the combination of two nanocages for enclosing enzymes[m; (c) a DNA-based nano vault that can reversibly open and close to
regulate enzyme-substrate accessibility[m; (d) the distribution of positive ions and pH near the surface of DNA origamim]; (e) micromolar binding

interactions between substrates and DNA scaffolds that improve enzyme activity
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Figure 4 Artificial swinging arms facilitate the substrate channeling between multi-enzyme comylexes on DNA scaffolds. (a) Design of NAD -
modified swinging arm providing restricted diffusion of NAD/NADH between two dehydrogenases 27, (b) effect of swinging arm-enzyme distance on
enzyme cascade activitym]; (c) effect of swinging arm-enzyme orientation on enzyme cascade activitym]; (d) effect of swinging arm-enzyme
stoichiometry on enzyme cascade activitym]; (e) swinging arms facilitate the specificity of enzyme cascade activitym]; (f) design of a 2D enzyme
network with NAD -modified swinging arms”"; (g) design of an enzyme pathway regulation pathway system on DNA origami[ %L (h) design of an
aptamer-modified DNA nanostructure providing the enrichment of ATP molecules between two kinases""
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Arranging biomacromolecules in a specific order and orientation on the nanoscale has long been a prominent research
topic. Significant progress has been made in understanding intermolecular interactions within bionetworks and elucidating
biosystem mechanisms. DNA nanostructures, serving as ideal scaffolds, have been extensively employed to achieve
precise arrangement of diverse biomolecules at the nanoscale due to their well-defined geometry, programmability,
addressability at the nanometer scale, functionalization capabilities and excellent biocompatibility. The advent of DNA
origami has further enhanced the ability to design intricate and accurate DNA frameworks. This technique utilizes
numerous short DNA strands, called staples, to fold a longer DNA strand, known as the scaffold, enabling the creation of
more structurally complex and precise DNA architectures. This review is mainly structured into four main sections. Firstly,
we provide a comprehensive overview of the various methods employed for the three key steps involved in assembling
DNA nanostructures with biomolecules. These steps encompass the conjugation of oligonucleotides and biomolecules, the
hybridization of DNA nanostructures with biomolecules, and the purification of DNA nanostructures—biomolecule
complexes. Secondly, we briefly summarize the relevant applications of DNA nanostructures—biomolecules self-assembly,
with a primary focus on the construction of enzyme cascade reaction systems. The combination of enzyme cascades and
addressable DNA assembly has proven highly effective in creating stable artificial multi-enzyme complexes. This
integration allows for precise control over the position, shape, and composition of the complexes, enabling efficient
manipulation of enzyme distance, substrate channeling, and compartmentalization. Thirdly, we focus on the application of
DNA nanostructures in diverse imaging techniques, including atomic force microscopy (AFM), fluorescence imaging, and
cryo-electron microscopy (cryo-EM). DNA nanostructure offers distinct advantages in advancing bioimaging modalities,
such as enabling multiplexed imaging, facilitating logical responsive imaging, and enabling protein structural analysis.
While AFM has been extensively employed for the characterization of various biomolecules, it still has limitations in direct
observation and comparison of freely dispersed molecules. However, by utilizing DNA nanostructures as a platform for
loading molecules, it becomes possible to realize the visualization of dynamic intermolecular interactions using AFM.
Besides, through precisely manipulating the number and combination of selected fluorophores, DNA nanostructures
provide a means to mitigate the issue of spectral overlap among fluorophore colors. This precise control allows for tuning
the overall color of probes, effectively overcoming spectrum overlapping and enabling the generation of distinct and
distinguishable colors. Moreover, DNA nanostructures show potential in assisting the determination of protein orientation
during cryo-electron microscopy (cryo-EM) imaging and potentially mitigating issues such as protein unfolding or
nonrandom absorption at the water-air interface. The final section of this review discusses the technical challenges that
need to be addressed to enhance the utilization of DNA nanoscaffolds, for example achieving precise orientation control of
biomolecules on DNA scaffolds, optimizing the stability of the overall complexes to achieve in vivo functionality and
overcoming technological bottlenecks that impede the application of DNA nanoscaffolds in cryo-EM imaging.
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