GO/ I U - ¢ 7l Z/ONA HERERIVARARRE
Chinese Journal of Biotechnology

http://journals.im.ac.cn/cjbcn Apr. 25, 2021, 37(4): 1120-1130
DOI: 10.13345/j.cjb.200408 ©2021 Chin J Biotech, All rights reserved

DNA

Wk, 2AE, BRET B

1 ERPFEBEER E ARG MAEYRITRME T, bt 100071
2 SRR R 2 ERE S KK E, b 100071

B, #4E, BEE, % DNA IEMEREIR AR ESE. A TR, 2021, 37(4): 1120-1130.
Yang S, Li JY, Cui YJ, et al. The current status and future prospects of DNA computing. Chin J Biotech, 2021, 37(4): 1120-1130.

i E: MAZHAIT AT RORHER, BRI AEXTEFAITAK G ERWK., ARSI T HHERF,
DNA # H & %l KA. AT S 4 5@ % %2, DNA #.3% (DNAcircuit) £ 52 I DNA i+ ey 2keh, &
GATREZ 5 TR EAERLERR, LFEENLZT DNAHFHEARRE, FE4TRIGATHRE, &
Bt T AT DNA B @misagdeik. sk KR ERG ) TIHAZAA AL 2 A TMEMK. BELERAEGE
RAEARIK

:DNA &%, DNA A, DNA#4E#F AR, AR L%, DNA S

The current status and future prospects of DNA computing

Shan Yang"?, Jinyu Li*?, Yujun Cui*?, and Yue Teng?

1 Beijing Institute of Microbiology and Epidemiology, Academy of Military Medical Sciences, Beijing 100071, China

2 State Key Laboratory of Pathogen and Biosecurity, Beijing 100071, China

Abstract: As the demand for high-performance computing continues to grow, traditional computing models are facing
unprecedented challenges. Among the many emerging computing technologies, DNA computing has attracted much attention
due to its low energy consumption and parallelism. The DNA circuit, which is the basis for DNA computing, is an important
technology for the regulation and processing of the molecular information. This review highlights the basic principles of DNA
computing, summarizes the latest research progress, and concludes with a discussion of the challenges of DNA computing.
Such integrated molecular computing systems are expected to be widely used in the fields of aerospace, information security
and defense system.
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PG ) 4 5 oM R E B9 DNA 2375k, MM AR
DNA 7 F4 515 R FF LM FEE DNA 4> FHEiET T
BaEE HAMRCAT B, B A H il DNA 245, H
i i DNA 4355 BV BE 55 A\ DNA 4355 i vk
JERIEHIKE R, Rl R B T — A 1] B 45
PR s EAEVEVERT , s s A (R
T, AR ECE MR A B S B . Tk
iz %, DNA HLFAH FIRRE 1 DNA B ik FEAE
ET s AR B A AR B AR I R N i
30 - o AR VR B R R B IR, IR AR B 5
2 IO 2 Ly A WA BRI & J , DNA
R UITIEHE . RIFMWHAES R T Z M
5T 2480

Hii, REHT DNA A4 B FH A
WAL F & R BE, (H U N A oo R
B, WEIHM T AR RGN REI R E UL
1994 4F Adleman T 5642 i DNA A BRI 4
HOFIF] DNA B35 F RN X D U] f g 2 A 2k
FEFgEE TRIRY, DATHEERG R B A (), B
BT M, 2004 4E, Okamoto %5 3 {4 & IR
K BerHi B S DNA THEEASE &, M DNA L,
FHIE L DNA BT, BINKE ARG 45 1 38 i g ik
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AR A 2 PRI, e S B FH 9 DNA 3
EB SRR, DNA 1 b3 LMK
Fr 4B i) 2 JB A T . DNA 454
T R 2ok 5 H B ) 2 73 L R T 5 e g
M Tt BAG T 2 W E N gk ATk
DNA Z5#4 F1 5y BE 4k 21 T4 1%, 3 5 L% DNA
JUFEAT A F TAERR AR E . FIH DNA
GO AR A D 57 F R FEATE 4 DNA 3
B, O DNA TR AR SZE B — AR
AR T BRIE IERY . 2009 4, IBM 2 F]E A
Fl DNA FIAKAEARTF & T — AL BLE A, T
17 DNA L. Fit, LI DNA AR
FARE LY AR AR TN A AZ D AR
il R, ] 5 kW SO T T M

DNA 5 ) T2 005 B 5, 2 AR Tl
A ILHEAT TR DFFE 2O AR A 47
THEX —#UH IR, JER%E DNA T8 25
Ro AT A SCRE M S B i3 5 DAL A2
TP A RE T iR 1 T T R R L
B TEMCIERE b, A Y3 A SO R 2 A
R %, A DNA SRS BRIL B /1 .

1 DNATEEH

DNA 2R N %15 5484k, DNA
FEARY M RALTTIR , FLr WL | WRIR SR AN 5 AR
FEALK . DNA A 4 Fp /L. IRIERS (A).
MR nE (T), SRS (G) FIMIMELE (C). XLk
T RBIEAE DNA e U HES A 4 5 5t 4%
FE. —METRIBEIRIE S 7 — AT IR B
REEAIFE R, TR i ey 5, B
ik DNA (Single-stranded DNA, ssDNA). Jin=
& I J i W I (A-T) 22 [) LA R 1 122 & R g 1 i
(G-C) ZIAIJE LA 5, AR ML B AbEC XS, HP
Watson-Crick s 5t %+, DNA 55 i A< 5 ik 2
FIA R RIZIR o0 T 2258, 7 HERRIECH T
Bl R A AL A SR, S EARYE B ) SRS
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A, T AR DNA 27 HA AR S
Mg, MKERILE DNA /> Fil s,
B4~ DNA F3F By s an s Bt 2 5 oA o3+ i 4%
W R IR (S BT S, XM TECA Y
AT, X DNA 4 FilfF—RIES R A1k
PR, AT 0 s AT

DNA 15 i 4% 0 ) B2 8 28 30 4 65 5 1Y
DNA 2> THEVE i A, *F DNA 43T BEf7 AL 4 3
e, FERARXE NS EER F & —E
I 8] 58 2 AR 2 F ) (R SRR A2k
Wb g, JUHE S ARG RAE, Bl G
I e mIEIR K PR DIl R R
B KT R . R XSS R DNA
T (BRI ) HEAT AR, DNA Ha %
JESCHUATT DNA SEA I 45 D) BB 1) JE A 14,
L BT 4 I ST R BR 4 A, DNA 15
[FIRE T A R 1T P02 AL e 3 X AR T
&7 T 2208 T DA T4 2 T fig s B3k 1 i 3 2
o 52251, DNA HERARE —4 0] LI 455
THEM) DNA 55, DNA Hi & H A AT 2 A 1y
LRI o LS5 5 /2 DNA B A9 57 DNA
B R R BRI JC . SR T I B AR Y H K
(Seesaw-based circuits) i /] DNA ik EAE N 1F

*1 REHESEVIHTERIRE

2 MRS (Localized circuits) fdi ] DNA %%
R B TENES . 2 1 ha% 7155
TR W Ta) ) 32 2 X

2 DNAtE#H

DNA #EEEAA SR KIE BAERRE T, T4
i L BET LI T AN A B A2 s 5, OF BT
BAETHSEALA AT AR FRAE 2 =X, TR AR ALY
A R i T SRR ), v gL S AL
XEECAAL PR MERT, PRt, DNA AR % 40,
AORIFSE $ s P82 DNA 43 T-283d A Wy i s 1A
PT84 2 5, 32 s R AT R
FYFEAE ] (] 1) T 1Y DNA THE 4 il R
1 3 DIEATTHA L, 25— A R s, A
T PIE B AL H A B A A G 46k m]
it DNA H BT BB S A B A AR S5 55 385
EEEhE, AR SRR BN S;
S =IO SR A TR, F SR BRI i & A b
155 - HEATAH I (9 L B T34 411281 DNA 3144
B A] I F A= 14> F 1B R 1140 AN N R S8 A
TCANAE ZR B ot ] KA AS IR S P o o 3 T R
MRETE AT . RIEEENA G, TR
AT HE— 22 A R T P

Table 1 Difference between traditional computing and biological computing

Traditional computing

Biological computing

Feature
Ability to build cascade circuits Moderate
Assembly and set up Immediate

Energy efficiency!??

Environmental changes Less impact
External manipulators
Heat generation High
Individual operations Fast
Main material used
Miniaturization

Process Deterministic
Simultaneous Fewer

Storage density®!

Low (10° operations/Joule)

Mouse, attached devices

Inorganic such as Silicon
Not efficient at small sizes

Less, limited by technology

High

Prior preparation us must

High (2x10%° operations/Joule)
High impact

Chemical, heat etc.

Nil

Slow

Biological such as DNA
Highly efficient at small sizes
Stochastic

High (Billions)

High (1 g DNA can store 2.2 PB)
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(A) AND gate symbol and truth table
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(B) OR gate symbol and truth table
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(C) NOT gate symbol and truth table

1 BEN5EESR,
3EI7T (C)

Fig. 1 The logic symbols and truth tables, including the
AND gate (A), the logic OR gate (B) and the logic NOT
gate (C).
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KB RAREP R — B RS (%)
MR B L AME, AR FEHUR AR
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% 3%
A

34 \ ﬁmﬁ =

fOBE . B A A AEEBREA I 2 T4 WU
T 5E B BA B 2 (7 B 2x i B A E), AT S
HE ATV . 555 A BTG, SRR R
i E MBE A IR, [/ 2 ik C gk,
T 2874 J2 i D FI%E E. DNA HERLHS 14 51 o 3
W e T B VSR st B I L B PP R R
e I RV P o

DNA B4 A S DNA 55— Fh = B
He, FLEA A KM, AT, WAL . SIS
BEPESEHE 5, 76 DNA B RRITE [ RS
R HBA 2] DNA S B4 2 7 S B B B MR i A
S 43 ST R FIRE B AR N A R RR, oS — b
HSEIE BT R N . A AL B A
P, TR ZR A SN A EL R RE A K
A AEUR NI DNA B 4505 13 52 BT 528 %)
Gk, HIKFPA0R S 0 2 5 T Ab B £ (91
B DNA B4 R A — A T B SR T 4
e, — SIS B R AT A R W R R &
— i DNA 5 8 46 S REAS R I AT o 5
ZRmis ., REHFaA R EFER 3K, DNA #E 8
5207 T 2o T A% R 2 5 RV 4 5 0 2
PEA T L S S 7T 3 2o YR B B R S
FIFEB L AL 10° B 9 3 [ P o S 4 ik 8
fiy J2 1o % 202N e i H 25 6K T I B
T A%, W DNA SRR P,

\ZM

4
""-> 3

E

B2 DNAE#MEIE A¥ES BY¥ERMAEM C8E, REGEHT, NCHEPEGRE E#, FH/m4% D)
Fig. 2 The process of DNA strand displacement response. Strand (A) reacts with strand (B) to form strand (C), and the
reaction continues, displacing strand (E) from strand (C) and producing strand (D).
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5 DNA HEAHILES, HA —E Y IRer Ak
WP e s I g = M S B R W5 e )
BRI L . B K B E DNA J7 4]
R (E B AL I REER I R, AR %
TIPS A BR PO, ST A Wy P S R 0 L R
B DNA 1 55 — Rl S B JER 2
PEAT — 41 AT DAFRA T 2 BE 1 i PR 32 8 S o
LB AR5 2 R 3 8 Y Wk B R B T A A
TG Kk DRI i 1 i 1 5 DR AT R AT 7 2 8 1) fl
o HLE TR, LI SR, A
TS PR R s AL R . 7R T AL i A
A R SR A TESE, RNA A B R 2 10
DNA #5152 #2151 RNA (L R e ik) 775
WREMIE, xR shdEHERs 1 (IA—
DNA 1) —Rppk X I) FifE A1 EEE ).
ZIGTER S, AR E T RNA 2K,
ZIRAT S RN REE 1 o BRI IR Y Fe A i R A
SREEAR G SRR R A 1 43
+, AnRHE A AT s s (R R
fil), RNA RGN 78 s ERL, 7
S PR A el 400 ) L 2 B0 B s R R A
HERG S o AN [] 1 R R4 RT LU AR SR AN (] 18 6 R
LA IE, DAERUN HA e R is S Re I i Ak
DA e 3134

3 DNAHEWHTEE

B R AT TR W B Y AR . B
TRES IE (ZEEE L) SR (R 0),
TEAEGE R LB, X SEAE5 B AN [A] A HL e K
S35, HAEHR 47 AND, OR. XOR. NOT,
NAND. NOR HI XNORM®24  Jrfi  NAND i
NOR J&id FH ], B A Al — 2 0 ok Al A Al
e % . DNA AR A PIFSEM . T4 /U
BT A DNA 4R w1 Jm ke it .

TEFRETF Y 2L, DNA BEE S IR
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251X A R A R (E, (R AR A 2
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Tt U 1 T 5 2 50 FL B

5 B DNA BEENE SRS A,
H JE R A 42 o A i BB R ], R Ty
Pt A W2 0 O ST SE R B . LR TR B
TEAE LA ORI M 2%, OB RS AR H mir4a i
TN — R AR, T HL 2 2 S 24 0
BERT B 8 o APy 1 e 3 S A B R BT R S
T A 2 Tl S il e B8 R 15 5 A 381 H B 45 K TR
R, = 0 A A A2 6 5 B P 8 20 42 A 41
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I AT T —A BT SR B - 5
Cello™®, Cello MB/ERAWA 3 Fin. %FA
Mgt ) A Verilog AHL, PRIMTEBCTH— 5L
LB, B S B AN R R AR 1T, AR
Ja ¥ BEAEZR LA Verilog Mtg XS, FHAEF-HMNis
1. ZJa, ‘FEoiE LA RAE R — MR T
%, o R RS v B AR - N /N T
PP o DR B R AR B T Sk MR BT, AR
A 5 P R W 4 2k 1Ak, e IR R AR 4G A
ML, OHESRROREARE T, T FRIRAKIET

AT Sk RN T B KR AR NS A AT OE
B I B, A €0 1) 77 S 75 S 10 23 €2 1) G ) 2
FUFR 07 A 88 R0 - e i R 9Ot
FRFIR, A oOGE AR E S T REN I, &
MM . DNA 850983l , M FLRefg 76 i %
FEEMEH . DNA BERAALE S R AS R RS

ABC
000
010
100
110
001
011
101
111

H

o el o el — el — e

] 22 ii. DNA HL B AR 2 5 m el (i, SCikrh 24k
T Z MO G B MY, A3 T R A R e iy %
(Localized hairpin-based circuits) , &1k [ i [
#% (Chemical reaction network, CRN) F1JEF 7+
B % (Molecular-walker circuits), 75X 2642
Fyrh, TR A Je Bk FT LS T AND. OR
MZZ 4 (Majority logic) a3, mikLT Zif CRN
o8 AL EE AT LIS AND ., OR Fl NOT #
iz A Zadegan SFEHE H —FPH FHRAERTA 2
W\, 43 AND, OR, XOR KL%
AR A, TSI BB 5T R 5
L 7E DNA 4t ah Sl XS ELA R A /K DNA
W THES A @ 5, BIPZE DNA B4,
Gy TR fEIIR5E, B A {55 & DNA 55, fi
HAE S W 2 6 LIk B i % & (Fluorescence
resonance energy transfer, FRET) &1,

P

F’?ﬁ-’T

-|-PI3MSRI GFP

rrulrrre L

HIyIIR T

BM3R1

HIylIR

3 CeloWEZEILRE (RIBEERTEBRFEE, REREBTFEREREYEI)
Fig. 3 The primary process of Cello. Generating electronic circuit according to the truth table, and finally generating

biological circuit according to the electronic circuit.
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4 DNA 5o Bl b B

DNA HLFE A BT 507 f i, SClik b e i
T R EI R K . BEHL DNA HL R 5505 DNA H
BRI — 0 2 X, B DNA HL S 9 AR
Al A TR IR, BB DNA
TCAFRE S B8 o T FLR RS R ik B, SR
Ji 3 2o A Y AL B A e v R Y e R A
S e 2 N A R A PR IR R, R
HUBSOE FRCT LB . 158, W TR HE BV
P, L DNA b N 50 T 8 5 12
I TEOW B0 FHCF DNA ALt I, B
DNA H [ AT 8 35755 44 HH 5 S g Jir i 14 45 Fh 4
HYK B DNA LB B R50% 5 T 4507 DNA HL .
B AAR RO A AS BRI TS, 20 i R A
B ST AERCE 5 S M LR Bk, BT
DNA H <17 Ff<0"id F i B, AR 7o Bk
ER=AI0bA T

RO PR % P R A B — A oo A R,
J& DNA HLFETCIE G728 ) DNA IR B, R
£ DNA FLHLHL B rP e A7 o0 J2 7 AR
BT A DNA HLES . BEAh, IR RS FsE At
FRHL R B AL DNA L% . BT
& DNA S5 BEVE {55 o 75 DNA #5854
Jirf, DNA BHDLH I 4 A R 15 5 ok B
DNA RyHE; Wk DNA B &Y T4 (5 8T
PLAF A T B A9 S 46 . Yordanov R T
PSR 7 v % v A LA R B o e B 101 Chhen
SE T AP R DNA SERHRBE , K4l DNA 554
AR BEAR I v B R e A, R T —ANJEF 3 Fl
DNA J& i [ o 22147 Song 2531t — e
RN SRR, A X e S AE
Bt 220 ek BRI A R 5% SR DNA i
B S AP B, AT LS R [ R L e A T
2 DL 58 BE N A 2 BOAT 55 o PR BRDL e i a1 7
AR, TSR A AEIN B, R —
UL FEL 3% () B LR A e A T 1 S — AL R
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P AES, I BEABRES I ME—E

BE T VR 4R e A B AR AUL AL % AT DATE TS 40 N
T4z, Sarpeshkar 253 1= % A W5 R 47 Jo il
BRI B sh 7 A AR E B, W E E R E
VE kg a8, TS — iz gl ki
Ha, 8% 0% i o 2R AT DUAE Sy o5 — 1> HL I ) A AL
5, DTG B R Ha B A 908K . Daniel 55 R %
I £ 7 2 0 00 6 g o 2 L g
Bl 4 MR y=In(1+x), \WEH T LIE B AGS
X A AHL i 51 T B9k, i 55 y i mCherry
EARARE . WAGS x B2 E T AHL S
Bk LuxR MUR3IT Pux &G, 7WAEEREA
LuxR Ffizg ¢ Y62 11 (Green fluorescent protein,
GFP). 1ER™HHI T LuxR AT /A i % 1+
Hiash a4, FERRER (A) 2—1TIER
Wio HEEER (B) ATRAHEREEE (A) 74

e
1

— G

4 HYHER In(I+x)BI B (A AERIR, B A
W RIE, BETERRMA AHL #1 mCherry BJ3F
IVEE)

Fig. 4 Biologically constructed In(1+x) circuit. A is the
positive-feedback, and B is the output expression. The
dotted line below shows the corresponding relationship
between the input AHL and output mCherry.

(AHL )—— In(1+x)
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) LuxR 2 IR R S F0E 3 80 F Pl A
M= E 4T a5t & H mCherry. B A F1 B 414
FROREE DL L %, FL A AHL (43 B2 R4 S mCherry
BRI B X 1 O R A B IR AR y=In(1+x) . Leavitt 5%
ZUERTE R T B, B R 5 R T AR
AR BEA R R R N, 2t T
B, FATE AT DM AR MR, fE DNA L%
UL H 5 T B S R S AT R R
A BE IR 3 . TR A B 5 87 B AR 45
T T 2R S0 BT i AU I (B A A e, T
Salehi %54 H T 36 F i 28 A W) 4 A B0 o A B
A,

5 REERE

AR E 4 A A ek, (ER AT U Bl
BRI R AW, WFE, Wrl HAY SR mE
Bt ik, AW RBC R R JE B AE  58
I T RGH G AW 22X — B2 E R 5
P DNA T R G 5 A M E Y i — AT
BT o DNA THE A A 5 24 55 P A
gy 1) AR B 1 245 2 H— R 51 DNA
1) T8 BT P AR I R AR B 5 2) SR — 1R 4% 0K
B f(w) MM, wEE DR AR AL f(w) s A
{7 A0 BREOE ZoR A5 i w B R RS T R I R
M7 DNA T8 =27 A LR LA Jy
1) DNATTEMAEY T H; 2) DNA 5 14 sl
He; 3) DNA TR MBI, 4) DNA & REiHEL,
DNA JIME R —F 2 as X, [, tud4g
Wyt 545 B A A — R R i B4,
TR A LA A BAE B R T R AU B T R
JolFix—id e DNA 4 i A H A BT 4
X FAEGE B 5L, DNA BB H RT7E 57
A FE SR B, Haz S e (Al H L RESEA T ff it
B, BUEABERIE T e g, AN A5
FEFLES, DNA HEEHARBUN . AR K. fE
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K. FFATAEILA, T H DNA HL B AT 750
ARG T istT, AR THREM BN HITIES
.

S FIE AU, DNA JHEALEA LU
A EE, DNA THENLE KR0S R H I A
[ fE S S RAE AN T F M % . DNA 3
BB ERAERRE AL SR T Z BT[], {H DNA 3t
B EIELSAE T e A R IR LR, R
BAEH A RIKIRERRAS DNA # Fitiriy, miZ
TEZ )~ DNA % E[F2E3E4T, DNA FOW R IFATPE
A& LA A YT R o HK, DNA R A
B ) RE R ORI 2 DTS L
HIRE ORI AR, ERRAEE b 3R fE
N IRBETTIR 2% . T 553 DNA S #4E
FenE, REHML R4, HARERE
WRCE, 74, DNA -+ HAIEE &5 S A e
P (AL, DNA HFENLI R E2ok A 341
T Ho—, X R R G AT Y 34 PR 7 A
PRI . HIRZER AZA T, a0 DNA HE7E
et R rh 2 P00 = DNA 14
HE ZE AT FH A= 9 27 R A ) B0 R 19 3R 5 il e = s 1
(Polymerase chain reaction, PCR) JKsZE{, {HYE
PCR ¥ A W AAAE S R R AR i m) i, =, 7EH
FHIE T I8 4 3R a8 A = S BB AL L B 1) 2o 2 R A7 A
T 5 AR LM R, ASCADL P, % %) i A i 34 h
DNA e B sl ke B, B Ai7E R B Rl 1ok
it gt D B Ak R R D A R 04041 SR T, DNA
THREZE X 2 At LA 2 PR
RPER02 R A R A, I B
DNA i 245, B DNA =W b2t 0 i is 8k
2, DU 5K b 0 e L H R Bk 2, {1145 DNA
THAEVLRE B IE N iz BT R, Jf 2 se Ik
JUEIESE T DNA SR AT HEE, {22 DNA It
AR S B ek ORS8RI %6
JEFIA] DNA TR SCBLE B TR 55, MEA Y
AT SR I, Ak, ASCES

. cjb@im.ac.cn



1128 ISSN 1000-3061 CN 11-1998/Q A4 T #2244 Chin J Biotech

247 DNA IEMEBTATEAEEITE, Bt
BSERIT B RR PR A XA E T, BT A
A ORI RN RRIES, AL AR Y
HR— AR, BRILZAN, ASCENZ T DNA
AP FP T )7 0B DNA B 5 0 8 AL T 0
PRI ZRIA R THER . XA 335 B 1 S S P
ANT), oA AR SRS AR ), R FRAT]
A DARR 4 FL A AR s s e TR R =K
1EJ& DNA IR B fi#s, f#15 DNA 15
FER R 2ESEb , A BEMRATT . B2
s S ST A 2 ) QT RS . DNA Ha fi
BT — T T4 58 R, RS BB B2 1) DNA
RS kR T RS2 PR, i
BAFMARE . A F IS E T A
XFHRIFE RN, RERTEA P2 th o A SR
BN BUr A T AR S B R,
BErt S A T 15 B . DNA T3 B M a0
FW AT EIE W, A A ARk 0
FFRH DNA G, W A BR8]
THARAE RSP, B%E DNA AW AT
WA, TEARRK BB DNA 55 5 5 il 12
BB DA AL W B AR 1 38 31 A B A
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