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Abstract: Biological networks are capable of performing complex functions with accuracy, reliability, and
robustness. In topology, the dynamic property and function of a network are closely related. How to depict this
relationship quantitatively and discover design principles for complex and diverse biological networks are great
challenges. In this review, we comment progress in this regard and its applications in synthetic biology. Biological

networks are different statistically from random ones, which show a characteristic of modularization. There are
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recurrent network motifs linked to particular functions, such as temporally programed expression, reliable cell
decisions, and robust biological oscillations, suggesting that despite the apparent complexity of cellular networks, there
may only be a limited number of topological networks for executing particular biological functions robustly. Indeed, by
enumerating all possible topological networks with two or three nodes, systems biology studies have shown that only a
handful of topological networks can perform a given function. Here, we first summarize the high-frequency modules
and their functions in natural biological systems, review progress in systems biology to find design principles for
functional topology, including two current methods (i.e., enumeration and optimization) to search functional topology
computationally, and highlight the typical functional topological networks that have been developed theoretically so far.
Then, we focus on the functional topology that has been constructed and used in synthetic biology, such as genetic
circuits developed based on transcriptional regulation. Organized by the number of nodes, we show typical examples
and applications of different functional topological networks, including single-node positive/negative feedback loops,
two-node positive/negative feedback loops, multi-node negative feedback/feedforward loops, and the combinational
logic gates etc. Finally, we address frontiers in functional topology, including automated design of integrated gene
circuits, other regulatory mechanisms beyond transcription, design of network robustness. We end by briefly discussing

opportunities and challenges for designing complex functional topological networks.
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Fig. 1 Rational design for biological networks

(a) Identification of biological functions. (b) Two typical design methods: enumeration and optimization. (c) Workflow for these methods.
Enumeration method: determining ODE (ordinary differential equation) according to reaction types, randomly sampling parameters to simulate ODE,
and finally filtering topological networks with their functions as criteria. Optimization method: describing ODE by neural network to optimize the
error function, and finally obtaining the topological networks by knockout experiments. (d) Determination of the final topological networks
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Table 1 Typical functional topology developed theoretically
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Note: The corresponding functions from top to bottom are: adaptation, oscillation, bistability, persistence detection, noise filtration,
segmentation, cell polarization, adaptation/oscillation bifunction, and FM/AM response.
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Table 2 Functional topology that has been constructed and used in synthetic biology
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tTA-Pip-E-KRAB FJ%E iFFL, 1 3/ aTc 7/ ) band-pass filter™™”
eI R E AR AR, M iFFL (V) & ] F0) i 1e
HEDHRLL FRIGIE T FIH TetR-Lacl -ACLIGH BT — R B2 5 &7
XU Bl 7 FE I P8 2 ¥ NOR Gate J A AE 420!
TetR family ] 1E %2 NOT Gate PH s & (12987
I 72 A 2 fil BTG5 LexA-Lac I NOR Gate,CI-CI434 XUk, 414 My i s
AR A B2 P S
BAE AR 2k tag-supD AND Gate.CI-C1434 W24 , LR & R AE 5 5]
LR
KFaA55 NOR Gate 41L& 877451y , I R U4 1))
£ Rk A EA HERTHOERAR P& Akt Cello SEILHE K 28 % = fir N8 4 FLAE R A 21k CAD #1117
2 AR5 E) ) T Vusg N A BB, B )y I R R AE S BT

AL BT

L4 | Landing Pad #F& 2 f1% 51 2 3L R 26 14 CAD #£i17
A 1) SR TR AE S 2k % CAD ¥ it
S. cerevisiae [F3ERE TG W T R AL 5 2k i CAD #i*
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&gk
R W ABUBT R SRS BR R Al AT T RE TR R T A B
ZIRIK DNA 2 B Lk B YRR A 5 Bxb1.¢C31.TP901 F A2 H,0, IR & il 4 , K iFFLEY
TR L FETRNG T ) £ Cre.Flp.9C31% GIB.ABA ¥ F ~ RAL10 AR BR i i+
RNA Z RNA JGfF RNAZGHEH: L7Ae.MS2 4544 (¥ ELAMH1 1% 11, RNA Replicon SR A
RNA Replicon %4 {3 F TMP-DHFR 7] 5 3 P AR AR 2145 L7 Ae 45 & B IR E™

CRISPR Circuit ~ CRISPR/Cas Jiff#it;  TetR-CI-CRISPR/dCas9 4 £ repressilator®
Cas TR ATPHALHE  CRISPR/ACas9 [1)5: L3 2 ot d it 5 R AEE™T
dCas9*-PhIF il & 14 &% # CRISPR 142 Z 4™
L dCas9.dCas12a AR R [ 11111 sgRNA 17 2k g 450
E4SVip=/ LR % R R IR D S 42 TEV/TVMV/SuMMV Protease #% /% & [ fif ik A 25 1
NREALZ TR &P
Split TEV/TVMV/HCV Protease i ¥ 4% £ leucine zipper —
FALEE , ¥t logic gate iFFL . protease toggle % ) fE1">*

e R T AR ZRad BRI 2R B GCN4.FKBP % Zi A% ZF i sk A R 2 R &

2R
VA e R R T ) 824 45 2K B CREI/STATS % il f# % 1t. OR Gate, PTP-pHOG1 %f HOT1-
pIH1 L8R 1k NOT Gate, 14 Wit 5 5 T toggle switch™
B rEE ] LRI 0] R A FERILF 15T pLac 5 lacO S A7 s %t Lacl {554+, T4 ik 5h 1320
T 2k % “CEPETE” TUAF AL 2 4 LuxR-NahR-GFP JIil /7 4126 )5 2 i 47 i 25 90417

Dihefs = Lkt B N F R AR NRII(L16R) -NRII(H139N), STAT5-HKRR/YPD1/SKN7 ]
PR TRRRIG G IT & BRER LU, B ik S 3R AL 255 G TR0
WRFFTIRSE P T: EnvZ G/ BRI S P B0E , 5T OmpR-VP64 1 5 3% 1 4%

AFLTIRE AR W, BER A KR U Bk ik i A

ECF32 o [ T2 i% sSRNA-mRNA i [ 13 ; CasE ¥7) ] mRNA
5'-UTR.miR-FF4 1% i1 iFFL £& 4 % , yak 55 7% 9 5 e g i 010
Bt sgRNA #1a] dCas9 1) H F1 151, 2 F AR B (B 3

Sy = R sl NS N o
“o BRI AR LR 1] AR A P a1 U AraC 5 55 TetR-Lacl FLAN SN AR K3 2R (1A [F] etk
PR G SR KA pT7-T7 RNAP (U R & - A B E MR B-EK R

S0

TiRets = 2 fICHE DUBE PRI 2R B PR 2 DL A1 TetR-Lacl toggle switch™””

FAB A U R SRR phtpG 1 724 CRISPR/dCas9 HI) ) 47 S5 B 1™
FMEFEE T ARG BERET CymR 1 EIHNE S RGBT, 18554 Kamik 27
A A A M A SpoTH Jufi KA ppGpp 7 & , 4 Ff A= K Jd e pE e 1™

B 7 B i ERE- 7| e i R 4 IO S TALE Wi RS Thie , a8 872k 245 DU
Fik Y4 iIFFL/A7 S PR R % rtTA-Lacl/miR-FF3 ¥ 11 iFFL , HERR &% Yy &5t
tTA-miR-FF4 ¥ iFFL 55 65 il , 244 4 )
oy I it o/anti-c; SigW-RsiW [ o/anti-o ELAE BB 43 & 4 il
i 2 % sense/anti-sense mMRNA tTA sense/anti-sense mRNA F 1 %1 i3 il
ERMET)RE BTN R LR BT 04 55 2 BB T S 45 5L, T7 RNAP 5 CRISPR/ACpfl
A A g 53 T AR IR A 4R 5 B O 1 BE AR B (R NS 5

T AR ISR B R AR B ST R G B R AT s
Bl RPA Zh g

B I A () 8 E L TG R R e BE R N B A R SR SE A . DhRE b, B B
5 7 I

K (EFRBHE T it KREEL S TERNLE, BN N OBE A I H I E 5 2 EEN
HIT AN 5 RNA RG-S R T4 A 00, e ) 3 R ME . Becskei 5 Serrano M My T AL
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T S R TetR (1 B #0410 0] B%, S50 K IAH EE T
FEIRGERL, 0 B B SRR 8 R AR AN [R) A 4 o
() AR K- 1) e e, it — PR B T ] e A
FH aTc 175 3 771 VA B 4100 | 5 B2 %of R0k 7K 1A S A o
TS . @8 RGN BN %17 N . Rosenfeld
& ORI AR T TetR M 1 B M [ #E, 5 Sl
1L K POt B N R] B AR AL o AR ATTRE AN
22 6 T J8 3 1R Bk () T 4 1) 28 % 110 i 4 32 38 3 e
KAE ) — 2 I8F I 75 22 (0 I 8] 5@ Sy B0 B2, S
5 B A0 A [ % R o R R L T BR R R H BR
5fi e EA R, ERS TAEF, Rosenfeld
S Dol R P S B % s S RO I AR K 4 1 [ B
HEAT T AN A R SERT LI, 25 A AN AR KR
DA B Bt 53¢ [R] -5 3T 6 P A 30 2 B ) ST )
XF A ] ) Ak K ST B KT R M Sk
Mo BEIELASN, Nevozhay 25 B 75 B A% B W) 2 T %
BErhf g | aTe-TetR 15 FRIE RS0, R H
b gt ES | s R, RS H E RS S
TR 00 i [ e i o7 S e g e e B . LR A, SRS
HHL L5 21 [ ) 5 4 [R) I ELA e ot B AE 5 )
0N R BE DR . J5 82 TAER % B 0 45 5
YRR B AL sh g, ELd 17X EEEZ
YRR PSR R S, SO T RS L RS
LR PEAL TR R ST R B T R R A i 2R ML
M) S8 RS 25 5 D' SR T A A B A W 7L 30 P 2 i b s B
TR B AR R BT, R T B A Bl B K D Re
TEAEY) Z G0 rh HAG 8 T SORI S HANE

H 0SBl IE 5D 7616 a8 o) A s Y
Mg R (BURBOE ), R R E 45 4 30 1
RNA R EEHIHESFE R, A3k 456 Ar 0T 20
TR FMER. OYIERGER—E®BE, &R
gr 2 INFRAS, ATLASEILIF X8 . Longo &5 M
1) FH R 7L B 0 A B e R B S BOE T F t TA M H
BUE 2, X RARA S T U AR A S B AT T
AWM, MER] T — R YA b [a] R ) g
SATEDL . @M IE R RS — D g, wLAH
L “HeH” Bl (hysteresis), B RGiHi— @ im/E
S SR ENE - MRS EREA T, BRAGE
EHAE T RV  LERR IR AR, B RS
RAEE P XK. Kramer 5 Fussenegger " 7E0# L
F) W20 R £ T BE T (TA-VPL6 1 0TS 2 i

R FH 2085 2155 3 Al B 1 Bk & Y e s U BR T A B-
KRAB #5455 3 1 e sk BE . S kB, B
R ZGE B A — i S E, ARYIEREFMAH
2R HBMIE & EAFRRE LT, 52
AL, Chen 55 Arkin " 7E4HT %1t T RNA R &
g o A7 SigW 1) B 0% 2 i, A ] RsiW X
SigW [ 5 B /E FH SE Bl “ 4> 7847 ” (molecular
sequestration) Jfg, i1 RsiW [ 3% 18 &= W 21
SigW [1) “Rg¥i X [7]”, 75 8NP SigW R IA 7] ik
— A& “HLEEIX (A7 1E RsiW IR BEVE A “ 0
37, SEPUE RIERCAZ AR H] o R T o far 45 il
MRS “Hm X A7 &/ E 25, W
CIRYS i B U O S d 7817 & S5 R N v 3% P 2 B
Jo I ZE T, BRI PLAR,  Ajo-Franklin 25 B¥ 7F 256
1% £ vf % it 7 DBD-VP64 [ ik & 8% s B0E 7
g 7 HBOE R, JERIH 51— pGall B 313X 3)
{1 e SR ORI - U B (B S as ). ol i AE R IR
IS RE T GUIEKRE, B EOE 4 8Y)
HHARRIE “TRk3h 7 BlmRERE, FFERGTH
ZIEMRIHYE R =R IE o )5 8 TAFLE W 3L 3h ¥ 48
M PR TR B - VP64 B s BUs B2 A AR K 2 B O
[l i R R B AN F I RS 5 B Z ARG Tl
SEAF A, WilEFA . KE . DNA {7 55 Bk i)
L, I8 I RURR A R Y X J3 AN (7] B RE 1 B 48
M, AT AT T3 R oA b DT A 25 2 O
T4 B A P U AR BRI R

3.2 WHRIPEER

BT R R 44 [ % A A R b BB A A B
I DIEe TG, Wit bR A 8 R SR IR AE AL % o
A P AS T R RS A ) s 2R 8, AT 43 D IE Rt
AR 5t o R J8 BT p 4 % B 1] DL AH 5 7 B
ORI B AE] B0 [ K

28 HL 1 X A IE OB [E] i R 2 Gardner 25 Y
IR “PRBhITFR” (toggle switch) & Rl &
DR [l 6 1) A BN AT 3¢ I8 7 Lacl IR T
FHHL % S A ) B L B T O L IR [ 8% . I IPTG 5
S Lacl ISR R1 AR BRI, % I 228
2 % T AL W5 R AR A BUEE SRR E, AT DA
AT XA T R AR B BOR o Wiz A% Pk 3h T oK
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(1 TAE SR T KGR 356 DR 2 IR 25 4% i) 1R WF 92
MR, KA LI 7 A H 5L Hh 58 S5 DNA $i4%
g U, PHE B B R AR 1 SR N iR T
KEEHME S . BAIRARIIR S R B T R
[ % m () B A F S T 9%, Wu % B B T iRl
FERI B F o, L EGE 751 (UAS) 5
FLKE A 3 T pGal 1 28 #% b B30 5% 5% 5 1 1 3
B ¥, U R R IR ) U 2% 1R B A ] R
o] 26 ()32 47, WITEAE & A iE Sk T R IR [m] % 1 R A
AR, KR G2 S i B b A AR OE B)
AP AL, T E B A B R P A
BBt AR, IR AESh BB T R A [B] B E A 2 A]
AL . Wuds MY B fE X R R 2 EiRE
HOE [E g 3 AT TR, RGEARNES, B9
AL HIGF w7 i 2 R IR AS, TEREE S
NG 26 AF T LR BE AT R I H 218 4N FRES, e Fh
FEE T FARETE AR A, ORI T WS
R 5] 3 25 K R0 12, T e RN % 1 2 25 AL 1 B AR
WM . AR, BRI 2 10 R Sk R AE A [
JE AL A P A AR BN T G, Kramer 55 7 3@ b 7t
55 H 7 PIP-KRAB 5 E-KRAB () A T S 4 1) £
W A B O AN R (CHO-K1) s8I 1 4k 3h T
5. LebarZE ™ FI|H TALE 2 4t, @120 & 80
ZE%IG K T TALE P [EIVE, AT AE 58 418 F G B
[F) P 2 S DR PR 17 00 A 5 46 0 0 T A A AE T L
IR TR, L™ P RS
PEHL T T 26 AN K IE A2 9 TALE BHi&E T, @il
TEJRE) T IX R BE £ AN TALE 45 &7 25032 FL o IR 2%
IR TR L. fEFE AT LA/ R R RNA
(ShRNA) % i S5 A (1) T HR T BRAE % 26 2% 1 32 3
59, REMEGNW (ng) &0 NI U 28 IR
A, [FIBFIFH 2% 26 28 e 6% S D00 41 i P9 I RNA 3%
BRI R ROR A, R R T AL T AS IR
A 20 MR R 58 8 o R B O B R[] B ) A A
TR N B fife [ f 5| STURTE 98 385 %o 2% Bt Ty e gk AT 58 &
AL TR R AT it . Chen 2% B £ CIFI C1434
PN BRI B T T EL A R R, AR A A I
A3 T 56 T P AN BE I R R R R R ) 4 o R O
PUARAS o A& AT 4k 1 X P9 AN 3 B R Bk 45 A
X (RBS) #HAT 7 RABHPE, 47 T RBSHr
BRI EAAE A B, HE A o TR R

B, MR T EE TR SR S ) e
B, B, Mmar st AR S EEER
RBS, H#JHL SR & R XA ST NS T
gERWE M TAER S A B RS S50 50
Wk, A G JE o A ) 2 B R TR T R ST e
KM, JEIR T HET 5 — 1 i O R A [ 2% AT
AT RE

RS AR R Rl B AE TR 20 B« OE - A
BREMTNEEN & “PR¥% 7. Stricker 55 °Y B
Je AR A T R T P38 2R 1 Lacl ANEGE 88 ) AraC 14
BURGRER. HAd, Lacl FAEHIHH S S
AraC, AraC W [FIH0E B & 5 Lacl , MR 1 XU
R R B 5T 3 A (R E R 2
SR G . 2R RE T A 2 IR, HE
175 5 55 IPTG AR F7 A B R0 25 6 (1) 4% 35 i 3 ik
T, S5 E IR, ORI B ] 48 58 2
L EIRGAT NI B E A, IR R T2
AT 9 BB 1 R ] R P S B3 R R R . Hussain
S ) 5 St AU R AR B TR IR 3 R S L R R
KKFR, LRI N B 72552 31 il B R E
YEFATHE M 51T ViR A Lacl Joff (tsLacl D, 1E2H
FRG LRI R IAMEIR FE ARk, AT 25 B4R ]
IR PR BT FE W B B & T & Bt . Mondragon-
Palomino 55 ' Jt — D 0 T A7 76 Ji B 1% A0 B
RS SH FIREEIRGAT M. IRG IR EY
Ft A 3 AE A A T I R R . Tigges
2 U9 R IE/ ) X mRNA B 2% 75 W FL3h P 4 i b %
7T S R g . JRTERE R I TAE, B
1B/ L mRNA 97 15 85 9 4 T siRNA ¥ RISC
TP MR R, A2 B2 M K S 2 3 TR B AR
426 h AR5, #E0T R SR B 180 A 1Y) ) A R
fIE B0 R AR R SR R IR 5 A — AN Th e R A2
&ML (adaptation) o PN A5 B DL s S AR PR K
M Y SIS TAE AR BN B AR 3 N KT, 7E4H
B PR T R R I SR B R R B S ORI
RS i LR e %, SIS R G0 SEIL T ORG Bl IR B
Ihig, [FINEZ PO RIRES T 5 R I Sk B,

3.3 PV RIREORE

ZH R P E A 3L BRI AL FRE
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A DU A A B4 SR T A H B A A A S
MRAE LIRS, TR AL N AR L
B R B BTG . AR AR TR S

A, 27 RUA AT I B A T R E RAR IR
RIS, UAEE TR0 R, A4 R o
SRl o 257 R A S Ut B 22 MK R 2 A AR
F (repressilator) . 2000 & Elowitz 55 Leibler ¥ %
JEAE E. coli AT T =7 s AU Bl B R A, IX
Wt G AV P RS — NN LIRS . 1
FHAVEH 7 3 A0 8 K7 (TetR, Lacl ,
ACD, JFE&fE— N7 P i35 10 )3 3 1 45 il
N T R IE R T ARG T, KT
JA MR . £ 5 TAEd, Potvin-Trottier
A6 BTVEE X 5O RRAS S 9 3 4R 5 AN FR E 1 1)
AT T BUE, SO S SR 7 AT AR R S IR
T i B T B A A B B 2 2 T AR SE T i A 1Y
Fo R B B AF P AR 2 K AR [F P IR . T
FE ok Rk A [0 2% 1 D e AR e % ) &, Luro
8 B g A o S R MOE B SRR, R T s
EF O 0 326 TR AN [ i i A S R I SR, i PR A g
MBTH 45 G KM R IB i E TRk, /G T
RE S A E IR K o A I 4R 37 1 Bidk sl T R 5%
FETl [B] 5 0 BV DA 56BT I R A AR ) S A
I DI RERH I I 225 T B

2715 R AN AT DAY AT 15t a0 ET BTk, A
MR A 7 2% T 428 42 6 A FH B 0t 1 S s R R A —
e, R BT — BORT I T AN R A
o] 2% W] REHL A W5 S OE A% . IR, kPR A
AEEIRE D FEA BUE S B UL 1A
s e 17 P = o <o T D A o2 S B R Y
(pulse-generator) , FEZ%[A] (R EEREFE) Wi )8 b %
TR mPE P 4% (band-pass filter) [ HE. Basu
S Bk T B AHL /Ny TR JE AR 5 1 2 A (A
P, AR A e s KT LuxR T 7E AHL ()5 %
ST T GE CLII GFP ) 3R1E, CIEEZ f1#] GFP [
B3k, KIMCT LuxR-CI-GFP [ AN — il 4%, 78 1%
A4 GFP R IEH BT LuxR 2% F BOS IT
JE e, B CLIv AR IE B B ik B2 1 B 18] 2 1 o
VE & AT 3E — 20y 20 PR A Th R S FH B 1 A (A,
Wil 7 A S AHL R IE R, FEFER R R B
RIZH S BBRE AT IR IR, KB EEE K

T TR R 3T RS R T (R B R P AR GFP Bk R A= 1
) RS TR, EFEAMSE— PR T A—
BRI S A AT A, AR T A e B R R A E
B2 Y B8 A R AR I A5 AR, SEIR 3G IE T A5 (A
HAETE 2 AN R I TR I T2 B B 4% 3R 0E A 0 1
Tabor 55 ' @ i BT BRI AE, B A — B0ai o
SEPL T A R4S . Greber 5 Fussenegger ) F|
tTA O %4 S5 T 2R 70 14F E-KRAB Al Pip 44 il A — 5
A4S, 75 CHO 20 J b gl 1 i A 5 % i [
[e1] 5% 14) 2% 326 0 X S B 1 425 ) 00 50 T of G Py 5 %
KR Thie ML AH EAE e e &, Tkt T
S VR TR BE R O A D REAS A SR AR I I TV
Bt J5 I FH % 7 068 E. coli 185 S 0s o F A 5%
PH O AT T B R R e R, A A%
RPN, HEME A BATRE R, RO
SR TN 2% 8% () 2 W PR B A AT N, SEIRIRE S
S TR AL 6 7F 2 BT B AR RF—50,

B b DAAN, 25 A R0 % ] I il 454 78 R 24 11
AR IR N T RE . 3 45 4R B T N 4R B Hh i N/
HAE ST 7 B EUL A, HE B LT
ZAKINAG 5 IR LR B AT R . 2R I X A el
i NAS 5 AT AL B HRIR S T IAT “IHE7, RAIR
BMANAGERESE RN “HMEER”. GuetE ™
AR I H 3R S TR = A %A G (Lacl .
TetR. ACD), @i T HLIE 301 il T et 7 —
RYVPHLN, (EFFHIPTG. aTc A AN T
RIHAFZEAT AN, B TR &N T
TREIEFE MR . B G 2 0@ Lk s AT
P IR R 0 78 TAEmh b R TF o Al R B T H T
EIEEITLBI TR &M, Tamsic 55 7Y &H T
I XS 31 4 2 OR Gate % il BHL i 2 4 NOT
Gate, FJH 7 NOR Gate (HiE[7) HIJEAHELE,
e bAT H iz A T ) HE A A AT AT R R
[T BETE . Stanton 25 7 it 7 — & WG A% TetR 5
T B SR DR 7 R AT T IR T S, B RAR 16 AT
YE N NOT Gate (1 = i & FH&E 7, Af fit 3¢ Fp Al 2
10 MR R Z s F &, RUUBRHP EE X
M ih. A, TEJCH R A R T A2
T AR, G BT A% RE IS T % (toehold
switch), {EHIFE/KTF 5] N B EH], sl — Rk
BEZHNGS B HITE U0 W R0 L
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H, B IR NAS SR ST, AR I
JIGE P B R BN B 24438 B FUARL M) 5] o (E RO iR A
OUF, SBAN S THESEMAGE SHPRES, A
&5 1 D7 5 5 s e e 2 R A AR, R 2R
PATING S B Tidi2Ihge, RIXREERI N
i 7% % (sequential logic) . ZEFINEE 7 Kt
T HA BRI NAT SR ERZ B SRR I R R A B
R T4 Y BT B R NI R A e A A T
NEIRBIR N SR IR, B2 AR Sy
NG LRI 25 R A 5 75 e AR 24 i 3 N K HUAAT
PR R, MAT A B B () B IS R SE G T
J& R I AT S R A IR G B P Andrews &5 T
TEI 72 4 5l b, R I e it 2 % 1 i o 1
W% T EIAE SR (set-reset latch), F] B R i
M2 MBS BT, FIH IR
FIREEL, ST T RS AR LIRS B A A FPIRZS
R ARV A A 8 4, S TR 2 I8 DY RRoIR A
(RIS U4z ) o

W AR WM R, L N
THRE R E 1 5 R e i e v 1m) BEORASE . B A%
RSB, BTG AR AL A K
BRI e i e T 2 IR IH B Al T AR BT IR
X R GREAT B A AL EE,  [F] B REASEE E dE AT T
PR 4 e, AR JE B T 08 4R A i 0 B2 N 45
TP . SRR L M R e T HE &
MIESR, P g e BORE U E bR A 2
DR TG 2% 14 DA 2 o] AR AK (1) 75 SR, (R I 22 SR AR IE
B ME . oW R FEME L I G A AL A1 A
TR SRR . NIkIT R T — ooz e
AIRAE B A, Wnai ST Rk i 7 A% B i 1 R 4 1
A TAET, RAES Wi &b+ 3
FE U, PR ZBIERMEL . ShAXETT /N T
fEJEES 1, DL RO RBS 25 7 41 o 1) o g T 7%
BN E RIS, BRILLAAN, WS
RAE b, TR R 42 2% 1 W TE TE iR/
R —F, @ E T EE Rk, BZ
Ry g A R T B, 3K g SR X T R 2 oA 1 g
B G — bR ARG i, ) e 2 i R 2 R U
AL A TR B Te A () A BZ 2 5 DL SRR AT AR
H o MAT N AE BN IE R 2R 2% 5 A R AR B 3 0% .
NS T RAE SCRE AT B OR, 2 IS T &t

TET M (ribozyme) WK -BHIE K441,
XF % 5% J5 mRNA (1) 535 247 [/ — 4L b 2, A DR
TOAEME R A % B R B3 ik B R T, MR
PEFE T JC1F 4H %% (1 AT T % . Gorochowski M
Espah Borujeni Z¢ " #f — & % B RNA-Seq Al
ribosome profiling %5 =y il & 5L 560 T BO 2R % 4T it
ATRAE, AIX oDy REHEAT AR I8 3L, b 2k
BARIZAT G GUIRTS B0 A 1 A B, il B adk AT Wi fee )
RIS, X T2 i ik T 200 2 42 i) 1 22 ][] % 4
TERATRARKTE . WL, &Rk
DR R SR BETH AR IR R 2R 8, o i A2 TR A D A Y
W T3 ARG, WA R T F Lok, FHFEM
THHEAMABY % 1T (computer-aided design, CAD) #X
PESEIL. MIT I Voigt AT & 1 BDH 2k it B Bk it
B AF Cello (https: //cellocad.org), f&H T HEFEEERL
HLBE AT, SEEL T A E 8 TR SR B8 e 2k it
JF A1 CAD H 3k it ™. Cello ¥ 11 H A5 2 5F
G R EE X EERMRIRS LS, FFRENE
AT 7 6055, St 2) 88 J7 MGl x i Jk el
%, HiiZ k10 i RIEH TG, 558t
Toff, EARAFEMIKIATIE T, 3h 45 %4 n]
IEFHAT @RS, WEIEf R EREy
AT 92%. BB LAEH, FEISE Cello 4k
AJEN, FERENTFR THES KR BRI — &
FITERCAR Cello 7 *V 33 Cello FIHF & A1 BABE S,
W 1E Nature Protocols YT b X} Fo i 7 2k A 5 o
Bt RIAT T RGBT H

3.4 EIFEMMIEMFREXEETIR

B & 5 22 4 7 A Ak i R A 0 EE AR A R
TE R T P25 N == & (1 AL R oo, AT A 2
BA] [ 3 ] AN AR PR T i KSR 4 W 4%, RE S
EHEHRIEMZE NIRRT &REF o4
IR R A B RO ZE S, W 5 M RHE
I 18] )RUBE 22 DA/NES oF, T AR AR A0 e R AT Bk 22 00
B, AFZRERTHEMHAHGEABFEE T 5
DA 1] 25 1 D e 5 S

7E DNA /K-F i 4% J7 [H, Rubens & " FF K T
DLz AR AR AR R R G, FERH R
G T A BT, SCOL T R ThAe, R
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— PR T Z B (19 2 LR S T e
ZWMANAAEEHRIZHEERE. EHAMARSHETH
Tk . Kim 25 % it TR i E 4L
By, R ZRS, (FEAEW ALY AR
T — RIS HAR M RIBHE, M HAUY AT — R
SAER RS BR JE, N —ANRIAAETF B RIE, ML
MT—RIHMERME P RIEES, HaEE
CRISPR R4t 4T T 2 BB 72 BP9 %E
H RS G T R G0 H S A& I8 IE -

1F RNA /K-F 8 J7 16, Wroblewska &5 ) F
FH L7Ae RNA 254 8 H 456 k-turn motif F 8 3 4101 1
ThRe, fEWHFL P40 M b s h i i 7 2 far A
miRNA 7785, RNA ISR, fERNAK
il (RNA replicon) P [A ¥ vt~ 7] 345 B = 1) 42
et s, PLMRIEE G RNA KCF IR s T %, BEGS
SRAT AR E I D AR A OB = 5 M b . Wagner
& AR B BB 5 NN TR SRR,
{3 F TMP 4315 DHFR [ fift ik 25 389 58 6F RNA [1] #%
R RE A7, I RNA 454 & A faE vy,
ALk — 0 O 45 [ e AR A . BRI LA,
CRISPR 4 K H 4% [ 47 (1) 7] 4 2 P 0 ] v 45 A
P, IEAERA K& TR CRISPR/Cas £ 4t FHAE#I
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