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Application of synthetic small regulatory RNAs in synthetic
biology
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Abstract: Synthetic biology has brought enormous impacts to the advancement of agriculture, energy,
manufacturing and medicine by redesigning existing natural systems or creating biological elements,
modules and systems to endow life with new functions. The precise, quantitative and efficient regulation
of biological elements, modules and systems is critical for controlling living systems. Bacterial small
regulatory RNAs are a class of functional molecules with a length of 50-300 nt and usually do not
translate into proteins. They play an irreplaceable role in environmental stress response, metabolic
adaptation and bacterial virulence control. In recent years, synthetic small regulatory RNAs have been
designed based on natural small RNAs and were used to effectively inhibit or activate target genes and
even pathways. Synthetic small regulatory RNAs have broad application advantages in synthetic biology
because of their small size, high flexibility, programmability, easy design and little metabolic burden on
host cells. To better understand the synthetic small regulatory RNAs and promote its application, this
review summarized several synthetic small RNA systems and their representative applications in synthetic

biology. Finally, future optimization directions were prospected.

Keywords: noncoding; synthetic small RNAs; gene inhibition; gene activation; intelligent regulation

B AR P 2l o el R AR R AR A )
JCF . BRI R G R T A A AR R T RE . A
AR Aot | BRI RS, G AW =R
feolb . BBUR . AL Je R AR R T B R
Hesh 7o BIA, 38 52 4 K B PN R 1) e B A 1
1,5- IR 4R AU it/ 1o AR g 6 DR ol 5 O R 46k i
TR SR K A DG BE DY, R DR B ) DY 5 2K
FRAERKHEESRRIRRESGE, AYaU R
s At R e R H B LM, R
257 18 2R A AW 5T e TR AT 7R PR e B b S B
EACA L (25 g/L) FFAE 2013 AFERE R A4
41 (World Health Organization, WHO) HIL7EAE
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AAE ) 8 A8 s B B JRy T s AR SRS AT P AR B
WAL A AR AR, T REEM S =AY
St b — AR A ik ERT R AL R T 2 AR 4R
AR RESE . ATRREEEYT. AT A
S A G AR S I EAR R G (0, S R
Ypaf R T A A A iR R A T RE O T
o, XPREE SR | gL AR A A X T
SN TN RE R OCHE S, itl, & FhiE
TG ARG L BEIARJEY (quorum sensing, QS)
FRGEAEP T X AL B L B s
S22 B R B o, T/ RNA 55T
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RV REE RS HE . R R S RUh Xt . AN Z
SR TR TR, ARy h s
HIZ WA,

AE %A% RNA (noncoding RNA, ncRNA) /&
—RRBE R (A RNA, eI R
S8 neRNA BBy H: . dmiH AIBHE RNA, fifk
A Ak SRR 4 3R R Rk AT i RNA
(small RNA, sRNA) J&—Fl ] ZfF7E T4 b
B L N 2635 70 ncRNA, K EELE 50-300 bp
Z AU AR /N RNA 38 1o B i 5 4 B X HE i)
AHIE Y mRNA S0 H AR L A4 ] 5530 |
PN RS S I IR w s R I E o
G fln, EEBAT, WYEERIMELE
1 OmpC A& i b, MicF # i) %5 — AN AL 3
F3EH ompF 553407 5'AEBIPEIX (untranslated
region, UTR) FIFIFEEIRX, LIAPH OmpF &
PR Y o, IR A&, GadY
LR gadX FEAR 3-UTR XiRfaE i
F, N GadX B9FRIN, DABOE A & W Hi il
i iR = 41

/N RNA 3 2 AS [\ 04 77 81 Fn 26 44 0T L7 A=
AN R 25T RE, —Se455E 45 1418 Rk
DABEHIR A I S AF e, FEBETT A AT B X ik
BT A, RRFEMIRT /v RNA T B W
RPN FEXF AR/ RNA A ML AT
Fohlh b, BRFE N BRIE R T A AR R R s T
PRI RSN T /N RNA T H, 7EXH4E
S DR BRI | BT LA R T/ R PR i R 4
D5 ES T —E AR, AT/ RNA T
L v AR A P 45 ) R 5 T i 35 L M X Y £
BT R 7 s B R G, BT ILPAS
5 7 5 20 R SR AT AT A B B L P R A Ak
P L A PR R, AR 6 B D A T A
e 4 Won ARG RN e TR
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W, B I T R DR B AR D el B SR I X
T AN BT Y, T B 3 PR Bl Ak 4% T A )
/N RNA T 5 E SR A8 0 4 PR e
mF, A PR/ RNA ST 45 i s, nlff
241 TR Y TS 52 1 K 8 <= 2 DR I O P e i
o A R PR R I 5, AT e B 87
MG PR T A RS, /N RNA T H A7
G3FRGEI 1 SEBRARH e AR S A R AR

AR HEXT AT /N RNA AHLI FE A K2 107 A
&, AT AT/ RNA T H T4 Y
R EE R TER IR . FRATE e g TR AT
/N RNA T H 7 RMLEI Ak R ; 2 05 Xt
AT/ RNA T BAEG BUAE Y 2= 0 2 A58 7 T
I T4 e, AT AT/ RNA
T HAFAER— Lo PR B R ARATE ST B J7 1) o

1 AFALI/NRNA WEREMH RS

HEFE AR KN RNA 25 5L JE 1 A
e, XHHARGY R A M, DRI L
R Z B KRN RNA , SRR H S 5EEH R
B B A @ A T/h RNA T H A EM f7)
5 R BRI RNA — i HA 545 mRNA H oAb
B XS (741, AT DA B R S v b X S mRINA ™
ATIVER, oK AR U RNA (antisense
RNA, asRNA)!', Kk asRNA K R F Y
FHAETH 54 mRNA & AEGRE T A AR, K
FITFF L BN T asRNA ) AL B AT SE B T
SRR E R (B 1A 1B, 2006 4,
Nakashima 5575 asRNA P 5 i E T B &M
K (paired-termini, PT), /& T PTRNA T.H.
(B 10>, gehh, AMITEI TH —KZ/NRNA
IR Hq KR, 2013 4, Na
G Rk T HT Hiq KRN T/NRNA TR
(# 1D), Z THREEIFFE, 5T, &%
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5'-end
3'-end

Paired-termini

5'-end 3'-end

CopA
asRNA  5'-end

3'-end

5'-end 3'-end

mRNA

%

= Hfg-dependent sSRNA
3'-end

i 5"-end
1]
5'-end RBS AUG..III 3'-end

mRNA

1 MAFEEMFIHALN RNA B2FE  A: T KA MicF &) asRNA; B: HET KK CopA
i %) asRNA; C: PTRNA R4 ; D: i Hfq ) sSRNA Ji45 R4

Figure 1

Synthetic small regulatory RNAs for gene inhibition. (A) Antisense RNA modified based on

natural MicF. (B) Antisense RNA modified based on natural CopA. (C) PTRNA system. (D) Hfg-dependent

small regulatory RNA system.

ST % TONE |1 & SR X e 1005 S S B IV
FI B Sk P50,
1.1 MAXRAZATLA asRNA EFAIHITH
WHE RN, A RIARY asRNA 1] 2 5 £
A A RE R PR AR, ) A0 S B 52 A
AAREE, HESLEA MRS . RS
CAMP ZAREE 6 A, FEXT KGR 1 A1
JEFLEE H ompC B A% E L FEH, Mizuno 55
R T RGP0 asRNA, H5
B—IMNEFLE T ompF B 5'IXAT 70%H [] I
PEIF AT OmpF FHEEAAIG M, #RZA MicF
(mRNA-interfering complimentary ompF, MicF)"*',
MicF K 174 bp, MMIAEFEZEIR, NS
ompF mRNA =4 Gl 3L B AN X (145 4 X, it
MR R ACY. BJG, Coleman Z5LIK
X MicF h 7%, {RE 5 MicF M — 1) 25
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ZEH, B E] SR mRNA B8 B AN 45 S
DX 500 4 ok PT 55 A1 R B TSR Ipp . AME
LEHEN ompC. IMEALEEN ompd 1Y
mRNA [ 5% AN 551, 95280 7 %A
I R A A1 22 5 Ellison 25t FH A [A] (4 3%
WESZER T X lacZ FE I HIEY (B 1A). BF5E
LW, T MicF A T/ RNA R30I 7E FH 5
BEEGXAKE . 8 mRNA A0 E &
asRNA M RIXFEEAH L, SHHEMMEAEFE
A B Hih AT/ RNA #3125 SD 41
MBI IA NS (AUG) 16 N2 LA 2L
il o w023,

— MM, asRNA A4 BB AT 55
mRNA [ SE B AMECRT, AR asRNA 5
8 mRNA 77 A FOx ) A R A8 R i,
CopA J&=— 1KY asRNA, Eillid 520 i
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HFLEE UL B RepA 25 1A mRNA——CopT Y |-
W XA OEE CopA-CopT Z G, Ml
RepA EH 4G . Persson ZF5E £, B
Wik CopA-CopT RGE T4 NN, H—
A CopA ) ZEIREESE TR 5] CopT A H. M X Jk
TE B — R i T AU, HOX — 2 2 B
N BRI AR BfiJE, CopA I Hu4%E XI5 CopT
HAMEEXT, MITE AR BWEE CopA-CopT 7
4B (K 1B), 22T CopA By KK asRNA b A
RNA [, HEEIRZEH5H mRNA (RNA 1) %¢
T2 RUBEIS B ELANIUEE , BEJG RNA T BISSE X
548 mRNA B AMCIHOE AR E R AUEE RNA T -
RNA I RGP, ARIEFKIRA CopA, Engdahl %
B AT lacl FERA AT, asRNA T 2P0,
5 CopA A OV ARRL, AT asRNA T HA
43 R R ) B O A B T . U B T R R
CopA HYZEFREIT AT 54 mRNA A ZE
I, DASEEE S5 HE mRNA JE R BN AUEE X —
REEAL YR s WS oC 2 B — A SRS &
{37 }5, (ribosome binding site, RBS) H. MK T4
AR, M HZ AT asRNA 5230 T % lacl 2 A
e 50%EAmiICY, RAF KR asRNA T HK
PR IR T 0 BARHLE & 22 5, (Ha Ok H
KIR asRNA B ALy g5y, it 5
mRNA i HAMICXS 455781, 22t
SN EEN T, asRNA T H AR
1.2 PTRNA T EHI&ITIRRAE
FpE— T AT asRNA IR, of
TG T 1255 107, RNA B i 2 72 01 4f
134215 asRNA MRRUE T S =F B 1A 4 T il s
KA &S . H, Nakashima %57 asRNA
P g b L ANEC X R 3 (PT) 823t i PTRNA
TH, WHBE, MHE8CR a7
2R AP PTRNA — R AUE K454, PT
FRRIZE, asRNA WIFATE T iX A KR A1)
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KFH (K 1C), Nakashima Z51\%, PTRNA A
SRR B E R R PT Miitdem T
asRNA [F e Pk S = BE UE 3G . 1 i R,
PTRNA T HH, PT #H4H GC FEAK
JE . asRNA #5095 mRNA 2541
AL E B HMHIRCE N ZR . PT #50H,
GC TRy ] Ak s FC XS, DK
S RNA X XUE RNA AUFEAR, PT K BE#K
1, PTRNA Pl G, AHKE & EE
P81 S R A RS PR AR, S BUTOR R4 AL
RREREUTR B, R i PT KEFAREA
[Fi) B ke BB A R Mk A TR P R K T
& (Escherichia coliy TOP10, MG1655, BW25113 .,
BL21(DE3) 1 4l i = M1 (Synechocystis sp.)
PCC 6803 H Y5 RM], 38 bp AIENKILHY
PT K JFP2738 0 asRNA #840H, 8K BFHIA
—E SR E ST IRCE, BB R BT
R AR TS, 8N H 54 mRNA
SEO B MERE B M PTRNA 11K Ui AN AC %
FI4EF, 100 bp B asRNA KJFEH 150, 200 Fl
300 bp ELA H = xR 20, 2021 4, Zhang
UL asRNA £ | 5 mRNA 2546 4 & Al
asRNA Rik i H S HOE BEAL, #fiE 1
] RBS #%.0> X 3814 30 bp fi asRNA Bl i] & ¥ 55
BRGNS B8, 138 1 35 6 asRNA HH [i]
RBS #%.0 XS 1 B 245, P T asRNA A1 il
RO, SPU ER ARS AR Y Bde,
0 A 95 1) 3112k 4 DL R POV T
PTRNA 1 == B3 i b — 25 s 4 il 2501
JX4E PTRNA A 7% 18 asRNA A< B i) 2%
SER XTI SCR R, HAERIAT I . 4
R AR A N A B IE T ORI X H A R A
FR I ] 728 LA A (S . PTRNA T
BT EAR B HA a0 Hiq A 4E4ER, 7y
AMEFRIL HEq IR —F A1 Ty %8 (BAEHE
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fr 2 3L R, Hom GC HEAMY PT J7
GUINK T Bk A EEXE L, IF AT REXT Bk A R e
PEE B

1.3 EFHEEARHIQMATI/NRNATEH

Hfq & —FF RNA 2558 M, Sy p ke
ME ERF SRR E N S1 — RS 58 K
R RNA W QB & il h™, 705 4wty
RNA R&HE o WIEAYIEA rpoS B % Bl Hfq X
rpoS W EEAER, oS MFRIEZHNZ
R, HAfa4% DsrA | OxyS %/)y RNA f#
Wi, X R T E A Hiq (S5 WS
SR AR/ RNA FEATIE, &P
KA Hiq 2 530 B EEERP, A3
B BESARH T AR TR (1 Hiq ZFEAE 9/ RNA
%t —FKh sRNA-Hfq.

2013 4F, Na KT R T RGEHA L T
—2K N T. sRNA-Hfq T.H., #|fiZ% sRNA-Hfq T.
A R G T 52 g 2 R A 1,5-1 ke
PRI SE R, A X L B A ) R
F T AR AT sSRNA-Hfq T H%
THor A e FE RS A R BT 43 B A 45 B R A
Scaffold Hidk, JH 8 25 45 & BLd ] 5 45
mRNA #47 B AN, 1 Scaffold BEHefl & Hfq
AL M —A Rho PP AR AR HME L & 1k
T, X R R AT U A S 3 [
AT, 8 A5 45 G T 5 mRNA TP ik 5
AN, BHARRZHA 58 mRNA 2546, #0H
%, RIS Scaffold #REEZMEREE H Heq,
PIFasE sRNA, fEiE sRNA 5% mRNA [0 %f
FHHAZ R RNase E 4545 248 mRNA, ¢ /F4E
mRNA AR, e 2SI R g i U8
U B 25 A B e 371 RIVAT S 306 AN [ i [A]
A

P AT sRNA-Hfq T EAfifk 5 2 I 2E iR
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E ARG . IR . PR, A
T. sSRNA-Hfq F 45 &8 55 mRNA 19454 7
B HAME XTI R | Scaffold 2544 45 34 AT S
BRRGERIHCRS g SR R b — s
TE BRI X I N 5 #E mRNA HAMEC X, i i@
1 VA 4% 5 AR mRNA e %A L 50mT DAk As B kb
BCXT 45 G RE, NPT sRNA-Hfq (il a5
e, UEEARELE—20—40 kcal/mol B, 454 HE
SRR B A AP R S R, HE AT LUK 2
JH¥E sSRNA-Hfq my#mddilae iU, Hk, 783t
Scaffold B HIEAL, AIE A/U XJFI] R
75 25 B0 25 0 rh 25 B Y AR B T el AR
sRNA-Hfq f4 # il & U0 g Ah , 3 2 38 35
sRNA-Hfq 5# mRNA 2 [a] i =F & th n] 35 24
& sSRNA-Hfq # K Agi R 4

HAr, X286 AT sRNA-Hfq 1 T4 7/,
W, 5 F9 . Ham ey . msseE s
PR N e, BT ER
F#H, sSRNA-Hfq T H k)12 #0745 2R
PEFFER P R ANE T R 2R AT A
PRAGACH TR . (BRHEE T Hiq 2RI
FRIGFE, SR P L R 4 b A7
TEgmts Hiq A FEIEER, FERZHE
IR . s w 55) h iy f Hiq =
/N RNA (340 (B — S ibk (4
WK . FARBITE . WHESE) K
Hfq & I A2 5/ RNA BE T, 70X e E bk
i sSRNA-Hfq TR # MRk K H ok
VR Hfq [P R R AR K A
t, A EFRIA AT SRNA B X B R IR 278 1
ARG, (Hit 2089 sSRNA 1] 35 P45 4 P I
Hfq T % 40 TR 7 A 5] o 0T 76 AS [R] B AR R
AT KT, 7 A 4 HL AR B A F A [R] A /)
RNA T.H.,



IR %/ AT\ RNA JHETTHES R A R

2 ATALI/N RNAWEFBERS

/N RNA 85 &3] TR HEREMER, H
JETE H AR B AR TH A7 A W] 0T 2 IR 3235 1 /)
RNA, XIEHIEH/N RNA K IHE S 54 mRNA
B E AR Y 0y AT, Gl R i

VIR AR S mRNA FE Y (K 2). 7EA
T/NRNA I, BARRIRBOERL/N RNA — £ A]
BT TR IE TG A T/ RNA T H iR
IR, @A H RS g | TR OB S
SRR G B/ RNA T HE R0, Hr
BT BIPRIE Y Toehold ¥ (& 3A) FIET

A
sRNA
5'-end 3'-end
mRNA Fsind

B sRNA g

RNase E j r Q

5'-end —3"end 3'-end__ % 5'-end
g = - 5'-end - RNA 3'-end
S'-end mRNA 3'-end + H
RNase E
C
RNA
RNase E 5 ﬁg
5-end « 3'-end Q
AT e ’ RBS e L]
5'-end mRNA 3'-end 3gnd mRNA + 3'-end
RNase E
D
sRNA
5'-end — 3'-end
/VWW\/‘\/\ /\N\M/\/\_Em/\,
5'-end mRNA 3'_end 5'-end 3end 4 3'-end

& 2 X%/ RNA BIEREBENE A

mRNA 5 end

RNase [I]

/N RNA 5 FTF mRNA #i ik nd RBS SCEBE; B: /)

RNA il i BLIBT 5" RNase E B945 5 SEIUIE BT 5 C: /)y RNA Jl i BT 25 5 [X. RNase E 94545 52 BLAE DA
Wi ; D: /N RNA Jii ik RNase T f5 i 4 T8 R 1 52 S0 DRI

Figure 2 Gene activation mechanisms of natural small regulatory RNAs. (A) Small regulatory RNAs activates
mRNA by opening the isolated RBS. (B) Small regulatory RNAs activates mRNA by blocking 5’ binding sites of

RNase E. (C) Small regulatory RNAs activates mRNA by blocking coding region recognized by RNase E. (D)
Small regulatory RNAs activates mRNA by RNase III-dependent processing to enhance target stability.
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Trigger RNA

5'-end

Toehold
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5'-end

3'-end
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5'-end .
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HIIT R AR GE
Figure 3

B SEBOE /N RNA (small transcription activating
RNA, STAR)™ (& 3B) A4 R i i pL i,
7ER R R B PERE
2.1 ZHE R RNA BEHL S
TEANE Y, 7/ RNA 538 mRNA 1 5-UTR
X . BE P 4 5 X B 3'-UTR X A58 L B AN X 24
Al PR A BRSO, N RNA #L) mRNA F)
5-UTR X}, 385 A P A #3806 1F F B pL
. —J&/N RNA T mRNA A & 5-UTR X
MR REH, BT RBS, A0
f&n] 5 RBS 454, MmMife kR, #40 DsrA
RNA IIF1 RprA % (& 24)P"3, — B F4k
RNase E X} 8 mRNA fRFf#, 325 mRNA 1
FE Pk, DI n#IRE, X258/ RNA 41 RydC
(E 2B)*, /v RNA #1[i] mRNA [{4ifd XA,
SgrS ¥[a] pldB RIZmidIX., Fa4s T —4 RNase E 1)
WIS, MIAEIRE pldB VER (B 20)P7,
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“FF/"BIAT/RNA TERAFERBE  A: 3T Toehold switch T £ % ; B: i:T STAR

“On/OFF” synthetic small regulatory RNA tools for gene activation. (A) Switching system based
on Toehold switch. (B) STAR-based switching system.

7E/N RNA # i) mRNA (% 3'-UTR X 150,
GadY LL5¢ 4 AE B AN X 1Y 5 XEE W) gadX 1Y
3-UTR DXJE BOSURE A S, 148 T 450U B 4 S
RNase IIIAbEL, ACPRIS Y gadX WIREHE HARE
P, TN GadX AL (B 2D)P, 24/ RNA
TEAN B P Z O EFIT, RA s AT R E
[ Hfq B35, £/ RNA 54 mRNA A H A
M8, Hiq NMUBEMEDSE/N RNA i
mRNA 254, BRI/ RNA R R
(4N RNase E) AU, DsrA. RydC. SgrS %5/
RNA K305 fE IR 546 Hiq 2 5™, @64
Rk, B RS HLEAS DU B,
M JCHE T RARBEE /N RNA B3 9 A T/ RNA
FHF RS R 8006, RSk T REIA 75 B4R R
LI R IRBOE /N RNA D)% B A il B
2.2 EPiFHEHY Toehold FF < BY1E R AN I
2004 4F, Isaacs FixIt T —FE AN TE



IR %/ AT\ RNA JHETTHES R A R

B AZ B R 1T 48 (riboregulator), A1) FH & 4
51 RNA-RNA A EAE FRG 4 il 56 R 223807,
XA N AL fid i 7 mRNA #9 5-UTR [X
NAGIAK KRG, e RBS FHRHIEE S0
IRZEG, DT ARAS X #E L DR A #0 3,  LEet Ay it
A mRNA (cis-repressed mRNA, crRNA), 24
S B RNA (trans-activating RNA, taRNA)
U] crRNA JE B RNA XUBERT, crRNA 14
KA, ZEIAEIT NN ER ) RBS X, #
PR HTIE T SR N T AR B —
B EATRIAH RNA JP 9 20 0 T 56
2% (R RE E, HE H “anti-RBS” #4319 )7 51 45
SRR BT AR 30 bp A5 A5 B IE H A
B it e 871 - AN RE IR B B4 A B AE R 10" R
X, b TSR YE, RORRER T HIE
AP AR T

2014 4%, MATEZLL EFREI, Green &Fi%it
TR R TE L AR P AR A A A
#, FRA Toehold HKEFRS (K 3A). Toehold
JFRH, crRNA BT E B 2L B 45406 RBS 2
TIERT, 5 AUG & & & RBS AT H A
gER, XAERI AT THE B A crRNA ML H M
taRNA™ [ B, crRNA #4338 & 345 %8
— Bt “toehold” s, X155 taRNA 455G
RG-S, -G SRR T2 B
% LAY, FIABA R RNA 25
¥ J2 B B BE TN A5 L AR )T (41 NUPACK),
AL S IESC A Toehold FF2%, Green 45
IR T 18 NMFE /N T 2%I7) Toehold H2KJT
PRI 26 I/ T 12%8nEH &, 18
JEHEIE F, Toehold J1 5 HR K AT ik 1S 400 %
Ry, ] AT PR A SRS
WA Toehold RGEAY crRNA H 434484 5 FE KN
b, TEENEEREA RS A, RN
U RNA f:05 taRNA AT RF Y crRNA,
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ALK Toehold FF 2 I F R RNA HyK I,
iX & Toehold FF &1 T3l RNA 5 5 B4
TR
2.3 33T RNA STAR R G R01E AL &
AT O B SRR BTG LN 3k, Chappell
EFR T —F e N 1A B TS RNA
(small transcription activating RNA, STAR), R
4 STAR £4¢ (K 3B)PY, STAR RGTEH: 5K
R R R, EE PR, B2
£ T# mRNA B RBS b —BUE &L F
G (RMERRLFA), fEfE st i, a4
17, BHIEF#FHFR RNA B565%; B — 2
—BES5Z& LT EFR Sui BEANI/N RNA, B
STAR, Y& 5N 74 B A#MECXS B, BeHTIF
LT E RN E FRIER, fRir
ST S A AT 980T 5 SR PO, FEF# R STAR ML 1
B J12F R Chappell 48831 STAR /- S:(
FERFIXREAR RNA R A HEER &
H, BN ENF S AT STAR HIRIA RS Ak th
FHEAERB A MEEERERE X R, XERH,
FERF STAR B, F2 B2 [R U BN )T 41 1)
KEEPY, (H RNA ¥ b A BRI BRI RNA
SER A A RN AE A A TR RL R IH 2
ASMERT,  H AR KR 1 3250 T AR AR B A S &
¥ 2 2 B0 Chappell %5 78 5 2 U WF 98 P &
B, STAR TGS sk B, XN T 51
H LT “toehold” it 2k P FL % i R 2 Ho e s
KRR G, RIS TR R ARZE K
FEOLT, 81 O LR B I 41 BV AT A5 A [
MEE . MWOSEE STAR 248, HHE KM
TEAEE AT IR 400 f5LA L, 2ok s ) — a5
FAR, SRR RS AR W TR A
AHEAE R T, 00 Al DL B A BT
TRFERSEI (W NUPACK), 1EAZHY STAR 7]
PLoE 4id ok s RSk N, X — B IR R
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FEALT STAR RGWTHINE P,

STAR R 44 % H Toehold F 2 B A A it I
R, X AR TR A S IS, A
MEREKNZ —& RNA KBRS, A6
1F ff TR )840 i 45 A T SR A, T R T R SR
WO T T B BOE AR R AR S
FIRF RS O, KA RITEWREREAL., Y
%%, STAR RGWIE H YR 1 Rk mILT
Toehold FR4t, 7E52Pr N o e iF 77 24/ oK
R AT WG 2 1 5 218

3 AL/N RNA FEA B A4 % o B i A

3.1 R IEE

FEACH TR, TR AE 0 OS5 R 39
PRIk B AN T B T
., AT/ RNA ATLATEARBIR G ARG L T
AN R Rk, ARG LR R R R
FHEG, PTSCBRERE 2RI DR 2 RS ) R 4
I A1 R 0 e e AL A S LA A AT AR B AR
P (F DXL HEEEATSZBLIER MG A CRISPRI
FHE, AT/ RNA RGEKZIEM N AT I
bk — A X 2 Fh i 32 F B B R A 6 e
f) Cas 1,

AR () S B SL N, Nakashima 2544
T 71 AMEEXT ARG PTRNA Rk %
T, BEFE T X 71 AR S = 9 i
B, DAZE S T S0 50 UE T8 o P e R
I, RIS aceE W N R - &
ST 427 15, X aceE Fl aceA BRI PEATH
A% T fem 105 g/L A=, Na M T
122 4~ sRNA-Hfq, VA#I#ilJe Jefifk—r1,5-1%
TR P A B P AR R A S SE Y, X
31 ARSI S T 1,5 ) i,
oA XA 5 FE K murE F1 ackA H)HE] A fif
1,5-7% i) i\ 1.40 g/L 32555 2.15 g/,
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AR, EEXTmE &R 4-T MY LA
fig VA A RS IR AR, Noh Xy @A b
) sSRNA-Hfq #2845 1T BEHE = 7 2 9 G
L, RAHEXT csrd Fl tyrR R 0 2 42
o T TR T O, AR R 2 /L, T
glnd M argF FERE 4-T WA L-If 2R 10 7~
HIRFIEK, BT T 61.3%M 229.6%1,
TEVEPE RN R IR 18, Yang 576 KA FT A
r I F PTRNA X} fabD IR 3k B 80% H 3 il £
Sl PN TR AT A RO BE SR T 4.5 £,
Ge %5 FFH PTRNA i hemB Fe[N, ffi i1 %
AR S-E 3 LB ER AT BN T 17.6%%,
Sun 25 7E W AN AE M 6803 FHtL I PTRNA
Il SRNA-HFq 43 3 SEBL T X N TR DA Bl A 56
HH glgC 66.7%F1 66.8% P, Sun Z7E
BARVEFT R AT sSRNA-Hfq S2IN pyk.
IdhA 1 odhA FEH 80%AINHI, 4+ & mR A =
EILTROINT 3 5, Mk, 7EARE TR,
B B I N B RS S A, S
JiLAE RN BR 7 4 B R 43 O T AR RE AR
AN L) BT B 0 R0 S PR e e R AR E e
A I BOAMNEC X /1N RNA TR
FEAERS AR 4% JE W 71 o Zhang 45 B A8
PTRNA #[1[i] mRNA £ RBS #%.0> [X 8 F) B B 4%
T AL TXF fabD F ydil WoAHICR,
4 FRIEFE RN T 3.58 5%, 1EX} g
IR, 1,5-% e a Ak, Na S5 eicds
sRNA-Hfq S5# mRNA H &b A5 3Ex $ot LAk
AHLEARE, WMTHE sSRNA-Hfq R, *}
tyrR FERANHIET, 254 B84 -39.2 keal/mol Bk
B T AR s X murE JEIAHIET
4545 RE H—40.9 keal/mol I 1,5-5% — el = ik
™, peah, R [R5 B Y ) 3h
T sSRNA-Hfq #9355 8ok AE sSRNA-Hfq 417 il
R, T 4T 2. LA EmR R,
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1M AN [R] 8 Scaffold UL S EE#4 Scaffold k15
JHPETE T SRNA-HEq A8 A 7R 52 RS 40
PAPERY LA, IR = 1) sSRNA-Hfq 72
I pgi FEIFD serd FEDREAS 1,5-50 —F& )
PR T 27%M,
3.2 INERMEBIEN

KZRIR/IN RNA TEMMBIREE N LR,
[IRS NS ERZS A NE=R == cy) FEM W -k 7 SU A U
PR AR T R T 4 Al AR 5 1 b 2 4 S
AR YA P R AE B E AR (R D',
TERBFFEY, DsrA. RprA fil ArcZ iX 3 Ffi kR
SR/NRNA, FL[EEE o K ropS, H85H & #R it
fRM:, Gaida Z7E KIAFFHE it 3Rk ropS L
i, i FR A 5 B gl 28 DsrA WA i R
PERRML (F2&2Y 100 1), (B[R] ERIE DsrA |
RprA il ArcZ = Fi/NRNA I, HAE XS 504 K
FITERPESR = T 8 500 fi5, [FIATIAHEE T Hbk
it 8 TR RIS AR N PR TR 2 PO FE DR T IBEAR
FFEH, Jones 553 i KR/ RNA 6S, 25
T RR BT B 32 IR T T B A
Wu ZETEFL IR FLERTE TP 21K KR/ RNA SO42
IR T R AR BRI 52 M B0 FE AN B
Sun 2 F K AR/N RNA CoaR YR IERILF T
HRR T T 2T, WA 321k KR/ RNA
Nel17 VRS T BRIt SRR 1- T R sz,
HEARMMLEREANF, X/N RNA Mk
Srae Al S D W O N 6 B2 B vl R R R i N IV
Xof PR3 Jolp 38 B — oA S HL i A P SR . Rk
/N RNA X0 IERE I G Z e, TRl L7
SR YT R AR 2%, DT IR T R R 4R T
PYJCRR YRR s EFAE, HA Rk m R ALH 09 52
Zie A 2 R SR/ RNA H2 /5 B Bk Tt 52 M e
T 16 AR R A
3.3 EHE RS RERHE T

RNA 454 i 236 1 Fn B X 45 Fdi A
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SRR A BAE I EE T, BT R
BLAS R AE AL AR (F 1D, BT Toehold JF
KL A A 3 R A g AR
(taRNA) . 5 S K MBI (crRNA) . #i Bk
5L, B—NaEE BAARER Y%
J&AT . Toehold FFI&A B By FEME M L H A =K
VR IE A PE RIS IE L, AR B T /N A
AE Y RNA - Z0 45 by WO A Y A9 JF & (i
NUPACK FJ7) by st s B 4R i 6 o 2 g
1 Toehold FFOGHRHE 7345, [ 2014 4F Toehold
H R K VIFK, Collins B BAJC/E#+ Toehold Ff
KR FHRERE T R EET L R
HUYIE RNA R AT . Toehold JF5CFHF
RNA Ji#E RIS, e RNA f i K20 iy
—BUFAIE R taRNA, FFETHARN 1Y crRNA,

R LN T PR Rn B-2F RGN lacZ %
D, % R B IR (R £L-B-D-F FL AL i
BETE) FAL A ) (RBRAL), SCBLR 2
AT HAET . ¥ Toehold FF&HZ A% 1 BA ST
TEAR B TCAN MLV R TR AR P BRIk P

£ 20-90 min P RIAT SIS fG FEAE AR S0 %
PR BRI, 4G T XA ) A 5 Y B
3K Toehold JFAG M PR AIK taRNA ¥ & Al ik
30 nmol/L, A 5% RNA F HEE R (nucleic
acid sequence-based amplification, NASBA) #H
454, K 3 fmol/L 1Y taRNA, 17 NASBA
27 2 h BI AT 4% Toehold Al 5], LA &5 ) R
k", Toehold FFif HA mfesrk, mILU
X3 HA — 5 [a] 5P 1) 2 R o 25 AL SR 75

Xt F 6 — 5 5 A [Rl ZE K A9 [X. 43, Toehold FF 5%
454 CRISPR-Cas9 £ R, fI# NASBA-CRISPR
) %] (NASBA-CRISPR cleavage, NASBACC)
Pes LA Cas9 WO T 117 1] bR 1y 21) &0 1 Ak
J¥ (protospacer adjacent motif, PAM) J¥ %1%
PRI AE Sy, &3t T HAE PAM Jp8l b fr
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TE— A B8 JE AN 7] A A 9 750 700 5 I 7R 98 i 4
taRNA, HAFEWEIZE R taRNA fE7E IR
1) NGG % PAM J¥51 i 9 Cas9 VI, F#Y)
E|Y DNA RNEEFLY 3G H 2K 1) RNA, M
AE# Toehold FFOCAKZIME], SZBL T Xf ApIL 2
SRR XY Toehold JF 2614 & 2 Sl F
AR C AR 5 e tRifE i RT-qPCR IR K
WA SE, HEERRM . HE, AEBN
RT-qPCR % R K6 I fity B AR fitg 54y 2 707
2019 45, B Seb PR B 14 T AL 46 5 B0 ek fili
# (COVID-19) fEA&ERRWAT, & M5 HE A
2y 2y v % Toehold JF &4 ARTF & H T KB
e R 25 1 U0 TR R RS
Collins HBAFF& T 0] FFEHAEZ 4L Toehold FF
¥ —eToehold, % T H.n] sZ 878 A MK 40 iy
HH ) JRR I 20 i R S 1 B R S 19 B RNA LA fist
KR EMIE N RE, XBFHES RNA B )
FLPRYY . BRI W RS E IR IT S N A OF &
(1 FF %10,
3.4 HyEEEBR

DR L B A P AR AR R R B
2 EAG S PATAL AL, I RSP R By
R PESIRE (& DB BT RNA 3L
FL SR 20 LA R A R S B B, A L
THT DNA Hl DNA 45478 AR %,
RNA A YL s LA B 254, T k47 4R
R BT RS Mt R R i T AR R
FREr s HOEA BN A fEl T B
FF & Hi Y Toehold JFJ&A1 STAR R GEAE IE A
A 5 A il A ) I R L B 1 B SR . Green S5 ik
I 3 41 Toehold JF KA kN Ty T
VU5 S 4 ARDBUZ <57 T B s, b
ffi ] Toehold FF A # T 4l RNA FIRUF S . DU
fF 5 MANES M AT TR <571
DLt A5 S AR S S «al ARl TY
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PrEiE s (disjunctive normal form, DNF) Hi
F12 0 Kim ZEF] ] Toehold JT- 2 i B30I 5
FE T T Toehold HHIFEAN il FF OC Al =[] i%
$% (three-way junction, 3WJ) #IH|2S, 35 HA
i 7 BT Toehold FHIEMIHI ST 3WJ il
il #8595 AR S5 ] sl AT
B, DAL T AR S AR U {E S e AR
<A TREEg T T R, [FAE, FIFH STAR
FR4:, Chappell M T AUETH AR 5]
HL %, Jf 844 5 CRISPRI 5 RAHLE S, #F STAR
RGPS E T gRNA [ LiF, ft
TZWAE (NIMPLY) [THEEPY ) Siu 20k
Tochold JF S Fl4 % gRNA (1) 53 i thgRNA
HF CRISPR-Cas9 i K, thgRNA HAGHIr£
T B A S B A, e eEM T A
2 1 5 D] L B A 1% 313 Lehr 25 0] 4H 4 Toehold
FECH STAR R4t, M8 T FE: skl
PG 2 e i i O RS Sl N I T o 7 R =
FIF 4l RNA JolE ] DM 2400+ . SIESS . &
AL L, R HA T RS

4 REERE

M ) 0 2 T 0 T R DA e A B OK
e, BIEE— 20T A BB AR BRSNS P e Y
RNA 2% (RNA device) LA MRS Hf 8 55 40 i
Ihie, TEFESEABHIRAKY EXSB T Xf B Y
P, /N RNA T HAEHLBEAESE K0 E2IEC
RFRIIBER . FEXTEE R b, RS . &IE
A P e R T 48 T L R A s DR TR DR 4 ) %
5 H A KA T e 1 G AR W rl B A L A
Toehold JF&A1 STAR R&GEWIF LKt TR T
RNA /Iy B RE 09 7™ % BT U A% 1 58 B vy i
IEAE R LR . M EETT . sRNA-Hfq T.H
BAREA Y Tt WA, (At
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Table 1  Application of synthetic small regulatory RNAs in synthetic biology

sRNA types Regulatory types Application Results
asRNA Inhibition Gene regulation The inhibition of IppPH, ompCPH, ompAT?, lacZ*, lacI®® were
realized
Inhibition Environmental Combined overexpression of asRNA DsrA, RprA and ArcZ improved
tolerance the tolerance of Escherichia coli to acid and oxidative stresses!®¥
Inhibition Environmental Overexpression of asRNA Nc117 improved the tolerance of
tolerance cyanobacteria to ethanol and 1-butanol(®®!
PTRNA Inhibition Metabolic Establishing a PTRNA library to identify genes that can affect
engineering pyruvate production, and combined inhibition of aceE and acc4
increased pyruvate production(®"
Inhibition Metabolic The fabD gene was inhibited and the yield of malonyl-CoA was
engineering increased®
Inhibition Metabolic Modeling predicted the inhibition effect of PTRNA, and the
engineering inhibition efficiency of fabD and ydil were predicted and quantified

to improve the yield of 4-hydroxycoumarin®®!

sRNA-Hfq  Inhibition Metabolic Establishing a sSRNA-Hfq library to identify genes that can affect

[18] [41]

engineering yield of cadaverine!", tyrosine!'®!, putrescine*", L-proline!*!! and

other compounds, and inhibiting the corresponding genes improved

the yield
Inhibition Metabolic Theophylline was used to induce the expression of sSRNA-Hfq to
engineering regulate the essential gene fabl and increase the content of
malonyl-CoAP”]
Inhibition Metabolic Combining sRNA-Hfq with group sensing system, a dual function
engineering group sensing circuit realized dynamic regulation a-amylase
expression®!
Toehold Activation Nucleic acid Combining Toehold switch with a freeze-dried, paper-based, cell-free
switch detection protein expression platform realized rapid, convenient and cheap in
vitro detection of Ebola virus!”'""%, Zika virus'*), norovirus!’+ 7%,
SARS-CoV-2""" and other RNA viruses
Activation Logical circuit The OR gate and AND gate circuit of double signal, four signal and

six signal input type of pure RNA and the disjunctive normal form
(DNF) circuit of twelve signal input type combined with AND, OR,
NOT gate are constructed by using Toehold switch®?

Inhibition Logical circuit Constructing the translation-repressing riboregulators toehold
repressors and three-way junction (3WJ) repressors, which were used
to construct double signal input NAND gate and NOR gate circuit,
three signal input and four signal input NAND gate and NOR gate
circuit!?!!

STAR Activation Logical circuit The STAR system was used to construct a dual signal input AND
gate circuit and a NIMPLY (A AND NOT B) logic gate was
constructed by combining STAR system with CRISPRi technology
and placing the transcription termination sequence of STAR system
upstream of gRNAP?!

Activation Logical circuit Via combining Toehold switch and STAR system, an AND gate

circuit under the common control of transcription level and
translation level was constructed™
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B B[R U FE ST, sRNA-Hfq H A WK A i 8
KBRS, —28 KRR sSRNA-Hfq 7640 B {4k
AT LR 23R, a0 R 4K/ RNA
SgrS R IE R ELHE ptsG . manX . manY. pldB .
sopD 5, SgrS HiXLLFLATH mRNA 8
11-18 MBS 1 AN 58 4= T AMEL XS B AT & 4 411
R 1 ™, #E AT sRNA-Hfq ',
it —Bg 24 bp 2241 558 mRNA 58 2 HAMYZ
P AU ST B SE R R S R T, R
S BRI XU AR DR 3t 184 o L7 Al a4
AIATE P o BOVFTE R AR 5 75 R £ 1 B i
BT RS R — R 2540 A B B G A R 3X A [
A, N, B sSRNA-Hfq %31 aE A 1% Toehold
PR —FERZEIRGE M, HA S mRNA fil &
A BB L 45 G REIV A8k, R IT LR DI REHY
sRNA-Hfq, SZEUXHEILFE M HE . tesh, Rk
PEORS HER I 0T o — P FE R/ RNA B
B REPE RS, T RNA A BAE AT AT
AR R T AW B AT, Myt 2R T
B SO FEARAE KBS . TERER PR RNA %L
T 12 Bl Al e

ST UMM 25 1O 2 4% Pk, LR AR 5T 1
FABIE G b 28 5 5 B[R] B X 2 A SE DR R A 7 o 4
HAl, WA/ RNA SEBL 2 AL KA 125 i 2 15 3]
3-4 A, ZTORR AN 527 BR TR 2 M ORI £
W, PRAREANZDNES . ZilET 50
RNA A 518 7ol BoRi7E @ik By
ARl e, ARG TR A
L35/ RNA A, SR i 3 AN [R] ) SR s
SO LB BN /N RNA A RE 2 P 3 — [a] J3
R %, #Hlin, Zhang 255 BV 7 TV P B
% % & T CRISPR-Cas9 £ 3 [H 4idH
BAR, MB—Ea 7 BAT 8 1> gRNA 1)
B, B gRNA Z ALERA — Bt
tRNAY 741, FI I (RNAY [ L s —
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B AL PR 8 ANEAMMY) gRNA, SEIL T X
8 MNEEMH . Ik 87%mE R A A R B 0
FR T (RNA, &R FIH B IR 75 40k
SCRAZEGRT HDV R E7 Sh IR #)
WHIFA] (i Cys)™% 0, BRI Fr £
F£ CRISPR AR ANz, sAT ik
RNA LB Z R HAE NS %

S A AR A R R A P R /N RNA 7R
KAy AR TiE 25501, RO SR A
RSB i KA A0 A 3 A s ) A
23 (AR SR DR R A T I 28 R4, B2/ RNA SEBKS
PR — kg, @A RS ST
FIEM/N RNA B4 AR AP (HE 505 S
FIAFAE S E A PR L T3k s 285 i o 6 22 9 20
MR B . Wi e SR ), fEACR, ShTsgEl
H i S BRI RG2S A, g5 F
AR EGHTIE S R MR, K
fifi/N RNA FEREREEE EH R ahas . 5 &
o 25 briR, Fokik— I & XA TN
RNA T Ef B g 4th Ry B B AE W F 5 IR 55 -
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