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Table 1.

= 1. K ETR R E R

Plasmids and strains used in this study

Plasmids and Strains

Description

Sources

Stains
E. coli IM109

B. subtilis 168
Plasmids
PMAO09

pBP43GFP
pBP43GFP-mCherry(GM)
pBP43GFP-TB1-mCherry
pBP43GFP-TB2-mCherry
pBP43GFP-TB3-mCherry
pBP43GFP-TB4-mCherry
pBP43GFP-TBS5-mCherry
pBP43GFP-TB6-mCherry
pBP43GFP-TB7-mCherry
pBP43GFP-TB8-mCherry
pBP43GFP-TB9-mCherry
pBP43GFP-TB10-mCherry
pBP43GFP-TH1-mCherry
pBP43GFP-TH1.5a-mCherry
pBP43GFP-TH1.5b-mCherry
pBP43GFP-TH2-mCherry
pBP43GFP-TH3-mCherry
pBP43GFP-TH1.5b-TB10-mCherry
pBP43GFP-TH1.5a-TB10-mCherry
pBP43GFP-TB2-TB10-mCherry
pBP43GFP-TB5-TB10-mCherry
pBP43GFP-TB6-TB10-mCherry
pBP43GFP-TB7-TB10-mCherry
pBP43GFP-TB10-TB10-mCherry
pBP43GFP-TH1.5b-TBS5-mCherry
pBP43GFP-TH1.5a-TB5-mCherry
pBP43GFP-TB2-TB5-mCherry
pBP43GFP-TBS5-TBS-mCherry
pBP43GFP-TB6-TBS5-mCherry
pBP43GFP-TB7-TBS-mCherry
pBP43GFP-TB10-TB5-mCherry
pBP43GFP-TB2-TH1.5b-TB5-mCherry
pBP43GFP-TB2-TB5-TB5-mCherry
pBP43GFP-TB5-TH1.5b-TB1-mCherry
pBP43GFP-TB5-TBS-TB10-mCherry
pBP43GFP-TB6-TB5-TB10-mCherry
pBP43GFP-TB6-TH1.5b-TB10-mCherry
pBglpD-GusA

pBP43-EcAspA

pBP43-AspA-0
pBP43-AspA-TH1.5b-TBS
pBP43-AspA-TB10-TB5
pBP43-GusA-0
pBP43-GusA-TH1.5b-TBS
pBP43-GusA-TB10-TB5

recAl, endAl, gyrA96, thi”', hsdR17, supE44, relAl, A(lac—proAB)/  Lab stock

F’[traD36, proAB+, laclq, lacZAM15]

trpC2

Lab stock

E. coli-B. subtilis shuttle vector, with promotor Py, AmpR Lab stock

in Escherichia coli, Kan® in Bacillus subtilis

pPMAO9 with P43 promoter and gfp
pBP43GFP with mCherry
GM with TB1

GM with TB2

GM with TB3

GM with TB4

GM with TBS

GM with TB6

GM with TB7

GM with TB8

GM with TB9

GM with TB10

GM with TH1

GM with TH1.5a

GM with TH1.5b

GM with TH2

GM with TH3

GM with TH1.5b-TB10
GM with TH1.5a-TB10
GM with TB2-TB10

GM with TB5-TB10

GM with TB6-TB10

GM with TB7-TB10

GM with TB10-TB10

GM with TH1.5b-TB10
GM with TH1.5b-TB10
GM with TB2-TBS5

GM with TB5-TB5

GM with TB6-TBS5

GM with TB7-TB5

GM with TB10-TB5

GM with TB2-TH1.5b-TBS
GM with TB2-TB5-TB5
GM with TB5-TH1.5b-TBl1
GM with TB5-TBS-TB10
GM with TB6-TB5-TB10
GM with TB6-TH1.5b-TB10
PMAO09 with glpD element and GusA

pMAO09 with P43 promoter, AspA and riboswitch

PMAO9 with P43 promoter and AspA
pBP43-AspA with TH1.5b-TBS
pBP43AspA with TB10-TB5S

pPMAO09 with P43 promoter and gusA
pBP43-gusA with TH1.5b-TB5
pBP43-gusA with TB10-TBS

Lab stock
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
Lab stock
Lab stock
This study
This study
This study
This study
This study
This study
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112 FERAFLE: PrimeTHAR® Max DNA
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MAEMRG(CEBOARAF]; BamH 1 | Sacll | Xho
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New England Biology /Al ; Bk $2 BUAH &0 A
RAAE AR Lm0 A FRA 7] 5 B Bt &8 B
FER R RBHL (P EDA R AR 5 PCRAY ., &
KA A Bio-Rad Aw]; 4r6GREHH A A FifEsE
TR A RA W s Z I REMEAR A H BioTeck
2H
1.2 ZIEFREY6 KR
A S XS G L4 56 E 1 mCherry (A
AT RS 04, IR RBS calculator 72k BT
I 3 (https://salislab.net/software/) Ay H: VT it 535 )
RBS. AH54% mCherry-1/mCherry-2 ¥ 3 mCherry
SEI 5 DL P1/P2 H514), pBPA3GFP MRy 1
PE L PCR 44 =W H Dpn 1T DNA JH LR L
2 h, X PCR Hyikfralifk, /oMM Gibson
assembly ¥ mcherry 2t Bl pBP43GFP &4
FrBganGE L Ak, RIRFEAL E. coli IM109 F- BRI
PATH YR JEATIN B8 IF , EE 4 kL pBP43-GFP-

(A) P43
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Sac Il

mCherry (GM)#1£ZE-20 °C %
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FERZERE 1 PR, 20k 7Rk SERONRR th 4
MEREYIRHCA IR A /G, Rl & BamH 1 1
Sac T FGYIERARGIIFH], W3k 2, F A
Feoy 1:1 BRI PCR 48, LR R REIR iy
RXIEBL T, BFREWT: 98°C 1 min; 95 °C
30s, % FoKRM 90 °C Hin, #HE 30, MREIKIK
FEA 2 °C, & 40 °C, RJF 4 °C {13,

FH BamH 1 1 Sac 11 FYI TR GM, 24k J5 i
Jfl T4 DNA ligase #4228 EFRIZ ML GM R4k H
20,16 °C Db % . 45 WAL E. coli IM109,
LB BifE Pk i 5% 5 PR IR V%, LB A S:
FeIE PR IUBTRL , DNA WP 3530 S8 )5 1 1 Spizizen
A R ZERUFT T Bacillus subtilis 16821, A4
H AT B LA T AR A AT

MR IR LT kg . A I ks h i (]
SERANIEL 2 . ¥ gfp BRI U ERECAY 2 4>
AL TFRAER B E XN A F1 B, #5E B & IET
“} TB5 8¢ TB10, A o i I Aij A VE 4% 1 A [m] B2 1
T(THI.5a, TH1.5b, TB2, TB5, TB6, TB7, TB10)
5 B i# k. SRS BamH 1 Fl Sac 1Y)

RBS é
Mcherry

BamH |

(B) P43
‘ RBS _ é RBS E
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1. ZIEERNET & /IHE

Figure 1.

schematic diagram of construction of single terminator.
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Construction of measurement platform of terminators. A: schematic diagram of control plasmid GM; B:
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*2. AHREAY
Table 2. Primers used in this study

Primer Primer sequence (5'—3")

mCherry-1 TCCGCGGGATTACGGATCCT

mCherry-2 ATTTGTCCTACTCAGGAGAGCGTT

P1 GCTCTCCTGAGTAGGACAAATTCTGTGCGGTATTTCACACC

P2 ACAGGATCCGTAATCCCGCGGATTATTTGTATAGTTCATCCATGCCATG

TBI1-1 CAAACAGCGGGAGGATACAGCCAATTCTTTTTTTTATGCTATAA

TBI1-2 GATCTTATAGCATAAAAAAAAGAATTGGCTGTATCCTCCCGCTGTTTGGC

TB2-1 GAAAGGACTGCATAGCCAGTCTTTTCTTTTATTTTA

TB2-2 GATCTAAAATAAAAGAAAAGACTGGCTATGCAGTCCTTTCGC

TB3-1 TAATAGAATGGTATTTAAATGAGAATGCTATCAATTTTTTGTAGTCAGC

TB3-2 GATCGCTGACTACAAAAAATTGATAGCATTCTCATTTAAATACCATTCTATTAGC

TB4-1 AGAAACCGGTCTGGCTGCCAGCCGGTTTCTTTTTTTATTC

TB4-2 GATCGAATAAAAAAAGAAACCGGCTGGCAGCCAGACCGGTTTCTGC

TB5-1 CAGGACACCGTTCAAATTGAACGGTGTTTTTCTTTGAAAAG

TB5-2 GATCCTTTTCAAAGAAAAACACCGTTCAATTTGAACGGTGTCCTGGC

TB6-1 ACAAACTGCCCGGTCCTACGGTACGGGTTCTTTTTCATTATTGGA

TB6-2 GATCTCCAATAATGAAAAAGAACCCGTACCGTAGGACCGGGCAGTTTGTGC

TB7-1 CAGGAGCGCGTTCAAATTGAACGCACTTTTTCTTTGAAAAG

TB7-2 GATCCTTTTCAAAGAAAAAGTGCGTTCAATTTGAACGCGCTCCTGGC

TB8-1 AGCAAGGACTGCTGAAAGGGCTGACATAAGCCTTTTGCCGGCGGTCCTTTTTTAATTCTGAT

TBS-2 GATCATCAGAATTAAAAAAGGACCGCCGGCAAAAGGCTTATGTCAGCCCTTTCAGCAGTCCTTGCTGC

TB9-1 CTCAATCCCTTGGCACTAAAAGTGTCAGGGGATTTTTTATGTTAATA

TB9-2 GATCTATTAACATAAAAAATCCCCTGACACTTTTAGTGCCAAGGGATTGAGGC

TB10-1 CAAAAGAGGAGTTAGTGCCTCTGCTCAGGCACTACTCCTCTTTTTGGGATTTTCT

TB10-2 GATCAGAAAATCCCAAAAAGAGGAGTAGTGCCTGAGCAGAGGCACTAACTCCTCTTTTGGC

THI1-1 CCCTCCTGTACTAGGAGGGTATTTTTTT

THI-2 GATCAAAAAAATACCCTCCTAGTACAGGAGGGGC

THI1.5a-1 GGGAGCCTCAAGGCTCCCTTTAGTTT

TH1.5a-2 GATCAAACTAAAGGGAGCCTTGAGGCTCCCGC

TH1.5b-1 GAGTAGGCTACACCTACTCTTTGT

TH1.5b-2 GATCACAAAGAGTAGGTGTAGCCTACTCGC

TH2-1 GGGCGGGTCTTCCCGCCCTACTTTTT

TH2-2 GATCAAAAAGTAGGGCGGGAAGACCCGCCCGC

TH3-1 TGCCCTGAATGGCTTAGTTGCTGTTCAGGGCATTTTT

TH3-2 GATCAAAAATGCCCTGAACAGCAACTAAGCCATTCAGGGCAGC

A-TB5-1 CTCGAGGAGTCCGAGCTCCAGGACACCGTTCAAATTGAACGGTGTTTTTCTTTGAAAAG

A-TBS5-2 CTTTTCAAAGAAAAACACCGTTCAATTTGAACGGTGTCCTGGAGCTCGGACTCCTCGAGGC

A-TB10-1 CTCGAGGAGTCCGAGCTCCAAAAGAGGAGTTAGTGCCTCTGCTCAGGCACTACTCCTCTTTTTGGGA
TTTTCT

A-TB10-2 AGAAAATCCCAAAAAGAGGAGTAGTGCCTGAGCAGAGGCACTAACTCCTCTTTTGGAGCTCGGACT

3cascadeTH1.5b-
3cascadeTH1.5b-
3cascadeTB5-2
3cascadeTB5-2
GusA-i-F
GusA-i-R
GusA-V-F
GusA-V-R
AspA-i-F
AspA-i-R
AspA-v-F
AspA-v-R
TB10-TB5-F

1
2

TB10-TB5-R
TH1.5b-TBS5-F

TH1.5b-TB5-R

CCTCGAGGC

TCGAGAGTAGGCTACACCTACTCTTTGTAGCT

ACAAAGAGTAGGTGTAGCCTACTC
TCGACAGGACACCGTTCAAATTGAACGGTGTTTTTCTTTGAAAAGAGCT
CTTTTCAAAGAAAAACACCGTTCAATTTGAACGGTGTCCTG
AGGAATGTACACATGTTACGTCCTGTAGAAACCCCA
TCAGGCGAATTCTCACCGGCCGCATAGGCCTTGTTTG
ATGCGGCCGGTGAGAATTCGCCTGATGCGGTATTTTC
AGGACGTAACATGTGTACATTCCTCTCTTACCTATAA
GAGAGGAATGTACACATGTCAAACAACATTCGTATCGAAG
GGCGAATTCTTACTGTTCGCTTTCATCAGTATAGC
GAAAGCGAACAGTAAGAATTCGCCTGATGCGGTATTTTC
TTTGACATGTGTACATTCCTCTCTTACCTATAATGG
GGGATTTTCTCTCGAGGAGTCCGAGCTCCAGGACACCGTTCAAATTGAACGGTGTTTTTCTTTGAAA
AGTCCTTACGCATCTGTGCGGTATTTC
CGGACTCCTCGAGAGAAAATCCCAAAAAGAGGAGTAGTGCCTGAGCAGAGGCACTAACTCCTCTTT
TGGAAAATACCGCATCAGGCGAATTC
AGGAGTCCGAGCTCCAGGACACCGTTCAAATTGAACGGTGTTTTTCTTTGAAAAGTCCTTACGCATC
TGTGCGGTATTTC
CGGTGTCCTGGAGCTCGGACTCCTCGAGACAAAGAGTAGGTGTAGCCTACTCGAAAATACCGCATCA
GGCGAATTC
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Je R A i 7 50 2 1k SR TR, PG 2 1]
(R ] B XA Xho T 1 Sac 1 BEEIALAS,, gk 2 o
f) A-TB5-1/2 Fl A-TB10-1/2, XU &1 4% Bk
FERAT IR K R AT FE Y o iR K5 5 BamH T 1
Sac 1 BRI Py VI REXS ok GM BEI44% , 59k 1R]
BB AL F i

SRR LRI B R R, RIS R 4n
Bl 3 fis o B R Xho 1 Ml Sac 1T BYIIG K
KU P 1k FHEZ IR P A, Wk 2. BAE
5 Xho I Ml Sac 1 WY& o9 WL b+ 5 4 ik 4%
Bz, HALRRE 2k i E .
1.3 ZIESEFENE

A WFgE O & 1k %% % (termination
efficiency, TE)FEAEZ 1k F o F ) 5% 5 26 1134
RED2 . N 58 IR EE S B W I 28 171 TE fH
TE LR 100%; B P i A 22 1] JE 28 1k 1)
P 5 S E U 1o SRR mCherry(Flpw)
5 b GFP(Flup) Y20 LU AR R AL 128 1k 3 52
TR), B TR=FIpw/Flyp.
MRS S Z B R OE T, P S %

X (terminational rate,

BH (TRrer), SRR TR W AR A -
TRNnorv=TR/TRrgr, FLAT HREIFEZOEHOR,
TE=100%(1-TRxogm)o

TR /) B. subtilis 168 H4HTE
LB Mg FRIZ, T 37°C i iedsde . MRBUARTR
FEHEARIEZRN SmLXEH, Bi9E 12 h, W2
FEAE) ODeoo, F&HRWIIRIEM I (ODg0e=0.05) 4 A1
F&A 50 mL LB HiFR5EAT 250 mL HEIEHEH?,
37°C. 200 r/min §53% 24 h, ZJ5WHL | mL Hi,
12000 r/min #§.0> 2 min, YA FEIA, PBS 2%tk
%3k, PR PBS BRI, B 200 uL =
96 Lk, Fll ODeoo FZENHREE . SELE . W
W't 600 nm, AN AR ; 0k 495 nm, &
B% 525 nm, M35 60, K GFP ZeGafE; ¥
K& 587 nm, EHHE 610 nm, M35 80, Kl
mCherry 2GR
14 RAZRFEZAHN p-AaRTREEA
B HRIE BRI

LA pBglpD-gusA AAEAy , 4 54 gusA-i-F/R
Pt B M FR i (B-glucuronidase, GusA)Jk

P43 A B
‘ RBS RBS ;
Sac Il Xho 1Sac 1 BamH Mcherry

2. WHEKLILFHETEE

Schematic diagram of the construction of double series terminators.

C B

é é é RBS é
Mcherry

BamH |

3. ZHRERZILTFHETEE

Figure 2.
A
P43
‘ RBS
Sacll
Figure 3.
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Schematic diagram of construction of three series terminators.
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K, DL pBP43GFP msiti, 514 gusA-v-F/R
P18 GusA B2%2; LI pBP43EcAspA NAEHL, fifi
1) AspA-i-F/R 434 K FF B R 4 4 R A R 24 0%
fif}(L-aspartate amino lyase, AspA)JE[A, i {514
AspA-i-F/R #34 AspA ‘B4%. PCR 3™ Dpn 1
DNA JHLEHE L 2 h, T3 PCR P=#4lifk, K5
HE X B R 5 B Bt AT Gibson 41%¢, fR#E1L
E. coli IM109 FFHkIR B pE V& FEATIN P ik . At
BN 45 B AL TR % Ak B. subtilis 168 J5i, FHEH
HAR, —80 °C PRAFE M. A& LI+ 1 kL
pBP43-gusA-0. pBP43-AspA-0 %1k B. subtilis168
JEAE R XTI, IR F AT EAEARE
B R K EE . L pBP43-gusA-0. pBP43-AspA-0
M, L TB10-TB5-F/R Fil TH1.5b-TB5-F/R 4
S| ¥ #F 47 & o PCR 97 ¥4, 4 ## H OO
P43-AspA-TH1.5b-TB5 . P43-AspA-TB10-TBS5 .
P43-gusA-TH1.5b-TB5 ., P43-gusA-TB10-TB5, #%
JE AR A TR 54 AL B. subtilis 168 F-A#1F .

1.5 SDS-PAGE £l

B AR Hm T R 2 2 LB A4,
37 °C ARG, PRI 2, 37 °C K
7% 8-10 h, MW LA UM EE B ODe0o=0.05 $5F 3|
& 50 mL LB 5532309 250 mL #EIEHH, 37 °C.
200 r/min Ki3% 24 ho FFEEFR L ARG SRR
1 mL, 12000 r/min &> 2 min, JCEEFM, A 1x
PBS ZZ tPIRIEUE 3 Ik, FFIMAEA 1 mg/mL FH
M1 TE 2 0PRE TR, T 37 °C IR 2 ho A
e, TAERTK 3s, [AJBRESIE] 2s, T2 BRI TE
W, 12000 r/min 5.0 20 min, B 200 pL FiF,
SRIGTIA 50 pL 14 5% loading buffer, # /K% 10 min,
S iall

2 ERFpH

2.1 B. subtilis 5.5 DU |- F 38 R R & 1k
ThRBH %2

RWFFARIEIRA B. subtilis 2 11T 2H #5045 1)
AR, XF 425 ARIEZLIETF A RS AG (H4)
gk frgeit, SR 4. AG {HM-31.9 keal/mol
#|-2.5 keal/mol Z [A /3 A ¥ Wi 1z , A2 5 R AL 1E B
T 10 NMHEHARE AG W& IET, N T 5 B. subtilis
IR EFHEE, RIS SCEB T 5 4> B. subtilis Wi
A SPOT R AL kT2,

W UL B2k 5 1y S0 2 B E R &
GM I, %4k B. subtilis 168 J7, PREUCEATETE 21k
¥, 37 °C }55% 8-10 h, B IR ODeo=0.05 57}
F| 250 mL IR, 37 °C. 200 r/min 553% 24 h,
¥l GFP Fl mCherry [2¢ K-, FHitR2& Rz
F(TE), &5 5 Fos, ML TSR, HA
RRZIEFIE, ZkF Lif GFP e EA A
FIRERE 4T (1.1-2.2 £%), FF N TUE mCherry
YOI (1.3-28.4 1), RUH AL IEFAE T

0 -
-5 _i
=
£
= —-10
Q
<
1)
< st
_20 L J‘

Terminators

4. WHEFENE 25 MRIRLLEFRIEHBE
Figure 4. The AG of 425 terminators derived from
Bacillus subtilis.
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2.0x10¢ fL_] GFP

- [ ] mCherry
§ 15%10° T/ ff f
= 1
B : { [
g oo | i h
£ 1.010'f il
51
g L
2 5.0<10° |
5]
=
00 . |11
N S Vad D O QN D>
SRILILIIIIINILL RS
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Figure 5. Fluorescence intensity of terminators.

e 2L IhRE, XY mCherry ok 4 T#
SRAGIIHIVER . Hrp, 5Z8AMW, TBS Xik+
B Bl GFP 315 /KF-(10896+£24.04) FIH T 2.2
¥, B I mCherry 261%(1784.04486.18)/K - T
T 284 f%, RIMBGRMZIEEN .
BT FREER, 318 15 M TR TE fH,

HRG LR, G50 NE 6 Fi, TB4.
TB5.TB9 #il TH1 J % 1k F(TE>95%), HoH TBS

0 pATE . g 5

80 m

N
\NH
Nl

60 | Y

40 -

TE/%

20 +

6. ERZIFFEIEHERAINE
Figure 6. Determination of the termination efficiency
of single terminator.

actamicro@im.ac.cn

ZBCE N 99%; TB1, TB7.TB10 . THI Al THI.5b
HEGL AL T(TE<5%). TB3 4 (3 N7l , =W
X —JCIFEANHA LR s AT, HE0 RNA JT
fF. R BRI, BERE] T IRRORE
LkF,
2.2 XUHRERZ I FXT (AR B B R R
KKFHFEA

CAMIR RV, iR L s G
REMS L SR A TheE, WA TEZ SR>,
FEUL, REEITLE AL T 8] 1 2 G W e SR 2 ORI
I AE R, BATE 2 Fhk PR BGR Gk
TEROBCERERZ 1R, i 2 fis, BEEAIERCR
WEHH TB10 (TE=43%)FMZ 13K fe i i) TBS
(TE=99%)VE R AR 1EFH Y B L4 EF, 4
BIFEIE B E A DR ANFRREE AT, B
PR LA ] 58 B 28 1T SRR IR AL 7, R 3] 2%
G B I R BB 2% 1 1 TR
ZERE 7 Fin, TB10 LT WA S,
TB10-TB10. TB7-TB10. TB6-TB10 HH{kLE A
PR TR, i GFP Y&GHR A —E R
W i, HEE—2 T T R mCherry 197t
JE YR FRR R T TBS s 1k 7R EKS
[ GFP 2GR S A (i BRZE L FAHEL, OB R
KbFRE L GFP RYFRIAKF, R T i
mCherry HAT B2 FIRRN . H, 2 kF Bk
TH1.5b-TBS5 X GFP % 567K -1 b iR B i k(2.3
%), TB5-TBS5 HBAAXT mCherry 2635 7K F 4
WR B B 95 (30.5 i) LUk TR Z )R, SRkl
REYBAL T, Heln TBS, HERZKILFX L
Jit GFP ¥ 187K F-F1 F il mCherry 9 T J87KF-C
R, X AT RESZ PR TR 2 A S sk
KA



WIS | AR, 2021, 61(8)

2525

15-10° Gp
[ ImCherry

1.0x10% [

1)
T

5.0x10° |

00 h % H‘LN

Y oA V5 A - A-
: Qb%b\&@ég\ “ QL Double: A-TB10 Double: A-TBS
& K

Fluorescence intensity/(FI/ODy,)

A

7. WERBKZLIEF ETHFRIRAEE

Figure 7. Fluorescence intensity of dual tandem

terminators.

Heh, BT AR IR kT 2L ks
FRNE 8, 5 A LR EFAHE, TB10-TB10
1 TB7-TB10 HYZE (3535355 1T 1.6 570 1.2
f%; TH1.5b-TB5., TB10-TB5, TB7-TB5 F%X -4k
RO T 2.7 5. 2.3 f5F 2 A5 X 2R
WY, 592¢ 138 0 BL PR AR AT LASR M 48 0k F I 4
1R 559 FamZ kAR, AT AL 5K

100 ¢

VTE z -~ Oam AA7
80 ¢ 7 %
A B
5 %
60 | 7 ; o
N
E &
40 +
20 +
0
A ouble: A-TB10 Double: A-TBS

B8 WEHKEILFRZIEHE
Figure 8. Termination efficiency of dual tandem

terminators.

K, 50 TBS-TBS MY IERCREL TBS o 4
T+ F R RS2 BR T B ATk TR R BRI
o MBSO A FBE AR R RZ 1T
948 JREXHE AT po e SR IR X ) BRI AP 22 5, il
FERG I 558 R B PR 28 LR RICR T T8I 52 3] BRI
2.3 =FEDUERBRA LT XA R RO A R B X
ERIXKF-HVER

J TR R 2 AR T R IR AR S Ak
PRTFLNERCR, AWITHETRME T 3 MEIET
G A ERIDRAA A3 B RGN ZC 1k 1) HR I A
SN 2 E SRR . I 1 BOR AR AR Y
TB6-TB10., TB6-TB5 FIZ (k50 % &g i W)
TB5-TB10. TB2-TB5 XA L L F itk , 435l
5L TBS S LT THL.5b TR
B, WEEAARFHAGH = RREIET. 5 h
ZHIRASLIEFIEHRELE 250 mL #EIE R
Wit 24 h J5, Kl GFP Fll mCherry BY28 G50 .
ZERNE 9 Bk, TB6-TBI0 75 THIL.5b 44

1.5x10* ] GFP

=2 [ ImCherry

S e -

£ 10x10°f g ][ {

I

'z F f%

L

E

S

§ 5.0x10°

S =

15

= _

= 1l W W
O'OQQQ QQS 66:') \ePhePiel

SN N I8 S8
Q)‘o’ "30142;7’ Q;)’ %0,‘5), (&b (%QQ;) (&'\,%0%)
Lo XY RS Ry
LE L S SS
SN oS ¥ ¥
KT FT T8

9. ZHBRERZILTF ETHRARE

Figure 9. Fluorescence intensity of triple tandem

terminators.

http://journals.im.ac.cn/actamicrocn



2526

Qiao Lin et al. | Acta Microbiologica Sinica, 2021, 61(8)

= HX)5 , GFP Al mCherry % 58 -5 AH I A AL
FRIRZ A LU IR B 284, R 3 M ESZk+
FREK S ANRE R T2 F i tERE . TB5-TB10.
TB6-TBS5 1 TB2-TBS MW HH K2 | T4 5 TBS ilf —
HEIE, X mCherry 774 T HH B AN HIRON
X — G5 F W X RIS T (4 B Al A KT ISR
TR DR 7 A A KV B0 2 s R R T
ZOEFCRWME 10 fis, 5 TBS-TBIO.
TB2-TBS HRIRAIZ 1T, TE HBEFET 90%, {HY5
MCERRZ R FAELL, B BRI, 38 TE KT
90% Y % 3 2% 1~ FE U H FH 880 1 25 ] 52 R o A%
ZARROR I BER B4 A /K TB6-TB10. TB6-TBS
52 k¥ TBS FRREEE, Al ZORR0R
(TE>90%). FHr, TH1.5b 548 [E X BB F 7k
FTHRIRRT, RIIFAREHE S TE B, ¥ #fE L
1EF A T = ER O R A RO R BR
ARG RN, G A AR AR Lk
T, 1€ B. subtilis XX L F U TRAE, K15

100
24 TE = 7 7 27 AAV
Z
71 )
% Z
X
o S0H
&=
0 Q.0 QRN 9 o9 o5 \ePelinel
DI I QL QI
SN NSNS (SIEPACS VoS o5
‘bb °~>°Q§° Q?%OQ;) R QP
OSSR S A
BRSO o8
N & N N
E 10. ==HIRZ&IEFRIZIEYER
Figure 10. Termination efficiency of triple tandem
terminators.

actamicro@im.ac.cn

T HARRLZ EBOR B2 LT, R B s
1EFXF 11 GFP B4 5 AT I mCherry (9300 #5
AR XS, XEHRA T EE TR R AT
BHMZIETE, ¥R T Al kB e .
24 BAIFERUEEHAEARIKEFHER
KT RERIE

SR ER R E - AT SRS M, KA
W 546 B 1) 28 1E - T A [R] R 2 ) A0 D5 05 TR 3%
ik, KSR R IE R RIXREE . T SR
TEHG 2 FFAE mRNA, SR TS TE
AR BRZ 1|7 TH1.5b-TB5 Hl TB10-TB5, #hJi
BE PRk IR F T R A A TR 2 ik 3L ik Tt (Asp A ) FlI
B- ] 2 W 1 R i (GusA) W A il 1 472 11 - Zh e 5
WF. FE I P43-AspA-0. P43-AspA-THI1.5b-TB5 .
P43-AspA-TB10-TB5 . P43-GusA-0 . P43-GusA-
TH1.5b-TB5 . P43-GusA-TB10-TB5 Jit #i [ B.
subtilis 168 LR o B PRAF B TR Ze A5 3 5
v, Btk 5 mL A, SRJRHAE 250 mL RN
Hi9% 24 h, WUE TR, 247 40 15 64T SDS-PAGE
GrBT. BERANE 11 PR, 5L RS 1xT B AR

gusA
B @5
kDa o ™
i Nl B
1169 — S
664 T

-
e

20.1 ——

11.
IoiE
Figure 11.

BRI FRIZAEHEH GusA 1 AspA HY

Analysis of GusA and AspA expression.



WIS | AR, 2021, 61(8)

2527

e, HALKIEFIE, AspA Fll GusA 2 FIRYZRIEK
VXA BT, RIEHRBL, [Rl—2 kX R
EIKFRTHEE G 225 5 GusA HARIEK
SERAEL, PRR AR L TR AspA R KK
FEEE 2 o M R 28 1R BRI R 28 1 X8 3R
KB AFRRE N, Z0kF TH1.5b-TBS Xt F4MNEE
FIRBACE IR THIE AR T 2% 1 TB10-TBS,

3 bR

AR, P2 E AL TAE TR 258
TAE: —Jr L L FrPLERAESY, i i
AR - F P o P A R PRI &R PR RORD, R
5% RNA REG W 55 R 2R e R, EBafii £ 1k
FRILAERCRP 5 — 5 &R 2 1k T F Ak
PR RIR, o AmE (] 3 4> T7 1k AR IR Y
Jre e E B ey e m Y, Bm k4w AR [
e SEFRLT I AR E PP,

AFERIN, HRZ L] DARE S e SE R Y
FIBIK- o AR LR R ZE 1 FXF B R
KACEFMIRTEA, SR E, ZIESCEER,
X b R R Ik KT R R R 2, R R
Lkl LUl E mRNA, SE KA TER R
R AR, kAR, HARE T
MR, XS5, EEZE R, ]
DAL 1F T 4E K mRNA R ZEH AL T mRNA F
FEME, dEmAE TRk G . AW TR A SR RE
i IR SR 2 1 r s P e iR i 26 1k 1Y
BRES . HA R Lo b, PEREAR
g Ny, ] A st R g PR SR T R AR 2 1 E T A
FAERE . 4nscH TH1.5b-TBS5 A1 TB10-TBS £ 1134
RN 97%, 2L RFEE THI.5b A1 TB10 #2755 T 2.5
Fro MY HBRE L TRORCH XS] 3 i), T4

1k R Ui AR A AN 20K, ] 58 24 i) 4% 5x
T o

ABIRSE S R R AT TR A N IR L L
RORE T T I — WP R R AR 1o 2B o
PANIEL oy & U2 S R A 1A ra - \N A
FI i g H 250 ke A 28 1k T HA B 12 1R
Ko HATEAMZ N RARLEIET, AP AGY
HLALTIREFA, [RE EA a4 51 i T gt
HAEMA TWERENREHERSE, THEATA
TR 2 LR SR i B A R B T, AR AR
EVERZE, Dy ZFTAERE N IR BE 10 o AN FE 1]
BER BT R BE R Rk, AR RS8R Y
Kk B GFP KA 225, UlIHSRE R
BRRALRR L 5) 52 2 FE N PR BT A0 o

LAk B BT I AR BN S i i — 1]
BT . T AN TR BT & T ASH
TERPEEFH, B EASS 5B E N IR
TR PR L, I B B i A M. 7R
KPR, & T RARL LT M L
FIBRY(R?=0.81), 38 BUAT 741 25 W 24 1
FIPA L bR FEARDIIE LR [, T
KAl ABE— B9 RRIRL (T 1 S el ki
U FHWVE IR, S P9 P RE Z (A AH G
PERIRIY, R B )48 5 N T80 E R BB

Z % 3 W

[1] Niu TF, Liu YF, Li JH, Koffas M, Du GC, Alper HS, Liu L.
Engineering a glucosamine-6-phosphate responsive glmS
ribozyme switch enables dynamic control of metabolic flux
in Bacillus subtilis for overproduction of
N-acetylglucosamine. ACS Synthetic Biology, 2018, 7(10):
2423-2435.

[2] Jin P, Kang Z, Yuan PH, Du GC, Chen J. Production of
specific-molecular-weight hyaluronan by metabolically
engineered Bacillus subtilis 168. Metabolic Engineering,
2016, 35: 21-30.

http://journals.im.ac.cn/actamicrocn



2528

Qiao Lin et al. | Acta Microbiologica Sinica, 2021, 61(8)

(3]

[4]

[5]

(6]

(7]

[8]

[9]

[10]

(11]

[12]

[13]

[14]

Feng J, Gu YY, Quan YF, Cao MF, Gao WX, Zhang W,
Wang SF, Yang C, Song CJ. Improved poly-y-glutamic acid
production in Bacillus amyloliquefaciens by modular
pathway engineering. Metabolic Engineering, 2015, 32:
106-115.

Song YF, Nikoloff JM, Fu G, Chen JQ, Li QG, Xie NZ,
Zheng P, Sun JB, Zhang DW. Promoter screening from
Bacillus subtilis in various conditions hunting for synthetic
biology and industrial applications. PLoS ONE, 2016, 11(7):
e0158447.

Ding WT, Cheng J, Guo D, Mao L, Li JW, Lu LN, Zhang
YX, Yang JK, Jiang HF. Engineering the 5' UTR-mediated
regulation of protein abundance in yeast using nucleotide
sequence activity relationships. ACS Synthetic Biology, 2018,
7(12): 2709-2714.

Babina AM, Lea NE, Meyer MM. In vivo behavior of the
tandem Glycine riboswitch in Bacillus subtilis. mBio, 2017,
8(5): e01602-17.

Lee Y, Kim SJ, Moon TS. Multilevel regulation of bacterial
gene expression with the combined STAR and antisense
RNA system. ACS Synthetic Biology, 2018, 7(3): 853-865.
TJ,
antitermination: RNA polymerase runs a stop sign. Nature
Reviews Microbiology, 2011, 9(5): 319-329.

Litcofsky KD, Afeyan RB, Krom RJ, Khalil AS, Collins JJ.
Iterative plug-and-play methodology for constructing and

Santangelo Artsimovitch 1. Termination and

modifying synthetic gene networks. Nature Methods, 2012,
9(11): 1077-1080.

Cheng JT, Guan CR, Cui WJ, Zhou L, Liu ZM, Li WJ, Zhou
ZM. Enhancement

of a high efficient autoinducible

expression system in Bacillus subtilis by promoter
engineering. Protein Expression and Purification, 2016, 127:
81-87.

Han LC, Cui WJ, Lin Q, Chen QQ, Suo FY, Ma K, Wang Y,
Hao WL, Cheng ZY, Zhou ZM. Efficient overproduction of
active nitrile hydratase by coupling expression induction and
enzyme maturation via programming a controllable
cobalt-responsive gene circuit. Frontiers in Bioengineering
and Biotechnology, 2020, 8: 193.

Guan CR, Cui WJ, Cheng JT, Zhou L, Liu ZM, Zhou ZM.
Development of an efficient autoinducible expression
system by promoter engineering in Bacillus subtilis.
Microbial Cell Factories, 2016, 15: 66.

Cui WJ, Han LC, Cheng JT, Liu ZM, Zhou L, Guo JL, Zhou
ZM. Engineering an inducible gene expression system for
Bacillus subtilis from a strong constitutive promoter and a
theophylline-activated synthetic riboswitch. Microbial Cell
Factories, 2016, 15(1): 1-13.

Li MJ, Chen HL, Liu CQ, Guo J, Xu X, Zhang HB, Nian R,
Xian M. Improvement of isoprene production in Escherichia
coli by rational optimization of RBSs and key enzymes

screening. Microbial Cell Factories, 2019, 18(1): 4.

actamicro@im.ac.cn

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

Guiziou S, Sauveplane V, Chang HJ, Clerté C, Declerck N,
Jules M, Bonnet J. A part toolbox to tune genetic expression
in Bacillus subtilis. Nucleic Acids Research, 2016, 44(15):
7495-7508.

Ray-Soni A, Bellecourt MJ, Landick R. Mechanisms of
bacterial transcription termination: all good things must end.
Annual Review of Biochemistry, 2016, 85: 319-347.

You LL, Shi J, Shen LQ, Li LT, Fang CL, Yu CZ, Cheng WB,
Feng Y, Zhang Y. Structural basis for transcription
antitermination at bacterial intrinsic Terminator. Nature
Communications, 2019, 10: 3048.

Chen YJ, Liu P, Nielsen AAK, Brophy JAN, Clancy K,
Peterson T, Voigt CA. Characterization of 582 natural and
synthetic terminators and quantification of their design
constraints. Nature Methods, 2013, 10(7): 659-664.

Du LP, Gao R, Forster AC. Engineering multigene
expression in vitro and in vivo with small terminators for T7
RNA polymerase. Biotechnology and Bioengineering, 2009,
104(6): 1189-1196.

MacPherson M, Saka Y. Short synthetic terminators for

assembly of transcription units in vitro and stable
chromosomal integration in yeast S. cerevisiae. ACS
Synthetic Biology, 2017, 6(1): 130-138.

Anagnostopoulos C, Spizizen J. Requirements for

transformation in Bacillus subtilis. Journal of Bacteriology,
1961, 81(5): 741-746.

Li R, Zhang Q, Li JB, Shi HL. Effects of cooperation
between translating ribosome and RNA polymerase on
termination efficiency of the Rho-independent Terminator.
Nucleic Acids Research, 2016, 44(6): 2554-2563.

de Hoon MJL, Makita Y, Nakai KT, Miyano S. Prediction of
transcriptional terminators in Bacillus subtilis and related
species. PLoS Computational Biology, 2005, 1(3): e25.
Stewart CR, Casjens SR, Cresawn SG, Houtz JM, Smith AL,
Ford ME, Peebles CL, Hatfull GF, Hendrix RW, Huang WM,
Pedulla ML. The genome of Bacillus subtilis bacteriophage
SPO,. Journal of Molecular Biology, 2009, 388(1): 48-70.
Han LC, Chen QQ, Lin Q, Cheng JT, Zhou L, Liu ZM, Guo
JL, Zhang LP, Cui WJ, Zhou ZM. Realization of robust and
precise regulation of gene expression by multiple Sigma
recognizable artificial promoters. Frontiers in
Bioengineering and Biotechnology, 2020, 8: 92.

Wang ZX, Wei LN, Sheng Y, Zhang GL. Yeast synthetic
terminators: fine regulation of strength through linker
sequences. ChemBioChem, 2019, 20(18): 2383-2389.
Mairhofer J, Wittwer A, Cserjan-Puschmann M, Striedner G.
RNA

transcription—A synthetic termination signal capable of

Preventing T7 polymerase read-through
improving bioprocess stability. ACS Synthetic Biology, 2015,
4(3): 265-273.

Curran KA, Morse NJ, Markham KA, Wagman AM, Gupta
A, Alper HS. Short synthetic terminators for improved



MIGE | AEYIFR, 2021, 61(8) 2529

heterologous gene expression in yeast. ACS Synthetic [30] Turnbough CL Jr. Regulation of bacterial gene expression by
Biology, 2015, 4(7): 824-832. transcription attenuation. Microbiology and Molecular
[29] Curran KA, Karim AS, Gupta A, Alper HS. Use of Biology Reviews, 2019, 83(3): ¢00019-19.
expression-enhancing  terminators in  Saccharomyces [31] Cambray G, Guimaraes JC, Mutalik VK, Lam C, Mai QA,
cerevisiae to increase mRNA half-life and improve gene Thimmaiah T, Carothers JM, Arkin AP, Endy D.
expression control for metabolic engineering applications. Measurement and modeling of intrinsic transcription
Metabolic Engineering, 2013, 19: 88-97. terminators. Nucleic Acids Research, 2013, 41(9): 5139-5148.

Gene tandem strategy strengthens the function of terminators
and its application in gene expression in Bacillus subtilis

Qiao Lin', Zhemin Zhou'?, Wenjing Cui"*"

" School of Biotechnology, Jiangnan University, Wuxi 214122, Jiangsu Province, China
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Abstract: Using high-property terminators enable significant enhancement of transcription termination, mRNA
stability, heterologous gene expression in classic microorganisms. However, design of complex gene circuits was
limited by the lack of terminators specifically adapted to Bacillus subtilis. [Objective] Exploiting new
high-performance terminators from Bacillus subtilis and further redesigning to enrich the artificial terminators
suitable for this chassis. [Methods] The terminators from Bacillus subtilis and Bacillus subtilis phage were
respectively constructed into the terminator measurement plasmid to determine the termination efficiency (TE).
Multiple tandem terminators were constructed with combinatorial patterns of strong-weak, strong-strong, and
weak-weak and subsequently TEs of those tandem terminators were individually determined. The tandem
terminators with high TE were harnessed to verify the function of heterologous expression of L-aspartate amino
lyase (AspA) and B-glucuronidase (GusA) in B. subtilis. [Results] The TE of terminator TBS is 98%, which is
strongest among the natural terminators in B. subtilis. Meanwhile, expression level of GFP harboring TB5 was
up-regulated by 2.2 folds, and the expression level of RFP was down-regulated by 27 folds. For the dual-tandem
terminators, the expression levels of RFP regulated by TH1.5b-TB5 (TE=97%) and TB5-TBS (TE=98%) tandem
terminators were decreased by 30 folds. For the triple-tandem terminators, TB2-TB5-TB5 combination no longer
increase the expression level of GFP compared with the corresponding dual combination. Nevertheless, the
expression of RFP is only 1/300 of the control. Finally, heterologous expression of AspA and GusA confirmed that
two tandem terminators, TH1.5b-TB5 and TB10-TBS, significantly improved the gene expression in B. subtilis.
[Conclusion] Strong synthetic terminators are able to reinforce the heterologous gene expression in surrogate host.
Importantly, the efficiency of termination is further improved by rational combination of natural terminators in
tandem manner. These artificially redesigned terminators could be conveniently and portably constructed into
bacterial gene circuits to augment and stabilize gene expression.
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