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Construction and application of theophylline-activated RNA
switches in the regulation of expression of recombinant
proteins in Bacillus subtilis

Shengnan Miao, Tingyao Yang, Wenjing Cui, and Zhemin Zhou

Key Laboratory of Industrial Biotechnology (MOE), School of Biotechnology, Jiangnan University, Wuxi 214122, Jiangsu, China

Abstract: Bacillus subtilis can be widely used as an important microorganism for metabolic engineering and recombinant
proteins expression in industrial biotechnology and synthetic biology. However, it is difficult to make accurate regulation of
exogenous gene by biological tools in B. subtilis, which limits the application of B. subtilis in synthetic biology. The purpose
of this study is to develop regulatory tools for precise control of gene expression by using non-coding RNAs, by which the
activation of heterologous gene could be achieved without the auxiliary protein factors. We constructed the synthetic
riboswitch E and aptazyme AZ using the theophylline aptamer. Six different native promoters from B. subtilis were
functionally adapted with the E and AZ to fabricate an array of novel regulatory elements activated by theophylline. Then, we
determined the performance of these elements using green fluorescence protein as reporter, and then further verified using red
fluorescence protein and pullulanase as cargo proteins. Results showed that the same kind of RNA elements with different
promoters showed different levels of efficiency. Promoter Pgiqw and E combination (sigWE) had the highest induction rate in
B. subtilis. Compared with the control group, it can produce the induction rate of 16.8. Promoter P,,,g and AZ combination
(rpoBAZ) showed the highest induction rate of 6.2. SigWE mediated mCherry induction rate was 9.2, and P43E mediated
pullulanase induction rate was 32.8, in which enzyme activity reached 81 U/mL. This study confirmed that GFP, mCherry and
pullulan can all be regulated by riboswitch and aptazyme, but there were differences between different combinations of
promoters with RNA regulators.

Keywords: riboswitch, aptazyme, Bacillus subtilis, gene regulation
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Table 1  Plasmids used in this study
Plasmid Description Source
pMAOQ9 repB, E. coli-B. subtilis shuttle vector, bla Kan'Pypay Lab stock
pBSGO3A pMAO09 with P43 promoter and GFP Lab stock
pBSG11/ pP43EGFP pMAO9 with P43 promoter, riboswitch E, GFP Lab stock[*®!
pUCSmTheo-AZ pUCS57 with original aptazyme This study
pPrpoBEGFP pMAO09 with rpoB promoter, riboswitch E, GFP This study
pPylbpEGFP pMAO09 with ylbp promoter, riboswitch E, GFP This study
pPspoVGEGFP pMAOQ9 with spoVG promoter, riboswitch E, GFP This study
pPmincEGFP pMAO9 with minc promoter, riboswitch E, GFP This study
pPsigWEGFP pMAO9 with sigW promoter, riboswitch E, GFP This study
pPyqgeZEGFP pMAO9 with ygeZ promoter, riboswitch E, GFP This study
pP43AZGFP-A pMAO9 with P43 promoter, original aptazyme, GFP This study
pP43AZGFP pMAO9 with P43 promoter, aptazyme AZ, GFP This study
pPrpoBAZGFP pMAO9 with rpoB promoter, aptazyme AZ, GFP This study
pPylbpAZGFP pMAO09 with ylbp promoter, aptazyme AZ, GFP This study
pPspoVGAZGFP pMAOQ9 with spoVG promoter, aptazyme AZ, GFP This study
pPmincAZGFP pMAO09 with minc promoter, aptazyme AZ, GFP This study
pPsigWAZGFP pMAO09 with sigW promoter, aptazyme AZ, GFP This study
pPyqeZAZGFP pMAO09 with yqeZ promoter, aptazyme AZ, GFP This study
pP43EmCherry pMAO9 with P43 promoter, riboswitch E, mCherry This study
pPsigWEmCherry pMAOQ9 with sigW promoter, riboswitch E, mCherry This study
pP43AZmCherry pMAOQ9 with P43 promoter, aptazyme AZ, mCherry This study
pPrpoBAZmCherry pMAOQ9 with rpoB promoter, aptazyme AZ, mCherry This study
pP43EPUL pMAO9 with P43 promoter, riboswitch E, PUL This study
pPsigWEPUL pMAO9 with sigW promoter, riboswitch E, PUL This study
pP43AZPUL pMAOQ9 with P43 promoter, aptazyme AZ, PUL This study
pPrpoBAZPUL pMAO9 with rpoB promoter, aptazyme AZ, PUL This study
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Table 2 Primers used in this study

Primer name Primer sequence (5'-3) Size (bp)
sm-aptazyme-F  CGCGCGATTATGTAAAATATAAAGGACGACCTCCTTTGGTAC 42
sm-aptazyme-R  GTTCTTCTCCTTTACTCATCTTGTTGTTACCTCCTTTGTGG 41
p43-AZcarrier-F CCACAAAGGAGGTAACAACAAGATGAGTAAAGGAGAAGAAC 41
p43-AZcarrier-R  GTACCAAAGGAGGTCGTCCTTTATATTTTACATAATCGCGCG 42
SDE1 CM 6N-F CCCAAATAGGACGAAANNNGATACCAGCATCGTCTTGATGCCCTTGG 47
SDE1 CM 6N-R GTGGAATCCAGGANNNGCTGCCAAGGGCATCAAGACGATGCT 42
pminC AZ-F AAAAAGGATTTTATCTTTTTTTGACGAAATGAGTATGTTGTTGAGGTGGACGACCTCCT 59
pminC AZ-R ACTCATTTCGTCAAAAAAAGATAAAATCCTTTTTACTCATCTCTCAAACCTGCCCTCTGC 60
prpoB AZ-F AAAAGTTTGACTCGGTATTTTAACTATGTTAATATTGTAAAATGGACGACCTCCTTTGG 59
prpoB AZ-R ATATTAACATAGTTAAAATACCGAGTCAAACTTTTTTTGCTTACCTGCCCTCTGCCACC 59
pygeZ AZ-F AAACCTTTGATACATTTGTTACGTATGAAGAGAAGGCACTTAGGACGACCTCCTTTGG 58
pygeZ AZ-R ATACGTAACAAATGTATCAAAGGTTTCATTTTTTTATGTATAAAACCTGCCCTCTGCCAC 60
pspoVG AZ-F AACGAGCAGGATTTCAGAAAAAATCGTGGAATTGATACACTAGGACGACCTCCTTTGG 58
pspoVG AZ-R CAATTCCACGATTTTTTCTGAAATCCTGCTCGTTTTTAAAATACCTGCCCTCTGCCACC 59
psigW AZ-F AAAAAATTGAAACCTTTTGAAACGAAGCTCGTATACATACAGGGACGACCTCCTTTGG 58
psigW AZ-R ATACGAGCTTCGTTTCAAAAGGTTTCAATTTTTTTATAAAATACCTGCCCTCTGCCAC 58
pylbp AZ-F AAATATTTGGATTTTTTAAATAAAGCGTTTACAATATATGTAGGACGACCTCCTTTGGT 59
pylbp AZ-R ATTGTAAACGCTTTATTTAAAAAATCCAAATATTTAAACTTTAACCTGCCCTCTGCCAC 59
pminC-ribo-F TTTTATCTTTTTTTGACGAAATGAGTATGTTGTTGAGGTATACGACTCACTATAGGTGAT 60
pminC-ribo-R CATTTCGTCAAAAAAAGATAAAATCCTTTTTACTCATCTCTCAAACCTGCCCTCTGCCAC 60
prpoB-ribo-F TTTGACTCGGTATTTTAACTATGTTAATATTGTAAAATATACGACTCACTATAGGTGAT 59
prpoB-ribo-R ATATTAACATAGTTAAAATACCGAGTCAAACTTTTTTTGCTTACCTGCCCTCTGCCACC 59
pyqeZ-ribo-F ACCTTTGATACATTTGTTACGTATGAAGAGAAGGCACTTAATACGACTCACTATAGGTG 59
pygeZ-ribo-R ATACGTAACAAATGTATCAAAGGTTTCATTTTTTTATGTATAAAACCTGCCCTCTGCCAC 60
pspoVG-ribo-F GAGCAGGATTTCAGAAAAAATCGTGGAATTGATACACTAATACGACTCACTATAGGTG 58
pspoVG-ribo-R  CAATTCCACGATTTTTTCTGAAATCCTGCTCGTTTTTAAAATACCTGCCCTCTGCCACC 59
psigW-ribo-F AATTGAAACCTTTTGAAACGAAGCTCGTATACATACAGATACGACTCACTATAGGTG 57
psigW-ribo-R ATACGAGCTTCGTTTCAAAAGGTTTCAATTTTTTTATAAAATACCTGCCCTCTGCCAC 58
pylbp-ribo-F ATTTGGATTTTTTAAATAAAGCGTTTACAATATATGTAATACGACTCACTATAGGTGAT 59
pylbp-ribo-R ATTGTAAACGCTTTATTTAAAAAATCCAAATATTTAAACTTTAACCTGCCCTCTGCCAC 59
mCherryT-F AAAGGAGGTAACAACAAGATGGTTTCTAAAGGCG 34
mCherryZAl-R TCGCCTTTAGAAACCATCTTGTTGTTACCTCCTT 34
AZmCherryZAll-F ATGAACTTTACAAATAAGAATTCAGGACACCGTTC 35
AZmCherryT1-R GAACGGTGTCCTGAATTCTTATTTGTAAAGTTCAT 35
EmCherryZAI2-F GGATGAACTTTACAAATAAGAATTCGCCTGATGCGGTAT 39
EmCherryT2-R ~ ATACCGCATCAGGCGAATTCTTATTTGTAAAGTTCATCC 39
PULZAI-R CCGATGAACCGTTAGCATCTTGTTGTTACCTCCTT 35
AZPULZAI1-F  GAAAGGACTGACTTAAGAATTCAGGACACCGTT 33
EPULZAI2-F TGAAAGGACTGACTTAAGAATTCGCCTGATGCGG 34
PULT-R AAGGAGGTAACAACAAGATGCTAACGGTTCATCG 34
AZPULT1-F AACGGTGTCCTGAATTCTTAAGTCAGTCCTTTC 33
EPULT2-F ACCGCATCAGGCGAATTCTTAAGTCAGTCCTTTC 34
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Fig. 1  Schematic diagram of regulatory function of
theophylline-dependent riboswitch.
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Fig. 2 Schematic diagram of the regulatory function of
theophylline aptazyme.

&: 010-64807509

kBt PAZSDEL, [Idtalifh, FLUZ A BfE N K
5191, pBSGO3A Jithi AR 47 PCR, 15 % H 4
%35 Ji K pP4A3AZGFP-A; L) 4H 3 ik T ki
PP43AZGFP-A JJyHiti, 514 SDE1L CM 6N Xf
A (Communication module, CM)# 43 #E4 T
PCR #JEMivE (O7¥k 1.2.4) #45 BATR#IhBERY
JFi kL pPA3AZGFP/pP43AZGFP-CM3nt-BG8., T
A FRIK TR A B. subtilis 168 H1, RIF53LA T
TR PBP43AZGFP, FME A 2 F ¥ 51 it59
(% 2), LAFTRL pP43AZGFP Mt , i#17 PCR,
AR ARG B F 5 A OE A E AZ HA I
e 2 FRahR T, A FEALFR ki A B. subtilis
168 H, R4S O A A HE R S AN F S B4
AUCFEL A TRE R .
1.2.4  ZRU3GE VAR Bl A5 185 5 SO 2 A ) S P 7 32

A B A A% T P T A Sl R A 5 ) K o R
Z S R e 1 P SR AR A A RS, B
RNA "5 AR fbiE 17 CM &35 45 A% il , M
(A YIS RER A DRV SRR (AN LS BN
&, BiCe B R SD Jpa, M a 28 5
B AR TR R CM, &3t T 3-5nt
PIBEPLTSI/E R CM, 4 CM SO, DIEAR
ik UKL pPA3AZGFP-A St , Fi514) SDEL CM
6N (3 2) #F4T PCR.PCR =¥ Dpn I 4k 2 h,
5 A\ E. coli IM109, WA - b ir ATt s, $RH
MUFRL, % A B. subtilis 168, 37 Cit k%, Bk
BURTR BT 7% T 96 TRFLAR 8555 12 h, BUFE, &
Il ODgoo Al GFP ik ; SRIGTE 96 VRFLA &N
LB 4 mmol/L AR, FIGSR 12 h, BURE, £
Il ODgoo il GFP ik,
125 HEWRNHEEH GFP AR EEA
mCherry &5 & B & 57K B &

A5 D TE B B4 Al B 2 AT TR R O AR Rk
37 Cil G F% . PRECRR KRB A R R
) 5 mL LB 53: 3, 37 °C . 200 r/min 1 % 55 3%,
UL 1% MR 2 KA F IR Sl 2 SR 2%

. cjb@im.ac.cn



1484 ISSN 1000-3061 CN 11-1998/Q A4 T #£244f  Chin J Biotech

DMSO .2% DMSO FIZ ¥ Ji 4 mmol/L 2561 50 mL
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15 B
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Fig. 4 SDS-PAGE and In-gel fluorescence of GFP expression by combinations of riboswitch and various promoters.
(A) SDS-PAGE of GFP expression by combinations of riboswitch and promoter P43, P yog, Pyibp, Pspovs. (B) SDS-PAGE
of GFP expression by combinations of riboswitch and promoter P43, Ppinc, Psigw, Pygez- (C) In-gel fluorescence of GFP
expression by combinations of riboswitch and promoter P43, P, Pyinp, Pspove. (D) In-gel fluorescence of GFP
expression by combinations of riboswitch and promoter P43, Pinc, Psigw, Pygez. M: marker; Ctrl: control.
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Influences of CM on aptazyme function. (A) The upper panel shows GFP expression by aptazymes with

different CM, and the lower panel shows induction ratio by aptazyme with different CM. (B) Linear fit between WHBS

and basic expression; * P<0.05.
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Fig. 6 GFP expression by combinations of aptazyme
and various promoters.



BHB F/IFHYEE RNA S FAXNEERESEFRTEPETINEEE R 1487

P43AZ 1poBAZ ylbpAZ spoVGAZ
kbDa M 0 4 0 4 0 4 0

PA3AZ mincAZ sigWAZ yqeZAZ
4 Ctrl  kDa 4 0 4 0 4 Cul

P43AZ rpoBAZ ylprZ spoVGAZ
4 Cirl

B E F-BERZEEA S

P43A7Z mincAZ sigWAZ yqeZAZ
M 0 4 0 4 0 4 0 4 Ciul

AE GFP &Rik
Fig. 7 SDS-PAGE and In-gel fluorescence of GFP expression by combinations of aptazyme and various promoters. (A)
SDS-PAGE of GFP expression by combinations of aptazyme and promoter P43, Pyog, Pyibp: Pspovs. (B) SDS-PAGE of

& 7 SDS-PAGE #A In-gel fluorescence #& i /3

GFP expression by combinations of aptazyme and promoter P43, Puinc, Psigws Pygez. (C)In-gel fluorescence of GFP
expression by combinations of aptazyme and promoter P43, P, Pyisp, Pspove. (D) In-gel fluorescence of GFP

expression by combinations of aptazyme and promoter P43, Princ, Psigw, Pyqez. M: marker; Ctrl: control.
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Fig. 8 mCherry expression by combinations of RNA
elements and various promoters. (A) mCherry expression
by combination of RNA elements and various promoters.
(B) SDS-PAGE of mCherry expression by combination
of RNA elements and various promoters. (C) In-gel
fluorescence of mCherry expression by combination of
RNA elements and various promoters. M: marker; Ctrl:
control.
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Fig. 9 PUL expression by combinations of RNA
elements and various promoters. (A) SDS-PAGE of PUL
expression by combination of RNA elements and various
promoters. (B) PUL enzyme activity by combination of
RNA elements and various promoters. M: marker; Ctrl:
control.
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