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Abstract: [Objective] Due to the short half-life of mRNA transcript, their anti-degradation
ability and ability to recruit ribosomes to initiate translation have significant effects on the gene
expression in prokaryotes. However, the multiple functional regions in the 5" end, of mRNA
can affect the half-life and thus the expression of target genes, including the Shine-Dalgarno
(SD) sequence and its upstream and downstream translational standby sites (TSSs) and the
N-terminal coding sequence (NCS). The own and cross-regional structural differences will
affect gene expression. Therefore, it is important to analyze the structure-activity relationship
of each functional region. [Methods] We employed primer extension sequencing (SHAPE-seq)
to analyze the structural characteristics of seven different S mRNAs in Escherichia coli and
collected the mRNA abundance and protein level information under their regulation. [Results]
Under the regulation of unstructured NCS, the mRNA abundance and protein level were
increased byl0 and 19 times, respectively. The formation of secondary structure TSS with a
stem length of 10 nt increased the mRNA abundance. When the SD sequence was wrapped to
form a secondary structure, the efficiency of translation initiation mediated by the SD sequence
was affected (protein level downregulation by 10%). The combination of TSS and NCS
significantly increased the mRNA abundance and protein level by 11 and 60 folds, respectively.
[Conclusion] We characterized the structure of each region of 5'mRNA conducive to
prokaryotic gene expression and revealed the structure-activity relationship of each functional
region, providing a new regulatory element for target gene expression in industrial microorganisms.
Keywords: translational standby site; N-terminal coding sequence; SD sequence; SHAPE-seq;
structure-activity relationship
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N, JF B4 S mRNA HEBUKERRE ST, XA

i i mRNA 5" 2R 45 % 5 1 )5
100200 nt f4 551X B2 S50 Al mRNA 47 R A
RE 7 HAT B A5 )k — X AT A& 43 3
fie (1) #ZBEARZE X (translational standby site,
TSS)™; (2) LA Shine-Dalgarno (SD)FF41) % 0>
1 71 S48 SERZ AR S sh B O Y X5 (3)
AL TR G Z 5 I EE 202 50 nt (9 N i g
¥ 41| (N-terminal coding sequence, NCS)®!'%, Hir
TSS fii F mRNA [iff, ZEIRIF#E E (RNase
E) Y = S50 1] DB, 3 DI Y 1 R A5 2
BFER S mRNA LIl (H[R ] GEX 2 B
WA A S B SD R 8 B ST R SEA%
BRI g R UK A DT T J3E DA R 2 5 —
WASI I, o HHEE W SRS G
JE, R S R BHE ROV AR s T NCS H T
Z5 (6] b5 TSS Al SD X, HIFFI A A7
FETE AR E 2352 0 3R PIAS X Il iy A 3 2
AE, SEMWHBEE S WHIIE mRNA g, JEm
SN FR P IR T AR X TR
#h o Z BN HA B L5520, {H mRNA 7EEA
(18 2 g DR B A 2 8 Fg T AR 5 2 40,
MEIRE HEEAT RAE LA N 254, X2
mRNA 7K~ 5L DR iR 42 AL i 52 A% 10 B 2 i
I, HiR Z0k5tiad A b BTk B mRNA
TIREEH, AR RARTY . X6 #HT mRNA
2 N RE XA ROC R T E RS

BEXS X —[A) L, A R 5 | P A2 e ) i
P 27- 72 Bk 4k 3 T 3 (selective  2'-hydroxyl
acylation analyzed by primer extension
sequencing, SHAPE-seq)# A", FAF mRNA 5’

it 45 1 B8 DX S K HAT T 40 i A R 45 A o L i
JEET RS mRNA 751 H R A il AR Y X
IR (CRBE DO IR AL A B i, X — 2 T 23 3
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mRNA 7EJEA T3 S gl 20k, JE I —
ANFEIKTAY cDNA SCE ., %t mRNA HI5855 5% 74
(cDNA 3CJE)#E47 = 18 & Ml J¥ (high-throughput
sequencing, HTS), ZrHr3CEZ &N, 115 RNA
(R 1, AT DA 3] 45 B 7 1 o ABE 23 (s i
M), BIAAOLS A AFLXT AR, A5 1ot
E R A TR A0 L PN AT LY Y mRINA 53 DI,
ERRRAE, JFXT B G A B R TR 0 A
mRNA 450, aRAREE . BRAFE
JERERIHT, B mRNA 5% XK - 0oe
2, DR BECE M mRNA FEHHER, B
By 1 XoF R DRl 22 K R ) 8 35 1) 4% X IR 1 S 4L
R VA% A PR B R Bk PR T R R A T
4 mRNA 5% X IR A A TIHR T B 2K
o R ESF ACRH G A N7 A DX Bt A SRAE - 7 R
T 43 BT B BIF 5 S 6 A R SR AR R S6 2R I F 9
RGN SOy R
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1.1 #R
111 EHRABTRL

ABIEGE BT BN BRI 1.
1.1.2 5|9

AT G288 P H0LER 2, 51913
HH 7] e ME R AR R A RS w5
113 EZFIALER

LB 3555 541 53 0 A 16 25 4 Ak A7 A
BRZAF]s Bsa I RUIEEN H NEB A Hl; cDNA &
BT G B PR R B Al 1-H5E-7-
it & € £1 R I (1-methyl-7-nitroisatin anhydride,
IM7)I § MCE /A ] ; RNA $2BUAH & . Power
gPCR premix (SYBR Green Dif#|& . —& ik
RT-PCR ¥ 3§10 &40 B A= T A TR (i)
ey A B2 /) 5 NanoDrop R 30 A2 R 25 11 52
{5 F ThermoFisher Scientific 23 F] .
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Table 1  Strains and plasmids used in this study

Strains and plasmids Characteristics Sources

Strains

Escherichia coli

Plasmids
pDXW-13
pDXW-13-Bsa |

6A-NCSSH

6A-NCS
S10L4

S10L10

S18L4

S10L10-6-NCS
S10L4-6-NCS

recAl, endAl, gyrA96, thi-1, hsdR17(rk mk"), 14~ (mcrA"), supE44, relAl, Lab stock
IM109 A(lac-proAB)/F'[traD36, proAB®, laclg, lacZAM15]

It carries a tac promoter and the reporter gene is egfp Lab stock
Two reverse complementary Bsa I restriction sites were inserted before the ~ This study
reporter gene egfp

The NCS carrying tac promoter is inserted after RBS to form the secondary ~ This study
structure

Carries tac promoters, an NCS is inserted after an RBS of 6 nt conservatism  This study
With tac promoter, egfp is preinserted into a secondary structure with a stem  This study
length of 10 nt

With tac promoter, egfp is preinserted into a secondary structure with a loop  This study
length of 10 nt

With tac promoter, egfp is preinserted into a secondary structure with a stem  This study
length of 18 nt

S10L10 is the skeleton, with NCS inserted before egfp This study
S10L4 is the skeleton, with NCS inserted before egfp This study

*2 AWMRFAARSIY
Table 2 The primers used in this study

Primers name

Primer sequences (5'—3")

Bsa I-F
Bsa I-R
SH10-F
SH10-R
SH18-F
SH18-R
L10-F
L10-R
6A-F

6A-R
N39-F
N39-R

16S RNA-F
16S RNA-R
QGFP-F
QGFP-R
SHAPE-RT
SHAPE-F
1M7
DMSO
PET
ssDNA

ACAATTCGTAAGAGACCGCTTTCCAGATCTGTAACTTGTGGTCTCGG
AAAGCGGTCTCTTACGAATTGTTATCCGCTCACAATTCCACACATTATACG
CGTATTTAACCAGTAGATCATCCAATCTACTGGTGC
GTTTGCACCAGTAGATTGGATGATCTACTGGTTAAA
CGTATTTCCCAACACGGAATACCTACATCCCGGTAGGTATTCCGTGTTGGCT
GTTTAGCCAACACGGAATACCTACCGGGATGTAGGTATTCCGTGTTGGGAAA
CGTATTCTAGTAGATCGCCTTCCCCCAAGCGATCTACTCT
GTTTAGAGTAGATCGCTTGGGGGAAGGCGATCTACTAGAA
AAACCAAGGAGCACACACACATG

TCACCATGTGTGTGTGCTCCTTG
TGAAAACACAAACCTCAACAAACACCACACACGAATTC
TCACGAATTCGTGTGTGGTGTTTGTTGAGGTTTGTGTT

CCTACGGGAGGCAGCAG

ATTACCGCGGCTGCTGG

GTGGTGCCCATCCTGGTC

CTTCATGTGGTCGGGGTAGC

5'-biotin GAACAGCTCCTCGCCCTT

GTGACTGGAGTTCAGACGTGTGCTC
CTTTCCCACACGACGCTCTTCCGATCTRRRYGAACAGCTCCTCGCCCT*T*G*C*T*C*A
CTTTCCCTACACGACGCTCTTCCGATCTYYYRGAACAGCTCCTCGCCCT*T*G*C*T*C*A
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT
AGATCGGAAGAGCACACGTCTGAACTCCAGTCAC
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1.2 ZHFER S'mRNA E40 R HH9E

J TS A SRR S'mRNA A EE 4]
J5k, {1 Golden Gate Jo4e 4l )y Kk AT
H4z, LU pDXW-13 N#itk, 5% Bsa I-F

(ACAATTCGTAAGAGACCGCTTTCCAGATCT
GTAACTTGTGGTCTCGG)# Bsa 1I-R (AAAGC

GGTCTCTTACGAATTGTTATCCGCTCACAAT
TCCACACATTATACG)7E4¢ .54 325 FH (enhanced

green fluorescent protein, EGFP)H[ NIl Bsa 1M
AL, FITA N LA R 45 SR X1 E [ 514
FIBEVEA SR BT R CGTA, S 10 51 ¥ i B VA o
Wit TCAC, ¥ hREIX M IE . REREES [
IR BE 2 20 umol/L, #5HX 10 uL 141 & T PCR
A HPIE K IE RO EE DNA, PCR J i 454%: 95°C
5 min; % 8 s & 0.1 °C, 700 MEIFEZR 25 °C.,
Xk DNA 558 ] T4 PNK BUET TR 1L )T 5
AR PEATIE:, KWiERT YR AR E
(IM109), XFFEAb 354700 7 3 ik .
1.3 E-T SHAPE-seq #Z#T mRNA Z 2544
1.3.1 E—4% cDNA &/

V5 1 D0 A 6 PN 45 ) 1 B AL R AR PR BB TR 5
% 10 mL LB 5333535, DL 2% a4
B REREE 3 mL LB B33k, WMk N
0.2 mol/L ¥ IPTG #1755, SR mKFFRIEH
SN 22.5 uL 1M7 5% DMSO, F 37 °C 220 r/min
Bi9% 3 min, SR 0EFT RNA $2H, B2 HUH RNA
%F 10 uL RNase-free ddH,O H', [a] RNA il
A 3 uL 0.5 umol/L ) SHAPE-RT j¥i%% %54,
95 °Ch# 5 min, MG SEEEHT6 B —4k
cDNA, [ cDNA HJilA 1 uL NaOH (10 mol/L)&
T 95 °CJ )i 5 min, [A]4:4E cDNA HiIlA 5 uL
ERWR (3 mol/L)F LR Al NaOH., [6]4345 cDNA
JA 78 UL Fi¥e B JG/K £ BEEA Tk cDNA, #
DK S, A 500 UL 70%AY Filis 2, Bt
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TTEEEWH, A 22.5 uL RNase-free ddH,O Ff
T H & cDNA,
1.3.2 1% ssDNA 5% —4% cDNA #H1TiE#E

T B cDNA 33 3 518 F J5 2Lk 47
MY, KA EERER ssDNA &8, FH1E 60 °C
2 he EHESERUG, ) cDNA HHiIA 70 uL
RNase-free H,O .10 uL ZBR#4(3 mol/L)LL f&2 1 uL
BEIF (20 mg/mL) T cDNA ] #i4k , B A
300 UL TR 100% L85, RAR, T4,
F 12 000 r/min 20> 10 min J5¥F Z B H, A
20 uL RNase-free H,O Hl 36 uL AMPure XP
Beads 45K T-2ii4k cDNA, 4lifb A5 344 BE 56 17
P 7. itk e, ¥ cDNA T 20 uL TE
GErp
1.3.3 W DNA L

PA cDNA AR , 1 514 1IM7/DMSO |
SHAPE-F LUK PET X} cDNA dEfrd 44, Hrp
IM7/DMSO 51##1E & T7EG 1 DNA
Fras IR E I e A, 8T Je S R a1 A T IX
53, T PET MIVEZH T4 cDNA KEEH N,
{6 T 220 L D P 2K K35 XUE DNA 3£ %
R B A YRR PR /A 74 300
1.3.4 5'mRNA &XIRERMMHITE

XTI A5 B AN R 454 1 5S'mRNA - [1Y)7471]
SCHF(FASTQ SCH), & el AR (5 B2 b
H 2= B85 41 59 T He(cutadapt ™4k 1), Z:BRsL
W R AN FF(1IM7/DMSO), 4540
cutadapt-j20-a-A-0-p; cutadapt-j20-g-G-o-p, RJ5
18 e 91 583 T H (seqkit™ 4k Y% 45 45 6 51 10k
TR, 84 M. seqkit stats, 4% R
SHAPE-seq S5 5 i Fi H (A% 1 IR S i Pk 1148 T
H.(spats ") e 15 A% T I A 5 1 1) A
., $54 K. spats targets.fa RRRY YYYR 1.fastq
2.fastq, HH targets.fa HHFR RNA A5,
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1.fastq I 2.fastq g L4525 | 9151 B0 P28 o
X B A — M IRAE LS 0, MR A
(DAA X QPEATIH— A S B MZ T IR Bl Ak~
B AMTY B IR i

L
n=>0 M
i=1

0L
pPi =

(2)
n

A 0,2 spats Hai i (8 B BRCERAB 1 14 S i
L 5 HA5 mRNA EBREELEFIKE . M4
RSB p 1 H RNA 5 EIH T H
(RNAstructure®*) e 1 &P 5S'mRNA 78 M P Y
25 .
14 RHBESH

B 7 RhEERIRTE RS S'mRNA 9K AT 1 3
W45 1 h, 12 000 r/min .0 1 min J5, 3% FIHH,
JIA 1 mL PBS ¥ 2 %k, HL 100 pL B A
ZBFFRACH LUK L ODgoo (G5 . GFP
R0 )38 A 4k 488 nm, & B K 517 nm.,
P B A G)THEARXT DR

OD, - 0D
i = OP8s.52s 485,52 Sblank 3)
ODg

1.5 qRT-PCR &l mRNA FE

B 7 PRSI AY 5S'mRNA B KT
WS 1h, SRIGHE IR 2% MR B2 % 2 mL (1)
LB RPN 1%MPiER), F 37 °C.
220 r/min ¥55% 1 h J5 %50 0.5 mmol/L IPTG #47
W, AKLEREFE 2 he BU 1 mL BIRIET T RNA $2
B MR HUY RNA S 73057 5% 1575 21 i) cDNA
#5149 QGFP-F/R L& 16S RNA-F/R HiX}5]
YIRS egfp FEPH A9 mRNA /K-,

2 BER540

21 BE5%ZIERX SmRNA &IF A K
SHAPE-seq Ul 5% 4& R £ 1114
5'mRNA X5 [ Rk BA B £ 520, X —

e R SmRNA 5Ty, Hi, @
1L fENT mRNA HRHOC R IF RS B 545
F, AT LA R0 SR DR 3Rk ) N T . AR
FEAS DX IR F o) J [R Ak i s ), AR L B Y
J54% 5'mRNA FEHH5 S, 454 NUPACKH&
T 7 PR S AN A B S'mRNA, AR
K 10 45 #y 1A BT R o A BF 58 A
SHAPE-seq & fftbr A T iH & TSS. SD
FE5IHI NCS XA 5'mRNA 7EM 45 H . n
K 1B Frs, SHAPE-seq I 1-H 3&-7-A L fe 21
PR T (1-methyl-7-nitroisatin anhydride, 1M7)$%5%
PEHE 5 AR e A B B AN RS G, S EGY
BRSSP — AN cDNA SO . alad m i
SO PRGBS AF B cDNA U%E, 4iit
B 5 AL = A e RO, AT LASRAS AR
MR AR AR . i, 2L AN RO e
W TR I R 718 12 XS Ak T FA R A 1 ] M
Ko MR, #ELLZ AT RN PERAL, W
% K I BR I & A A BN X, TR A
AR RS =

TEA3 3] cDNA CEZ 5, #Pife PCR 1Y
J7E7E ¢DNA 3% ik (B 1C), [RIEF #1770
Y HIBGN cDNA SCEMK R . X IM7 ZbB
) cDNA SCPESEA 7 i il i 25 SR A 700 20
4511, AR mRNA RZ 1M7 A BFRAGHE i (DMSO
)RR, PEAGII A B (8] 1D). 45R K
B, A EAE R, 90%H i BHEHST & Q
30 HIARIE, ERBUR/D N 1696 131 45, JFH A B
KEAEREES, SWAAMT 4B A
(DMSO )i i B K A 7-9 nt. HEAK TR
TSRS m 2R R T HARES
AR cDNA U, H IM7 %4 A T mRNA,
BT cDNA F B, WIS 2B & ik 1 i
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A B
PromEter Terminator
TSS SD .
. ey ﬁAA;"A%%G*u‘u%?‘G“M‘U 4) Infer structure
ss S s 1) IM7 modify Mo 8
T D N a0
6A-NCS Not designed | 6 nt |Unstructured / gc“zuw
6A-NCSSH | Not designed | 6 nt | Structured
S10L4 Stem 10 nt, 6 nt |Not designed
loop 4 nt
S10L10 fggg‘lloon‘f’ 6 nt |Not designed
Stem 18 nt .
> |6 nt |Not designed — ==
S18L4 loop 4nt 2) Convert to DNA ———— %) Reactivit
- == - —=
glNOIélSO ?ggg‘ 1100nr;t, 6 nt |Unstructured| ~ and sequence = ar)lalye:: v
5 == -
_——
S10L4-6- = 2 = -
NCS ISOtgLn41 gtnt, 6 nt |Unstructured
C ) D
With cDNA generated 5x10° =1 1M7
’ RT primer c¢DNA . ] I DMSO
> 3 4x10° - [ ]
[llumina l Adapter ] ]
5 adapter 1 5’ !
N\ Selection primér 2 3%10° 7]
S [s5]
[MTumina\ ~ L
l adapter 2 2x10°
e — ——— 1 X 106 L
0 S Q> x S S S x
9 S & & 9 © @
& N »
AN %\Q\’

1
Figure 1

BE 3 PNIREXEAE] S'mRNA EHFIFFIFFAE LK XX L 454413 1T SHAPE-seq 7T HTii 42

Structure and sequence characteristics of 5'mRNA containing three functional regions and

SHAPE-seq analysis of these structures. A: Specific structural features of 7 typical SSmRNA. B: Complete
schematic diagram of the SHAPE-seq process. C: Procedure for constructing cDNA library through primer
extension. D: Reads of 5'mRNA screened that are suitable for subsequent analysis.

2.2 IEEMHI NCS BF THBEREZRIA

K THEIE N 5G4 75 (NCS)E5 %t H i
FERFRIRAYSEm, [EE T TSS JF4IF1 SD J¥41,
BEITT 2 Fhg5FARTRI A NCS, 2 Flt NCS H 4 4%
WEWAE -2, HIEWOT: 1)
6A-NCSSH,NCS XIJE iz K7 8 nt 34 6 nt
1) R 25 I H A XSk F e RS, A HAE

P4 actamicro@im.ac.cn, & 010-64807516

—22.90 keal/mol; (2) 6A-NCS, NCS XI5 4>
AT RREEIRAS , R A0 H AN, H HRE N
—13.40 kcal/mol,

FRAR (AR Q) SHAPE-seq 1 6;
(B 4 B — AL BRI SOWVE pi (B, S5 5R N
Kl 2 iR, 6A-NCS HE{KBYAL TR S M W] 1 /&
T 6A-NCSSH, il 6A-NCS % 6A-NCSSH —
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PEE R EINTRT B, Bl PN B AR AR A AT
R T 8 15 3] 1 94 B 5 1 52 g Pk £ B
6A-NCSSH J&5#) (& 2A), 6A-NCSSH Hij 3 4~
BB & A T B HANEC KT, 5 3 MR AL TR
FERA . A 6 METTIRZ A, p (ETFIR FRE,
SEAA 0.3, FATERRIE B AMICXT LS . 842 nt
DXIR N, BT R R PR SERE JE T, I X R T
—AZEKHR 6 nt. FOH 21 nt HREER,
30-37 nt XIK N K SD JFHNAL T R L5 3R

60 1 TSS SD NCS

Nucleotide reactivity

w

TSS SD NCS

Nucleotide reactivity (p,)

—
O = N W B L O O

& 2

o 6A-NCSSH ) NCS [XI#(46-84 nt)[Z 1R
B AL, FIKEAE 0.25 278, 1B
TR DRI N BRI BB AR R, RS
i 7% ; 53 nt BT NCS 5 TSS &4 T oL H AMAC
XF, 18 58-79 nt WIEAL 725K K 8 nt. 354 6 nt
B /25 . XX —1 7T SHAPE-seq 74k
RRINZ 510 5 IO Y a5 Hh 55— 3
6A-NCS 1) 1-42 nt XIF(TSS LA K& SD J¥51)
A% R S R 28R TE 2 DL E(& 2B), 45

6A-NCSSH

6A-NCS
50 30
,’wu ! o
60 A0
10 D
70
1

A NCS A8 B R EAZ TR R M 14 53 A AR ARIE B 2 i N M TR A AR 4 o3 4

Figure 2 Nucleotide reactivity analysis and structure simulation of different NCS sequences based on the
results of nucleotide reactivity. A: Nucleotide reactivity and structural simulation of NCS forming secondary
structure. B: Nucleotide reactivity and structure simulation of unstructured NCS.
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PR R IZ X BRI T 25K°h 8 nt A2k 21 nt
M) 45K, mRNA AR X IR & AR i B AR
Bixt, SD FEAI IR —HEEM R |, H NCS
X3k (4684 nt) W% TR S i #AE 0.5 LA
e, XA K B KA B B AR
IXAE 76-88 nt LA T 25K Ky 4 nt. 34 4 nt 1Y
P o BRI NCS LIRSS F 1 (Lt
) IE AR E FETE TN

%} 6A-NCS DA K 6A-NCSSH 1) GFP fY
DEEHRE LIS mRNA K 7 w4, 45581
WK 3 s, BAREANTEIHR NCS 45
(WD EL, Z5F1kbiy NCS (6A-NCSSH)FIHES,
AL ) NCS (6A-NCS)JH % T, egfp % H Y
mRNA £ IR T 2.8 581 10 £5, WiHet
SRIE RS T 10 51 19 f5. AR AR R,
BAREER LA S AL Y NCS SR8 B 35 1 = 3
PRk, (HARSEHILAY NCS XF mRNA =F i
i AR H A 0 e 2 Y 4 S AR . Espah
Borujeni 55T R, LS5 1L NCS 5 FF
KWL BT A TR mRNA BE i I A 2l
M X Y67 36 T mRNA _E AR &4 T (R4
mRNA #GTKMAEER, FILERIMAXT mRNA
FEREERG . 451KV, e NCS XEJE
I =R < e e 1y A I S 8 e R T SR e PN T UL 23S
IKF-LL B X 5 Allert PO 7Y 45 1 —
5, AT RE A X A AR P BE IR A 5 R T 4 b
B, EE SR EAEE N N bE e B
AU P USSR 1 A BB D I — R 251)
2.3 ZHIMEAY TSS XiH{RS mRNA £

h THESE TSS SEAART IRk pm, &t
T 3 FEE AR SD JFA, (H ZREEZE K 5K
/NATRIEY TSS, FARLTR, (1) S18L4: 25K 18 nt,
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Figure 3 Analysis of mRNA abundance and protein
expression under the regulation of NCS with
different structures.
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Figure 5 Analysis of mRNA abundance and protein
expression under TSS regulation of different
structures.



TRA MG AF | AR, 2024, 64(11) 4451

>

TSS SD NCS S10L10-6-NCS

N W
oS O

Nucleotide reactivity (p;)

O = N WAk WU 0O

™

TSS SD NCS S10L4-6-NCS

N W
oS O

90

10

Nucleotide reactivity (p;)

O = N Wk WO 0O

;T“ = 11
/ 20

6 BHE TSS 5 NCS HEH) S'mRNA FHIZHEBL R N 14 53 47 AR AR IR & 565 [ R 1 B9 S5 415 00
v

Figure 6 Nucleotide reactivity analysis and structural simulation of the combination of optimal TSS and NCS
based on the nucleotide reactivity. A: Nucleotide reactivity and structural simulation of the combination of a 10
nt stem, a 10 nt loop TSS, and an unstructured NCS. B: Nucleotide reactivity and structural simulation of the
combination of a 10 nt stem, a 4 nt loop TSS, and an unstructured NCS.

PINF 1-2, UIFERAR X, S10L4-6-NCS Y  S10L10-6-NCS f TSS 15 SD ¢4l A s &L T
TR D, K IR, 7 B B AN XF . 7E 10-70 nt X B,

10 nt T, S10L4-6-NCS f TSS XI5 SD ¥ S10L10-6-NCS FE i, T 5l 25 R — B hy2E K h
DL KR i A TR EANEE XY, W 10 nt, 3R 10 nt A T KEEM, IF HAE 10-30 nt,

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



4452

ZHANG Jinpeng et al. | Acta Microbiologica Sinica, 2024, 64(11)

e TZEK R 4nt, 0 9nt WREMRZE . B
BUME AR A 454, T S10L4-6-NCS 7E
30-60 nt XILNIERL T 22K 10 nt. K 4 nt
M R 2R, [RIRAE 10-30 nt NIERL T e
B, TR S AR 6 nt, PR 4nt 1Y
TEERY . AE 80-130 nt XN, WIFhEITRY
NCS K#ar#4b T HEIRAE, {H S10L4-6-NCS
TE 110-120 nt i, JERL 72560 4 nt. B4 4 nt
M R . FREE RV, ] XS [ A e
TR EE 7 Wy QAP ) o | B SEAY S 78 S B
PR ZE, REREEPFR mRNA K% oibek
e X AP FRCR

%t S10L10-6-NCS., S10L4-6-NCS JH# T )
POEHRE Y mRNA FEIHIE, Z5RaE 7
Fin, FHTFXTIE WT 40, S10L4-6-NCS i
S10L10-6-NCS T mRNA FJEF e T
50 £ 36 45, MBI T 20R BE4r i 5
T 38 £ 58 £k o PP A #R X SL R ik AT B
FUEHEVERT, 15 S10L4-6-NCS % mRNA FJ (132
WA, T SI0L10-6-NCS 2R 1545 5 5
. 454 SHAPE-seq Z55%, 1AH S10L4-6-NCS [
NCS XIFE—@EMER b, fFIE— DR g4
¥, 3 HH: SD ¥4 TSS &k 4= T Bk H AL
XF o 3K PHAN DX I 1) — 4544 1] BEAE— & R L RH
3 TEPHAY mRNA 254, WIS EEE Lt
R AZ BB, (H R s g 2h byl H A T
mRNA #LHUKME, 25 mRNA e, Mz
2 mRNA FJF,

gi bR, BRI TSS F NCS BY4H
HERS THRRNFRL, BARERS mRNA Fl
E AR E RS (AR 4
P 3 A AR TG A0 AT , 25 G M A B
FARMPER. RIEE, &R RIEOL S, Rk
%2 SD J¥ 415 NCS JE i —H L5 & 5S'mRNA ¢
3 R R ) B AR A DO

<l actamicro@im.ac.cn, 010-64807516

80~ [ mRNA [ Fluorescence 7| 10 000

60 F -1 8000
16000
40 -
i 4000
2

300

EGFP mRNA level

200

EGFP fluorescene levels

100

0

7 A[E TSS #1 NCS A& 1F#E T mRNA FEF1
EEREESH
Figure 7 Analysis of mRNA abundance and protein

expression under different combinations of TSS and
NCS.

3 W54

JFAZAE P R B KR A2 T mRNA Y25
S0 DL R R AR TS BB B mRNA
PUKMBRIRETT, HETF 205K mRNA A5
FEAE 2 AT e X 3k T LA s2 i HEBT oK i i 6e g LA
JBRRCR , Zhang 5 TSS BT L — 2 4h
F T TF & T —Fh A5 RNA BEAFAT RNA #tk
JE(dtRNAs) , H4 T 1G04 N S S iy 5 st
SEVE, MAZI B ARCR, Wik TSS M=
PR AT U R HA UK A RE ST . Tian 4505 5t
Xt 96 A PR NCS 1T R G B, iX
U6 NCS MK R 4 MERER, R
e N A B LA R KSR B NCS T N-Z e
Z 7R (NeuAc) W& g, &K NeuAc 1
WS E AR T 3.21 £%, T Espah
borujeni ZEPE s AZHAENE & B, 24 NCS B AL
TREER I R BOLAE R mRNA FE TR,
DL EBEAR S mRNA BIE5E JIREAG, PRt



TR 5 | YA, 2024, 64(11)

4453

NCS B A5 AF T H I EE R R 35 . Sun
DU o R AR HLUE S AU BBERY RBS
KVAYE 3-HZ E BE-9a- 2L B (KshA . KshB) 5%
FEH M RIE, 9o- 2 LMK -4-475-3,17- [
(9-OHAD) = A5 B 1 n . Rkt 58 W
TR X AT DAE ) el B B R R el AR
KT, (B ZH0IH R RN B R REET TR,
ARERFILAEMI N MBS S5, I HRBET 2A4~
X322 [Al R 75 2T s X Sk ) — ez, IRt S
A TR X AL A5 R SCRAS I B S5 )
AR T SHAPE-seq £ AR, %4 A%
A2 B e A I P B R AR S, A, 3 LR
) S'mRNA XIS T4 f#NT, 2454 mRNA F
JEFIEE IR R AT, DF5E T TSS. SD J¥41 .
NCS % H DAL AR UM AFRFAE T JE R R 1 52 )
SHZRE R S BRI R R BRI H
AEE AWAE . AELLI NCS TR K 1
B, W R RN, A R T
o H AL A mRNA 35 DR R A 7K,
XA AT RESE Y NCS UL R 5 I 2 3 B b
&5 mRNA MZ5ARETI , ASFI TR AT
mRNA 93 3h, I FECLEFECREMD ., 2
A5 TSS JP4 AT LU S il 2 XRS5 74
fiE, TR s I K 77 A 2-3 A5 ARk, iX—
DX I 45 1) B A2 2 A B T 82 % mRNA
B, SR R EE A 2 mRNA B4 5 F
fif(MRNA F 5 TR 30%), AT e H TR
1) 25 25 ST INAS 5 9 4% TR 4 7 It (RNase  TIT) 2 [r]
PR S 4h, SD R AleE g s iy
B2 m A S BFRR(EARETRH
10%). 5% ot & BLES X 38k =2 [A] A7 72 TE B — 2
ZiRIELL, 4 SD P HIE# NCS # TSS t15
TR ZREERT, 2 FERHIRRCR L, X2
AN IR A ROR A B i 2 — 4
G R ZERERR TSS YU AL /1y

NCS, HJH#E T mRNA £EEME A B ERE
(11 £, 60 %), AWFFEIRAT (I Mk BRI 1)
S'mRNA JF 58 Tolb A W B br gk R 3 a5 $ 41t
TIREICHE, WA  S XIR R RO R A
T PR ] P R R AR T T A [ B A RIS
K SHAPE-seq £ AR K5 ) mRNA Z5 44 FifE 42
() B R BB ) — A 2 A A 25 5, AT
PR R T A MERIEE, & RNA 045
K A RO SR, T2 ds H v, AHT
IR T U N R AT A B RE TN Y
BB ZREEH e —E R E R T mRNA
SR B Z e R AL T Se ), (HR X — ik
WEEAR, 0T T WS /R e 4
BT EER A, 5 2R mT LAFF R 7000 5 2015 S A i
barcode, 454 SHAPE-seq fail iy, SEHK
PR S AT KB 51 () — s A 00 B bR, B
A R AR AE A E R, B e E R
5'mRNA R

SE

[1] KANDAVALLI VK, TRAN H, RIBEIRO AS. Effects
of ¢ factor competition are promoter initiation kinetics
dependent[J]. Biochimica et Biophysica Acta
(BBA)-Gene Regulatory Mechanisms, 2016, 1859(10):
1281-1288.

[2] LI TT, LI T, JI WY, WANG QY, ZHANG HQ, CHEN
GQ, LOU CB, OUYANG Q. Engineering of core
promoter regions enables the construction of
constitutive and inducible promoters in Halomonas
sp[J]. Biotechnology Journal, 2016, 11(2): 219-227.

[3] CETNAR DP, SALIS HM. Systematic quantification of
sequence and structural determinants controlling
mRNA stability in bacterial operons[J]. ACS Synthetic
Biology, 2021, 10(2): 318-332.

[4] NOUAILLE S, MONDEIL S, FINOUX AL, MOULIS
C, GIRBAL L, COCAIGN-BOUSQUET M. The
stability of an mRNA is influenced by its concentration:
a potential physical mechanism to regulate gene
expression[J]. Nucleic Acids Research, 2017, 45(20):
11711-11724.

[5] ESPAH BORUJENI A, CETNAR D, FARASAT 1,
SMITH A, LUNDGREN N, SALIS HM. Precise
quantification of translation inhibition by mRNA
structures that overlap with the ribosomal footprint in

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



4454 ZHANG Jinpeng et al. | Acta Microbiologica Sinica, 2024, 64(11)
N-terminal coding sequences[J]. Nucleic Acids Simultaneous characterization of cellular RNA
Research, 2017, 45(9): 5437-5448. structure and function with in-cell SHAPE-Seq[J].

[6] ZHANG Q, MA D, WU FQ, STANDAGE-BEIER K, Nucleic Acids Research, 2016, 44(2): e12.
CHEN XW, WU KY, GREEN AA, WANG X. [21] PENNETTI VI, LAFAYETTE PR, PARROTT WA.
Predictable control of RNA lifetime using engineered MultiGreen: a multiplexing architecture for GreenGate
degradation-tuning RNAs[J]. Nature Chemical Biology, cloning[J]. PLoS One, 2024, 19(9): €0306008.
2021, 17(7): 828-836. [22] MARTIN M. Cutadapt removes adapter sequences
[7] de SMIT MH, van DUIN J. Translational standby sites: from high-throughput sequencing reads[J]. EMBnet
how ribosomes may deal with the rapid folding kinetics Journal, 2011, 17(1): 10.
of mRNA[J]. Journal of Molecular Biology, 2003, [23] SHEN W, LE S, LI1Y, HU FQ. SeqKit: a cross-platform
331(4): 737-743. and ultrafast toolkit for FASTA/Q file manipulation[J].
[8] RAMAKRISHNAN V. Ribosome structure and the PLoS One, 2016, 11(10): ¢0163962.
mechanism of translation[J]. Cell, 2002, 108(4): 557-572. [24] MUSTOE AM, BUSAN S, RICE GM, HAJDIN CE,
[91 XUKD, TONG Y, L1Y, TAO J, LI JH, ZHOU JW, LIU PETERSON BK, RUDA VM, KUBICA N, NUTIU R,
S. Rational design of the N-terminal coding sequence BARYZA JL, WEEKS KM. Pervasive regulatory
for regulating enzyme expression in Bacillus subtilis[J]. functions of mRNA  structure revealed by
ACS Synthetic Biology, 2021, 10(2): 265-276. high-resolution SHAPE probing[J]. Cell, 2018, 173(1):

[10] KUDLA G, MURRAY AW, TOLLERVEY D, 181-195.¢18.

PLOTKIN JB. Coding-sequence determinants of gene [25] ZADEH JN, STEENBERG CD, BOIS JS, WOLFE BR,
expression in Escherichia C‘Oll[.]] Science, 2009, PIERCE MB, KHAN AR, DIRKS RM, PIERCE NA.
324(5924): 255-258. , , NUPACK: Analysis and design of nucleic acid

[11] VIEGAS SC, APURA P, MARTINEZ-GARCIA E,.de systems[J]. Journal of Computational Chemistry, 2011,
LORENZO 'V, ARRAIANQ CM.. Modulating 32(1): 170-173.
heterologous ~ gene expression  with portable 1561 A1 1 ERT M, COX JC, HELLINGA HW. Multifactorial
mRNA-.stab‘lhzmg >-UTR sequences[J]. ~ ACS determinants of protein expression in prokaryotic open
Synthetic Biology, 2018, 7(9): 2177-2188. . .

) reading frames[J]. Journal of Molecular Biology, 2010,

[12] SHARP JS, BECHHOFER DH. Effect of .5'-pr0x1ma1 402(5): 905-918.
elem.e.nts on decay of a .modejl mRNA in Baczllus [27] COURT DL, GAN JH, LIANG YH, SHAW GX,
Zzél;njtgsg]]. Molecular Microbiology, 2005, 57(2): TROPEA JE, COSTANTINO N, WAUGH DS, JI XH.

[13] STEITZ JA. Polypeptide chain initiation: nucleotide RNase .HI: Genetics andA function; Structure and

. L. . . mechanism[J]. Annual Review of Genetics, 2013, 47:
sequences of the three ribosomal binding sites in 405-431
gzit_%rézf')hage R17 RNA[J]. Nature, 1969, 224(5223): 28] %%’ W IE, TGRS, ‘ﬁ{ﬂ%’?’ T, é\/i\fr 3{6

[14] CHEN H, BJERKNES M, KUMAR R, JAY E. HEZE. AP mRNA AR DA 5% 2 B 22 1
Determination of the optimal aligned spacing between OB, "EMITORIAR, 2022, 38(12): 115-126.
the Shine-Dalgarno sequence and the translation MAR, SHANG FZ, PAN JF, RONG YJ’. WANG M’.LI
initiation codon of Escherichia coli mRNAs[J]. 1Q. ZHANG YJ. Resegrch. progress in influencing
Nucleic Acids Research, 1994, 22(23): 4953-4957. fa.ctors of mRNA trans_latlon in cells and translatome[_J].

[15] TULLER T, ZUR H. Multiple roles of the coding Biotechnology Bulletin, 2022, 38(12): 115-126 (in
sequence 5’ end in gene expression regulation[J]. Chinese). )
Nucleic Acids Research, 2015’43(1) 13-28. [29] STERK M, ROMILLY C. Unstructured 5’-tails act

[16] DETHOFF EA, CHUGH J, MUSTOE AM, through ribosome standby to override inhibitory
AL-HASHIMI HM. Functional complexity and structure at ribosome binding sites[J]. Nucleic Acids
regulation through RNA dynamics[J]. Nature, 2012, Research, 2018, 46(8): 4188-4199.

482(7385): 322-330. [30] TIAN RZ, LIU YF, CHEN JR, LI JH, LIU L, DU GC,

[17] SEETIN MG, MATHEWS DH. RNA structure CHEN J. Synthetic N-terminal coding sequences for
prediction: an overview of methods[J]. Methods in fine-tuning gene expression and metabolic engineering
Molecular Biology, 2012, 905: 99-122. in Bacillus subtilis[J]. Metabolic Engineering, 2019, 55:

[18] REUTER JS, MATHEWS DH. RNAstructure: software 131-141.
for RNA secondary structure prediction and analysis[J]. [31] SUN H, YANG JL, SONG H. Engineering
BMC Bioinformatics, 2010, 11: 129. mycobacteria artificial promoters and ribosomal

[19] MORTIMER SA, TRAPNELL C, AVIRAN S, binding sites for enhanced sterol production[J].
PACHTER L, LUCKS JB. SHAPE-seq: Biochemical Engineering Journal, 2020, 162: 107739.
high-throughput RNA structure analysis[J]. Current [32] LEJARS M, KOBAYASHI A, HAJNSDORF E. RNase
Protocols in Chemical Biology, 2012, 4(4): 275-297. II1, ribosome biogenesis and beyond[J].

[20] WATTERS KE, ABBOTT TR, LUCKS JB. Microorganisms, 2021, 9(12): 2608.

<l actamicro@im.ac.cn, & 010-64807516



