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Abstract: [Objective] As a type of ribosomally synthesized and post-translationally modified peptides
(RiPPs) rich in Actinomycetes, lasso peptides have received increasing attention for their distinct
modified structures and diverse biological activities. Therefore, we endeavored to develop a
Streptomyces-based cell-free protein transcription/translation platform suitable for cell-free synthesis of
lasso peptides or their precursors. [Methods] We first developed the cell-free platform with different
Streptomyces strains and then optimized the preparation method, system components, and reaction
conditions to improve the platform efficiency according to the expression of enhanced green fluorescent
protein (eGFP). The core genes of the targeted lasso peptides were then introduced to the optimized
platform for expression. [Results] We increased the titer of eGFP in a cell-free platform based on
Streptomyces lividans TK24 to 90 pg/mL under the optimized conditions. With this cell-free platform,
we expressed the precursors of lasso peptides and further fused SUMO-tag to the targeted precursors to
increase their stability. [Conclusion] In this study, we constructed a Streptomyces-based cell-free
platform for the expression of unexplored genes. Although the applicability of the platform for
expressing unknown lasso peptides still calls for further improvement, cell-free platforms will facilitate

the research on natural products.
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T mizaetE, LT HETE— A 2 R0
RIARBREEA T . A S, IR TR
KIGAT BTG MR R 38 3 S I i 4 ik 56 K]
JEFN S ALY 5 B , 15 B FusB Al FusC ¥4
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- R A, FEE S A SO R 1 1 FRA X
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1.1 EHRFBRR
1.1.1  FH#k

ARSZge R BRI HE IR 1 PR,
1.1.2  FRhitiE

ARSI v FH T JC 20 Jf 3R 3K 5236 ) ook 34 R
FMAEA T7 3871y pJL1 BokifE N 3icE28. T
T7 Jash+ T AR B ZERH las-64 (129 bp),
las-84 (168 bp), las-6CB (£ 2.5 kb)H: A i1t PCR
*1 AMRPAAEKREERER

Table 1  Strains and their usage in this study
Strains Usage

Escherichia coli Plasmid construction

DHI10B

Streptomyces sp. J1002  Gene cloning and cell-free
platform lysate

Streptomyces sp. FR008 Cell-free platform lysate

S. lividans TK24 Heterologous protein expression
and cell-free platform lysate
Assistant plasmid for conjugative

transfer

E. coli
ET12567/pUB307
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B M\ Streptomyces sp. 11002 F& R 4 Hh 4 1445
#|, sviceucin #Z.OAEY) A BIE A sviACB (115
[ —%5 s X R svid, sviC Fl sviB, J75) Wi %43 3
WA Nde 1 Al EcoR 14 15, 329 2.7 kb) @it
TG AT 2], 1 s B ) eGFP L
B A g g I (IR R s R, (5 ik
T PCR ¥4, DL E&E ey a8+
Y Fe IR FER B, 28 Nde T Fl EcoR T #E473L
MY1, PRt T4 B0 R NG ARFELL Nde 1
1 EcoR T YA pIL1 2844 |, 208 Wyt Ak,
AKIGFFB, HTERERk s B 3R R BUTORL . A4 3
HFrE T N St SUMO #rZEf pJL1-SUMO-
Las-6A I pJL1-SUMO-Las-8A JFRiif, LIKIHE
SERM) pIL1-Las-6A F pJL1-Las-8A JBki M#k
&, PCR §"#% Histag-SUMO #5 [13E[E, H Neo 1
Fl Nde T WU AL 538 1) T4 % B2 Mg R b 22
R T AR R R IR AR S B T, AR SEIG R
WA BE R AR IS 3 8 T KasOP* (%) pSET152 Jiit
BIVEEAR, ¥ PCR ¥ 413 RIS H las-6CB K
sviCB (£ 2.6 kb)LL Nde 1 Fll EcoR 1 X Y] 5 T4
il 1% 47 ALe ML EAA T KasOP*E 87 R, A
S5 T FH oA 34 28 5 D) R B UE b
PCR ¥ 34 B [5] F Bl B A OGS [ 3% 2.

*®2 AWMRAPERAERASY

1.2 [EFLE

Streptomyces sp. J1002 5 T 3 Fh[E AR FF
F, 4r5E ISP2 (4 o/L Fi%IME, 4 g/L BELEEEHL
Y1, 10 g/L Z2ZE4EH, 1.5%Bi8). ATCC172
(10 g/L #i%iHE, 5 o/L BEREREUY, 20 g/L Al
TEMT, 5 o/L BUKMRIEEE T, 1 g/L BRIRES, 1.5%
BilE)F1 YEME (3 g/L FE R0, 5 /L B R,
3 o/L ZHEEW, 10 g/L W20, 5 mmol/L &
FEE, 1.5%3508) A T A & %200 mL, 43 10 3t
M), FEXTEOH 2RI, 44t 30 °C
RATE 10 d J5, HZAE R ieas 20 ;
RINRHLH 100 mL H EE S R PR AR, %6
Bk A 20 A B R0k, SRR a1 5 e zE LR
WIS, AR AR 10 mL R0 15321
1) 2 IO P U3 I 5 B EAE RSB AT 15 mL
0.1% =5 ZM-2E. 50mL 0.1% =5 L R-E5
FKFA5 5 Cig SPE column (Waters Sep-pak
Cig2 g 12 cc), A 50 mL 0.1% =R LMR-E&E T
KIEBE, FRIKLL 6 mL 20%2 01 . 40%2 )1
80%Z MG . 100% L IEHEEEVENL; ST 80%Z NG
1100 %GR BEDIR , 125 1 7% R F2 bR 71
BRI . AT las-6 F las-8 B S.
lividans TK24 £ ATCC172 (200 mL, 43 5 H)Fl

Table 2 Primers used for plasmid construction in this study

Protein Direction  Primer sequences (3'—5")

Las-6A F CGCCATATGAACATCGAGACCGCTGACGTG
Las-6A R CGAATTCTCACGACCACTGGTACCAGGTAGC
Las-8A F CGCCATATGCTGTGTGATCTGGAGGTCACCATG
Las-8A R CGAATTCTCAGGCCCAGAACCACCAGC
Las-6CB F CGCCATATGAGTGACACGGTGGCG

Las-6CB R CGAATTCCTACGGGAGACGGTCGTTGAG
Svi-CB F CGCCATATGGACTTCCTGATTCTGCC

Svi-CB R CGAATTCTCACGGCTGCCTCCC

eGFP F CGCCATATGGTGAGCAAGGGCGAG

eGFP R CGAATTCTTACTTGTACAGCTCGTCCATGCC
Histag-SUMO F GAGATATACCATGGGTCATCACCATC
Histag-SUMO R CAGCATATGAGCAGCGGCGCC

http://journals.im.ac.cn/actamicrocn
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YEME (200 mL, 43 5 $0)3% 5 5L b WK &% 18 d,
RIS ik —E
1.3 “HARSERRH&

KRB R A TRIEME YEME 8359,
WRFEAT 5 mL A 20 mL PP K30 °C.
220 r/min), BRI LA 1% V/V R 2 500 mL
Regedtdr ) 30 °C. 220 r/min MG FE 24 h B4
Kb, 4 °C. 7 000xg, 20 min Z.0 0%
ER, H 4 °C RAFMIIEBESE th i (10 mmol/L ¥
LR IE Z B ER B pH 7.5, 10 mmol/L S 4L EE,
1 mol/L & Ab&%, 5 mmol/L B-%i Bk 2.5 )7 vk i 4k
2K, B H 4 °C {4719 S30 22 #h (50 mmol/L
Y& HENRE AR pH 7.5, 10 mmol/L 5 fk
B, 50 mmol/L S L%, 5 mmol/L -5tk LM,
4 CONEVRRM 1, TR 2.5 540N & (5
FEATH M RE DB 1 7% 4N i I8 2GR 75 B v ) T
fni&E it S30 L GE RN 10% Vv Himy
S30 2% IR FE A B A UEA TR R . R RS
I LA 800—1 000 bar, fEFR 1-2 min PEFTRALEE ;
AR DL 125 I/mL, 40%$R10E, 10son40s
off HFATREREE, MRERTIRFFMURIYS], G
R B, S RIRA 4 °C, 16 000xg &0
15 min, WEEFF /8 FIRWIA, WA TR IRATF
1E-80 °C VKFATFIUH
1.4 JHpe & B &H

I LA TCAR AR R (LA 40 uL THy 5
12 pL AEZMERCL R IR EATE 25 mg/mL),
10 pL 4xFHIE W (200 mmol/L ¥ 2 KLWR B 2, i fiff
fR# pH 8.2, 140 mmol/L Z F&%%, 280 mmol/L
TR, 5 mmol/L ATP, 4% 3.4 mmol/L ) CTP,
GTP 1 UTP, 100 mmol/L #EEX#ilaEh (PEP),
% 8 mmol/L 1 20 FiRifEZ IR, 8% (W/V)
PEGgopo, 0.14 mg/mL W2, 1 pL 10 mg/mL
tRNA., 1 puL 1 660 U/mL NEHERIERE . 1.4 pL
5 mg/mL Kl4ffk T7 RNA B4 . 0.2 pmol A1)
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JkL, e E FHICIE 2 B /K R AR S 40 pl.
FEHEAT TN S 0] 2R R KA i R RE AT,
T BESARFR A 200 pL 85 400 pl i, 5 g B 4
(N4 2 EP 45 DL 40 uL g —A>H0T
HEAT ROV JE FR G o OWAR RAE 30 °C MR FR4H
S E 3 h S o
1.5 eGFPKXHEETE

F| ] Pierce™ BCA Protein Assay Kit il & 4i
1B eGFP £ [ RO B K I Wik A 118 90
it A7 9 % A T A 8 A5 AX (Aex 480 nm/Aep,
510 nm, FEM R 3 mmol/L)4& il 2 M5 5 -2 1
B A R . TCA B S N MR 3R R I O R 1
FEAE 10 pL, HIZK 10 f5F B2 100 pL T8
P JEE AR AR R TR, B 5 2 615 5 nBR B
PEXT BE S5 H053 8 eGFP YR IA TR .
1.6 FTHaFRIAENHERLIE

X} 200-400 pL (9 TCA ML N AR, i Cos
SPE column (Waters Sep-pak C;z 50 mg 1 cc)iEf7
MiEh A, HAAH, F 1 mL0.1% =82 MKR-21F
TEALAEAR, 3 mL 0.1% =& LMR-K B T /K THE
Ve AT A, EAEJS, A 1 mL Y 0.1% =&
LIR- KB FKIATIGE, BiE F 0.8 mL ZJBVE.
VR ELZS 80028k KR, A9 200 AR AR
i ARG, B IKZE S 20% Vv Wi, an
MEVES I VK A Blgs . 78 HPLC-MS - AERT
13 000 r/min Z.0> 5 min ZERANEVTTE X F{LFE
RIARRKIIR R, 78 Cis ERZRT, FIRRFIAL
S 1% trypsin 47 37 °C 3 h Fi#),
1.7 HPLC-MS E M0

X 1 R e 4 BB 8 TG 240 ML S 0 Y 2R R vy
JEALRRSE, B0 EIEWGETT HPLC-MS Al
(Thermo Fisher Ultimate 3000 UPLC H:1% Thermo
Fisher Q Exactive Orbitrap MS), Jo il 5514 .
f# F§ Thermo Fisher Hypersii GOLD Cg (2.1x
100 mmol/L, 3 pm) fiE:, WahitH A 28 H,0
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(0.1% FR), Wit B N ZNR(ACN); BEEEREFF A
(H1E], B %) 0 min, 10% B; 5 min, 10% B; 25 min,
95% B; 35 min, 95% B; 35.1 min, 10% B; 40 min,
10% B, ik 200 uL/min. FEi&H 35°C, #FkE
9 10 pLo FeEAREHEE N 8 °Co I ESI BHE T
R TR, A& dd-MS* A, 44
>4 150-2 000 Da; MS 4338334 70 0005 MS? 43
PR Ay 17 5005 43I R 1.4 m/z; CE 305 3h4
HEBR 2 50
1.8 RNA 2Bk EER

i F§ QIAGEN RNA extraction plant mini kit
R, RIS A W A R T AT IS A e
BIART 50 mL iEH R A0 500 pL
Buffer RLC MR A1 A% 2 1.5 mL EP 4,
A TE R AL | B IS AR U U B 1 B RS WA 22
il 2004 QIAshredder spin column H .0 HX
TUEW, A 0.5 fEARFR(250 uL)ATE/K ZBE
WIR%), BT RNeasy spin column HEL.OFE
., £ Buffer RW1 L), T MILIE DNA B
Buffer RDD T/ EH-# & 15 min {H{t DNA, i}
£ Buffer RW1 %% 2 IR, &% JC/K L1 Buffer RPE
Ve 2 W, BB E TR 1.5 mL BE.OE S, fr
CBEFER G, FEREH YL fim A RNase-free TCHIK,
FFERLD, BB REDRAT, RIS RNA,

FifiJ5 , £ FH TaKaRa PrimeScript™ RT reagent
Kit with gDNA Eraser (Perfect Real Time)is{ ]
&, B EBRIEEY DNA, f#H gDNA Eraser,
42 °C VL 2 min; FRRESONRAC ] S B S5
MWAKZR , Hip A4 PrimeScript™ RT Enzyme Mix
I il RT Primer Mix, 37 °C X 15 min [ &5 %
Fli 85 °C 5 s IHBRFTA BRI R IS 1L, Tt
VR T TH B PCR, F-20 °C f-17
1.9 Western-blotting

EOS LHZ PR TOR SRS S, bR
1T SDS-PAGE Hiik, ZEJEHATHENE, btk
i PVDF; {H S 2%IBAR W54 19 52 i R s |

FE A TE A, VeSS TR PR, X
PUARR 1 #EH7 1Y His-tag #6750 25 KA
PR A AL — O 5, B 0T B 1 5 ) 4
A B SREVEH , R A S R e S kO
T
1.10 ERKREMNE

1 ] Pierce™ BCA Protein Assay Kit X%
e R R B AT o e 15 B A
BSA B B bR i T [ A i 4k 0 #2575 H4
L2445 W 53 A 50 £ . 200 5. 500 F5F6 R,
5 BSA BEEEARMERE TN I 37 °C JL[H)5E
A, 1E 30 min F1 2 h 435040 562 nm &k B ISE
B e BSA BIH MG BT . M LETE
50 LA B AN AN [) B TR) AG B5c 0, 7 %
T 5 A 1 IR BRI N 50 %, I DL 5345 4
M S E AT
.11 UREESHRAEEERCELN)

B BFRRLR) E. coli DH10B Fl E. coli
ET12567/pUB307 WiJCidifk, InE/ERT 3 h %A
AR LB fEHRIEFAEKE ODs=
0.6-0.8, ZUIFREBRIIARIG, 54 50 °C #4
PR 2 h TG &Y S, lividans TK24 {0 TR IR
G, EBRER FIERRATES 20 mmol/L S kEE
) SFM 53 56t b, 30 °C 5557 12 h 5
Pk R; WEEK 2dEREEST, PSdktr
PUPEIRUEAT PCR B00IE, ALID A RARAE & Bk
M B REESR, 20% H iR Ff

2 ZREM

21 FAEREEEEBRERK

AR AE B FETXT T R RR Streptomyces sp.
J1002 FERLLY antiSMASH!" V3 i3 i b
BAFAE 3 AT RERIE R IRAE Y& U R, J9901)
4N las-6. las-8 F las-24, TG LR
A 1 PR o
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A C B, B, D M
D D ;.-

Ta556 MNIETADVYESPLLVEVGHFADLTL - GNAGDKVEDGATWYQWS
—_ 1
A c B, B, M
Las-8 MCDLEVTMMIETLNIETADVYQAPLLVEAGDFADVTQ - GGQMGNWPEGGGWWFWA
)
A C B, D

Las-24

MKKAYEAPTLVRRGDFRTETG - LLQFHGNDQLILSKN
| N

500 bp

1 las-6. las-8 F las-24 BTN EME R EEZEREE

Figure 1

A diagram of the predicted biosynthetic gene clusters for las-6, las-8, and las-24. A: precursor

peptide; B, recognition domain; B,: leader peptidase; C: lasso cyclase; D: transporter; M: putative additional
modification enzyme; stripes in gene sections: stop codon. The precursor peptide sequences are provided below
each cluster, with dash separating leader and core region and red colored letters emphasizing predicted

lasso-forming residues.

Xof L BE R A G A T 0 A R TE las-6
las-8 PAA= 116 MUEE R i vh YA ] BRSNS
BAHBEAE7E(E 1), Las-6M R T ) HY L4655
fiff; Las-8M AT SAM [ fhJikf, HALS
BB R CXXXCXXC H51E 45 # 3k , 1
pBLAST A2 5 M HiT il o 0 2 5 55 — 2%
RiPP Y darobactin'' “f% 2k ¥y &5 il i DarE HAT—
EAMRIME . MiTE darobaction & KA 454 H AL &
A 2 ADOETR FRRRIRIE G, 33X — 1 i HEM b
DarE X1~ SAM H i BlgfElL . Wik, hT
Las-8A HYAZ .0 P9I s & A R ik, Fr LA
Las-8A W[ RESAE/S B IR AITE T, TR
B 25 K R[] I R T R R A A BETE . X
Streptomyces sp. J1002 435l7E ISP2, ATCC172
M YEME 3 FhlgFrderp eI A R IS, Jdad
X} H EEAE I ) 64T HPLC-MS 4347, Z5 3 BoR
1B T las-24 W77 H , Hok AR N BRI AL B9 S
e ] BEZ AN TR T 7S B9 AZ O IR 1 6289 Leu A1 8
B Asp (K1 2), T340 2 MR SR B
PR AR IR X R UITEIIMNA AT, X
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2 MREATESE TR, BUAAER IR IR
i, FATEEIGX 2 R R R AT Io 40 i
B ZRAIE

[ By, FRATTIE BT A 4 BRI TS
sviceus W—M4 K sviceucin HIER KRG %
svil! !, sviceucin HATHLH 2 FCBHME B A6 P
AR, HIMLBMEG SviC ZEAARSR SO i
BT BRIIEPNZ ZE, AAAERHR G AR IR 2
e AT RerE, HAA & s SR B
EEITE T, MVERESHE A B R R
Wi EZRR=), %I sviceucin TG FRIA L RE
%35 B AT H G PR AE I T4 JC AR M S A 2R o
22 HMEHECEERETHEMER

2 ML TC AN LA 2R Fh A M A R e e R
Jr R T GEL R 2R P, RTRTR IS0
il SN TR Eh L IR LR NTP g
1% . Bt )t LA KAt A B R 20 R, ok TR 3
I B B2 B N, & HPLC-MS A5 i) fikov
JE, FRATTE Se X RS R TG A AR R AT T R
k.
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(A) Formula: C,iH,,,N,,0,,
Cal.[M+2H]**: 861.470 3
Obsv.[M+2H]*": 861.473 8

Error: 4.06 ppm

Calculated Exact Error
mass (Da) | mass (Da) (ppm)
907.442 1 907.4426 0.5
b9 10355007 10354980 -2.6

861.473 8
=2 861?732 b10 11485847 1148.5810 -3.2
72 b1l 12616688 1261.6680 -0.6
862473 8 h12 13747528 1374.753 8 0.7
=2 y2 261.155 7 261.1550 -2.6
862.974 9 »3 348.187 8 348.1873 -1.3
Zh_ va 461.271 8 4612712 -1.3
L L B v5 5743559 5743576 3
m/z 6 687.440 0 687.4443 6.3
(©) V4
bl1
¥3
® '.‘O\Q" “\\‘ \\\ﬂ;‘
Predicted product structure
h12
32 h10
bh9
V5 v6 ] b8 \
il '*:"il"".".". VIR P bl LA | |I PR FOPSPIRNI 2 S— || - | ;
300 300 300 300 300 300 300 N 000 1100 1200 1300 1400

mlz

2 las-24 A HIRIELSE R

Figure 2 Mass spectrum for the matured product of las-24. Streptomyces sp. J1002 was solid-fermented on
YEME medium and ATCC172 medium for 10 days, and the modified product of las-24 was detected in the
methanol extracted fraction. A: MS' product signal; B: MS? ion signal comparison; C: the matching of the
secondary fragments in the MS? spectrum and the preliminary prediction of the cyclic structure diagram based
on the fragment information and the typical structure of the lasso peptide. Its topological structure needs to be

further verified by means such as NMR.
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Figure 3 Construction and optimization of Streptomyces cell-free system. A: The titer of eGFP in different
cell-free systems bade on different Streptomyces strains. Lysate from S. lividans TK24 has the highest
expression efficiency; B: The influence of reaction volume, temperature and shaking on protein expression; C:
The influence of the addition of PEGgg and reaction time on the reaction; D: Exploration of co-expression of
multiple templates and time-limiting factor for the reaction.
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pJLI-SviACB cell-free expression

Histag-SviA sequence:

GSSHHHHHHSSGLVPRGSHM TSTDELYEAPELIEIGD YAELTRCVW GGDCTDFLGCGTAW ICV

Detected signal coverage

APELIEIGD 956.494 2 IGDYAELTR 519.268 1
Formula: C,HgNyO, 4 z=1 Formula: C;;H,,N,,0,, =2 M
Cal.[M+H]™: 956.493 5 Cal.[M+2H]*: 519.266 7 c =
957.497 4 e 519.769 5
Obsv.[M+H]": 956.494 2 hi (E)bsv.[;/l;)ZH]f £519.268 1 i
Error: 1. = SITOT: 2.25 ppm 520.2713
rror: 1.56 ppm 955_2?7 2 958.500 4 i
miz S . miz
£ = £ 80 s2
=, 804 B MS
Z | £ 60
g 60 + + . % 2 M
£ ? & ° 40 =
2 404 PO =
£ + & = g + + &
5 20 % » b e 20 & 2 + é = = =
: Ele| |2 Lok & BT
o0 y - . - r-
MLLl = | 1Y MUT

e 303 ; " 30
& 0 - - a 04 " - §—= . —r

_30 = _30 T T T T T T T T
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El4 ZESELMPFEESERIL pJLI-SVIACB FHL 3 h 5, EMBEIAK SviAa FERESIEBR R _RER

igERFE"

Figure 4 The mass spectrum of the precursor peptide SviA fragments detected by 3 h expression of
pJL1-SViACB plasmid in the Streptomyces cell-free platform!'®!. The upper sequence is the N-terminal SviA
protein sequence with His-tag. The yellow part is the signal coverage of the peptide, with red font shows the

core arca.
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Figure 5 The mass spectrum of the precursor peptide fragments detected by 16 h expression of

pJL1-SUMO-Las-6A plasmid in the Streptomyces cell-free platform. The upper sequence is the Las-6A protein
fused with N-terminal SUMO-tag, in which the yellow part is the detected signal coverage of the peptide, and

the red font shows the core peptide.
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Figure 6 Expression of Las-6CB and SviCB in S. lividans TK24. A: gel electrophoresis verified that the
full-length Las-6CB and SviCB (both approximately 2.7 kb in length) have been integrated into the genome of
heterologous host; B: RT-PCR analysis on Las-6CB and SviCB transcription on the 5th day of fermentation. In
comparison to Apr resistance gene, Las-6CB and SviCB genes have higher transcription level. A diagram of the
two selected testing sequence is shown below, as one located in the middle of enzyme C (denoted as C) and the
other covering the entire enzyme B1 (denoted as B1). The corresponding lengths have been marked; C: post-
translational modification enzymes undetected in TK24-Las-6CB and TK24-SviCB 5-day fermentation cell
lysate. The upper, SDS-PAGE result of total protein loading; the lower, Western blotting result.
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