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and susceptibility to genetic modification is often applied in bacterial therapies for cancer.
However, most studies have used plasmids as vectors to construct engineering strains from EcN.
Plasmid-based expression systems suffer from genetic instability, and they need antibiotic
selective pressure to maintain high copy number. This study aimed to employ EcN for
synthesizing the photosensitizer 5-aminolevulinic acid (5-ALA). Firstly, the key genes of
5-ALA synthesis, hemA" and hemlL, were integrated into the EcN genome by the phage
integration technique. Then, chemically inducible chromosomal evolution (CIChE) was adopted
to increase the copy number of hemA™ and hemL and thus improved the stable synthesis of
5-ALA. The in vitro cell experiments verified that the constructed engineering strain can deliver
stably synthesized 5-ALA to tumor cells and inhibit their growth. This study provided a basis
for applying the engineering strains of EcN in the photodynamic therapy for tumors.

Keywords: Escherichia coli Nissle 1917; 5-aminolevulinic acid; phage integration technique;

chemically inducible chromosomal evolution (CIChE)
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Figure 1

Construction of EcN engineered bacteria for stable synthesis of 5-ALA.

A: Single copy

integration of hemA™ and hemL into ECN genome by phage integration technique. B, C: Construction of
multiple-copy hemA™ and hemL strains by CICHE technique.
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Table 1

Bacterial strains and plasmids used in this study

Strain and plasmid Relevant properties

Source or reference

Strains
Escherichia coli DH5a
endAl gyrA96 thi-1 relAl

supE44 A(lacZYA-argF) U169 (®80lacZ AM15) hsdR17recA TransGen Biotech

E. coli Nissle 1917 Wild type Lab store

HAL E. coli Nissle 1917 harboring single copy of genome integrated This work
hemAM and hemL

HAL1 CIChE strain resistant to 1.2 umol/L triclosan This work

HALla HAL1 with the deletion of recA This work

Plasmids

pHKKF3T5b CIChE integration expression plasmid, attPyy site, Pts promoter, Lab store
Kan'

pHAL pHKKF3T5b containing hemA™ and hemL This work

pAH69 Helper plasmid expressing phage HK022 Int, Amp" Lab store

pCP20 pSC101 replicon® FIp(ARp) cI857, Cm', Amp" Lab store

1.1.3 FERFSNHE

PrimeSTAR HS DNA RAWIW A 549 1
FRORIE)VE A F], FIFH PCR y=#4aifkil &
At RSP R A BR A s T4tk , R A
Gibson 41 2 12551 R R il 14 P VD FH 7 ok A
(A S A YR AR A RA A Bk
)45 R A4 TR PR 2 4 GRS 1 H R AR AR Ak
Bl L5 A B2 F] . SYBR Premix Ex Taq I H
FAEY TRCRIE)VARAH . DMEM B3R5
PiER . BEAMN. MTT A &8 AR
FKEPHARAA . MFMmEWA B AR
EEARRA AR E] . R DCFH-DA 4t
TR G (A A S AR A R w] )RS I 44 A
N ROS &,

F2 B AR A e R R R 3 R R A (B
g —ERF A FR S | AE IR 5 IR RS R (i
— A ERE AR AR A F]) . il PCR AL (UM 1
AR B A PR A A . St E & PCR Y
(FEBR CHER B2 |]) o SO AT DL A0 OB EE
(B A F]) LCOL B SR AR (FEBR /R BH A AD)
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T AL (BD 2 Al).
1.2 753
1.2.1 @EEFSAE

K HI LB i e L AT Al 5%, Hl 5-ALA
R SR HE AT R WS 5, TE R BERT A IPTG
AU E R 0.25 mmol/L, KFEESMIE 37 °C.
220 r/min, FIAGHEEFERE 2%, [BIFE 4 h B
1 %, 1 4 mol/L NaOH J4%% pH 7£ 6.0-7.0 2
], i FA R AGIN ALA HeE),
122 FAEEAZEREARE hemAY. hemL
A ZE EcN EHFE4A

AT B P OB L3 1. B e M A PCR 4%
ARAGI EcN K [H 4] F 1Y attB 137 55, . LA EcN DNA
A, A3 R R ST ) xup 5 xdown,
hk022up 5 hk022down , 80up 5 80down ., P21up
5 P21down. P22up 5 P22down. P22up 5
P22(EcoB)down (& 2)§ 14 atth. attHK022 .
att¢80. attP21, attP22. attP22 (EcoB)fi .

WisE EcN LK | attB i i), W& A
FeseE attP (785 HIEE Mk, DL pDAL
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*x2 AMRFASY
Table 2 Primers used in this study

Primer Sequence (5'—3")

Xup GGCATCACGGCAATATAC

xdown TCTGGTCTGGTAGCAATG

hk022up GGAATCAATGCCTGAGTG

hk022down GGCATCAACAGCACATTC

80up CTGCTTGTGGTGGTGAAT

80down TAAGGCAAGACGATCAGG

P21up ATCGCCTGTATGAACCTG

P21down TAGAACTACCACCTGACC

P22up AAGTGGATCGGCATTGGT

P22down TTCGTATCGACAGGAAGG

P22(EcoB)down CGATTGAACCGCAGATTACG

HKP1 GGAATCAATGCCTGAGTG

HKP4 GGCATCAACAGCACATTC

RT-hemA-F TCACCTGACCGAGGATTTGC

RT-hemA-R CCATAACCTGAACGAAGACG

hemAL-F TCCGCATGCGAGCTCGGTACATGACC
AAGAAGCTTTTAGC

hemAL-R GCCGAATATTCTCCAGCACGCTCACA
ACTTCGCAAACACC

ek AR, #5149 hema-F F1 heml-R (£
2) ¥ # hemA™ | hemL [N A B % A
pHKKF3T5b!"%, ¥y #453 %] pHAL, 2 5k [m] i
A SSUEPUHESEN | RV RS attP 4V
FEHI, aE 5 R R A W S AR A . P R
PIT65  0) il B R pAHG9 BEA T 4 Sk
M., P RESY) hema-F Al heml-R 47
PCR, ZilF hemAM ., heml JL[H J& 75 B4 Dl # A
EcN JEHZ . BEHCBHMERIpR, 4 3liE Lt 42 °C
37 °C 1 e 1% 35 2265 pAH69!' ", % I Bk pCP20
E—2 KPR RARE R DU SN, RS IO bt I
DK 1 B 1 B4 DU TR P& HAL .
1.2.3 CIChE F53%

PLHAL i & Wtk , 78 LB B3 SLrh s
0.01 umol/L =& 4=, 37 °C. 200 r/min i A 5
F%, BU1%BBMAGH /Y LB #5372, [FIEHnA
0.02 umol/L =44, FHRE R —FAEWE R
0.06, 0.1, 0.2, 0.4 umol/L %, HEEMAK
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HEEWE . SULEIET, 2 B EOR A vk B =54
PR AR T A SR, A 5-ALA Y77 58
13 RS R pTKRED. pKD4 i@+t A &4
AR R recA KL
124 WHEE PCRER

WA TR B =R A S e bk, AL
2 g 3 R 2 R U R S 2 B DNA, I AR
WA, F RT-hemA-F I RT-hemA-R(FE 2)ikfT
Pt i PCR. Mt A B4E D1 hemAY | hemL
FL Y pDAL FBURLAE bR BORL, I 46 %)
SRS PR 4 hemA (48 DS
1.2.5 4HpEEESR

KA B HCT116 W A o E A
2Bt b 20 B AR ) A R BT AR, ] DMEM
B HAE 37 °CL 5% CO, 85 3R40 th A7 55 535
[F] B2 4E DMEM 85 5% 3 s il 10% 6 45 137
100 mg/mL H 8 Z fl 100 U/mL 45 % .
1.2.6 #BEIESIME

¥ HCT116 41AEFEHE 3 000 >4 fg /LAY v
JEHMTE 96 fLARRE SR 24 h, RIEnlinA
20, 40. 60, 90 mg/mL 5-ALA-HC1 4b#f 12 h,
HALla & B85 57 48 h 5 BUREEWL , FIJCHE PBS
THYE 2 WE, LA 1x107 CFU/mL AYHRJE BT
DMEM H1 .7 HCT116 A=A 100 uL A
) HAL1a 0% & 90 min. 7EAH IR 44~ A PBS
U T BRI A ) 24 A BB 85 s A 7O AR
%t 5 min (660 nm LED Y6, 29.8 mW/em?), ##H
24 h J5 R MTT 4600 HCT116 40AfLiE 77 o
1.2.7 fABEA ROS SEME

W29 10° 4~ HCT116 41 fid/FL3Fh 5] 24 FL4L
LM RS 24 h, 43905 20, 40, 60,
90 mg/mL 5-ALA-HCI 5% 8 h, Jf5IRYE 5
(multiplicity of infection, MOI)>& 300:1
HALla %8 90 min. 7EAH [ 254 T ffi ] PBS {E
SRS R B A R 5 RS S min (660 nm
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LED J%, 29. 8 mW/em?®), 538 2 h/m, B&A
10 pmol/L DCFH-DA () DMEM i AfLH, IF-7E
37 °C M#FE 20 min, f&J5, F PBS PEkAH
3k, AR I 5 3 HCT116 4 g
N ROS 1 &A1k

2 EREQM

21 FIAREAEEESHARIE hemAY,
hemL # & Z EcN ER B4

A% PCR K:E EcN W attB i fi, 4%
RN, EcN LR B A WE i 14 A F1 HK022
X 2 4 attB i S (F 2A), ZJE ik attygon i
Mt~ pHAL, [W] B I FH %6 B
JURL pAH69 5 pCP20 UK & A — A APk 3t
. hemA" | hemL () H i) i Bt A 51 EcN JE[A
(& 2B), 153 TR EHK HAL,
2.2 FJAH CIChE £AR1EZE EcN EREHH
hemAM, hemL 013§

DL HAL Jy i R R, WG ES T 0.01 pmol/L
A, BEEARETER SRR, O 1S B 2 bk
PEIEERR, VEEL 0.2, 0.4, 0.8, 1.2, 1.6, 4.8,

A

6.4 umol/L WM =& AFESILEMK, FIH
WG E B PCR AN hemA 2 01 % . W&l 3 Fiw,
1.2 pmol/L =G A5 A= i #E AL I bk (HAL 1)
H Y LR 48 DL i (9 95 DLAR AL ), [
I ALA PR = (58 mg/L), SXFIAHIL, 12
mT TS AEA . BEE S AAERERIRS, HH
LB DB 2 N B, 1 ALA P70
PR
23 MEFELZBEHFHFITHRL

ST AR R DUECR e i E AR AR, X
HALI1 1Y recA JER 17 R , 3815 18 Pk HALla.
B e%t HALla KB FER . Mg, Mn™
AT, (B2 ALA PPRIEES AR, i T
recA IR i BR JE bR KBNS, FrLATE & I#
SRR R LR . WA 4 PR, BEE R
RERY R EE 32 5, ODgoo MR Z $2 51 , Al ALA
PEA TR, 153 68 mg/L.
2.4 HMTFEE HALla Xf HCT116 ZHREAY
A

FIFA NS B HCT116 Kl HAL1a
SRR MR A0 . UK EERSTR] Dl 48 h K

1 23 4 5 6 7 8 9 1011 12 13 bp bp
5000
3000
2000
1000
700

2 PCRZRIGIE  A:PCRKIF EcN Yo fk | attB {v /5. Lane 1.2: atth {7 /5 ; Lane 3 . 4: attHK 022
{75 ; Lane 5. 6: attP22 (EcoB)fiii; Lane 7. 8: att¢p80 fiis5; Lane 9. 10: attP21 {75 ; Lane 11,
12: attP22 fiiffi; Lane 13: DNA marker. B: PCR ik =50 A= Bt 3L L K hemAM | heml %4 EcN 3t
40 f% 0. Lane 2: hemAM ., hemL JL[H PCR ¥ #4455, Lane 9: DNA marker

Figure 2 Validation of PCR results. A: The attB sites on ECN chromosome were verified by PCR. Lane 1,
2: atth; Lane 3, 4: attHKO02; Lane 5, 6: attP22 (EcoB); Lane 7, 8: att¢80; Lane 9, 10: attP21; Lane 11, 12:
attP22; Lane 13: DNA marker. B: The integration of triclosan resistance gene, hemA™ and hemL was verified
by PCR. Lane 2: The PCR amplification of hemA™ and hemL; Lane 9: DNA marker.
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y number

3 hemA ¥ X ALA FEEH4 N

A AR = @A A A TR L R AR P hemA 5 D%

M. B Al 48 h NEARIE AL Ak T ALA 7= R0 AT
Figure 3 Detection of hemA copy number and ALA yield. A: Analysis of hemA copy number in different
evolution strains induced by different concentrations of triclosan. B: Analysis of ALA production in different

evolutionary strains during 48 h fermentation.
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concentration.

e, FJCH PBS P UEVE K 2 G, 5
HCT116 7E 37 °C 54 T L [F i F 90 min, [A]HF
FH PBS ZZ #hifg AT A= FU TR R EcN AE X IR,
AR FEERY 5-ALA-HCLAEF T HCT116 41,

660 nm SRS, FIH MTT #4680 %F HCT116
YGRS . SRR, S L,

HAL1a W B 0] T s 40 e i A= 4, =il 7k
-5 40 mg/L 5-ALA-HC1 A4l K HeAs —
., 1M S-ALA-HCL ¥R By, X i eg 240 A i 31
4 4k (& 5). HALla 5 HCT116 dL[F5E
it 2h, S50 HCT116 4K . [a] IS4G
T HALla XFHE 2845 5 40 B Vero FIRNHIVE T o
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Analysis of HALla ODgo (A) and ALA production (B) under different yeast extract

EcN 5 HALla ¥JREFE Vero giffi A4, H
660 nm SIS 5 , HAL1a % 1F 3 40 i 4 2F ¢ EL
H—E WA, 1 5-ALA-HCl L2350
Vero A A (FE 5). DA 45555, HALIa
5 5-ALA-HCI A BEE 3 il IrJaq 240 i iy AR K
25 M T 85 4 M P 3 1

BT #E— T it HALla #07 HCT116 4K
FIJR R, SR A RAE R 7 2 Ab 3 HAL 1a K B,
FH PBS % vjr i A ET AR BB R BN B X R,
AR FEE R 5-ALA-HCLAE T HCT116 4,
SR J5 A DCFH-DA ZEOGHREH I HCT116 21
JiN ROS &8 A8 4k, aniEl 6 frn, 5 XA
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Figure 5 Analysis of the effect of ECN, HALla
and different concentrations of 5-ALA-HCI on cell
viability of HCT116 and Vero cells by MTT.
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#r % Dunnett Z 5 HE S Hr, **+%P<0.000 1
Figure 6 DCFH-DA assay for detecting
intracellular ROS generation of HCT116 cells with
ECN, HALla and different concentrations of
5-ALA-HCI. n=3, two-way ANOVA with Dunnett’s
multiple comparisons test by GraphPad Prism 8§,
**%%P<0.000 1.

e, HCT116 1EAMA R 5-ALA-HCI 4b
I8 h, A 660 nm #EFTVEHESE, 80 mg/L
5-ALA-HCI #7414 ROS & & . M
A HALla £b# 90 min /5 , 1] 660 nm #4716,

&: 010-64807509

&I HALla W32 5 T M ROS &4,
DI F45 R, HALla & 5-ALA J5 il RES 5
SR A7 A ROS, ARk rsd 4H I A R T

3 WwE5&E#

R T TR IR R G AN R A
Tyo ZFUF FJC ok A S N AE A 5 v,
AR A Py L R Al R Ak, 38T Ak R vk
S i e B 0 JE DR 48 DL B A T R, B
CIChE, %k R LA L N4 i 3 &
J7 75 RecA [AIEE A R %55 EcN J& Mg
fRrp oy g i —Fh s A WAk, BB A RecA [H]
U5 20 R 48 e T G B ACK: H 0 56 5 5 )
HAFEEARY, HAEYMAEYER . oA
TSR, W B R R B 24 ST T B
JEIRYT . BT, 78 EcN "R CIChE Jr vk 2
TR

Wk TR A 8 5 2R G0 P A AT W5 D A R S vk
A0 attP . BrtEARIC IR ERL . IR W
AT A R 5 T R 5 AT A ) 83 T 1 10 ) R Bk 2
Ao B BRI ANLSABR T Y ik attB
P, HARUEA AR R A attP
ORF I E NS AN (1K £ N iY A Ok = g2 28 I o Y 7 Tua )
S —FEA S ek P BAT, BeN Hig
WA G RSB 5E R WARGE . A W5 L
5-ALA A B BN, 15 56 P B A A 4
AW hemAM . hemlL #4 % EcN KN4, W
I A FORRRE MUl K B A Bl ok
b, HBERE A B R BRI DA W TR AU DR I A A
TR LRR. SR, HoAd AL SR T e A
[ attB fiipi, HAERRAE S HR R R A 1
A attP (AR, R A OB A R A BT
Pebrid o — R A EI ik B, WX ERY,
KIHFF I K-12 1 477E phages A, HK022, P21,
P22 % attB fii 5P, (HR A 53R F PCR A
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BE T EcN B (i rh JAE7E phages A Fl HK022
X 2 FpattB il M 5 RN K-12 K
A e RER, WA AR
[, MiH EcN HA 108 MNERFIEgD X ¥4
(coding sequences, CDS), Ff#4l73 7 4 KK
LR 5 05 DA K VF 22 /NS R, 2B BeN
5K E K-12 7fERHEA 755458 FA7E7E
AN Z A4k

HWFGEFI A CIChE i I H e 7 ANk
JoRL AP AR B AR IE I K AT TR 2 R A 7 TR
B, BRI RS T 8.9 £5, Xu 4P
F| ] CIChE J5 K5 pipA 3[R £ % U1 4% & K it
PSR, T LR T TR AR L-URE
M2 1 A2 7= 30 o A T #5 hemA™  heml 45 D14k,
AWF5EiE 2T CIChE J5 ik i dEfb B bk, e %
NERAE 94, SHAMMFEAHL, EcN #HbE
PREE A3 DL R AR, 7€ CIChE #Efkid f2v, H
) S R (9 4 D85 55 0 e b e SR DR [R5 38 n T
3 2 AN WIS 0 07 18 F 7 9 32 LR TR 4 DU
R . BilE 8 DUECR TS i, 20 i 7 sz AR
DA RVRE N o) | IS K B S E D 2
DNEGEARRE— B3, HE=R8—E R E S
AR R #EM EoN HHALKBATH I K-12
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