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Abstract:  Squalene is widely used in pharmaceutical, nutraceutical, cosmetics and other fields because of its strong antioxidative,
antibacterial and anti-tumor activities. In order to produce squalene, a gene ispA encoding farnesyl pyrophosphate synthase was
overexpressed in a previously engineered Escherichia coli strain capable of efficiently producing terpenoids, resulting in a chassis
strain that efficiently synthesizes triterpenoids. Through phylogenetic analysis, screening, cloning and expression of squalene
synthase derived from different prokaryotes, engineered E. coli strains capable of efficiently producing squalene were obtained.
Among them, squalene produced by strains harboring squalene synthase derived from Thermosynechococcus elongatus and
Synechococcus lividus reached (16.5+1.4) mg/g DCW ((167.1+14.3) mg/L broth) and (12.0£1.9) mg/g DCW ((121.8+19.5) mg/L
broth), respectively. Compared with the first-generation strains harboring the human-derived squalene synthase, the squalene
synthase derived from T. elongatus and S. lividus remarkably increased the squalene production by 3.3 times and 2.4 times,

respectively, making progress toward the cost-effective heterologous production of squalene.
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Acetoacetyl-coenzyme A thiolase,

Ac-CoA 2NADPH2NADF" A[P ADP AlP ADP AIP AD

MVA

spAT
NADPH, FPP

NADP) \115%
NADPH, PSPP

NADP'l \l/SQS
Squalene

Synthesis of squalene via MVA pathway and MEP pathway. Ac-CoA: acetyl coenzyme A; MvaE
MvaS Mevalonate synthase,

HMG-CoA hydroxymethylglutaryl-CoA, MvaE

hydroxymethylglutaryl-CoA reductase, MVVA mevalonate, MVK mevalonate kinase, PMev mevalonate-5-phosphate,
PMK phosphomevalonate kinase, PPMev mevalonate-5-diphosphate, MVD mevalonate pyrophosphate decarboxylase,

IDI isopentenyl diphosphate isomerase,
pre-squalene diphosphate, SQS squalene synthase.
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pSL91k-PM (A)
3670 bp

p-LB1s-E2SK (A)
6 820 bp

pBAD-ORF
PM

2 pSL91k-PM(A) #A pLB1s-E2SK(A) EiE
Fig. 2 Map of pSL91k-PM(A) and pLB1s-ESK(A). E2SK: mvaE-mvaS-mvaE-mvK; PM: pmK-mvD.

R1 FRKRBEALEEHE kea/Kn E LI

Table 1 Comparison of k../K, values of squalene synthase from different sources

Keat/ Ky [L/mmol-s] Substrates Organisms References
35 Farnesyl diphosphate Methylococcus capsulatus [18]
510 Homo sapiens [19]
1 800 Thermosynechococcus elongatus [19]

*2 HEHRERK
Table 2 Strains and plasmids used in this study
Strains or plasmids

Genetic information

BW25113 rrnBT14 AlacZWJ16 hsdR514 AaraBADAH33 ArhaBADLD78 [F'proAB laclqZAM15 Tn10 (Tetr)]
GYO03 BW25113, AlpxM::pBAD-mvaE-mvaS-mvK-p119-pmK-mvD

T6 GYO03, p119-ispA

SQO01 GYO03, pLB1s-hSQS (Homo sapiens)

SQ02 T6, pLB1s-hSQS (Homo sapiens)

SQ09 T6, pLB1s-aSQS (Acaryochloris marina)

SQ10 T6, pLB1s-tSQS (Thermosynechococcus elongatus BP-1)

SQ11 T6, pLB1s-sSQS (Synechococcus lividus PCC 6715)

pLB1s-GFP R6k replicon, streptomycin resistance, pBAD promoter expression vector
pKD46 Realizing E. coli homologous recombination by expressing Red recombinase
pSB1s-Cre Eliminating lox resistance marker by expressing fCre flipase

pSL91k-GFP psc101 replicon, kanamycin resistant, lox66 and lox71 sites

1.1.2 AR K IEFER T

1 000x47 4= 2 : 43 HIIFRHL 0.5 g #EFEZE N 059
RIAREEZE W 10 mL 4li/kH (PURELAB Ultra),
0.22 um JCH € %% (Millex-GP) 1t 3§ J5 i &
—30 ‘C# .

LB (Luria-Bertani) 55%4k: MK 10 g/L,
BEh4RY) 5 g/L, NaCl 10 g/L, [al Ak 3355 55

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

15 /L MIBiERr, 121 CKTH 20 min, WAKEEFE
HEEMBER|FHEMATFPUER, E 4 CH
5 EAREE SR IAHIE 50 C AR BIMT ibid
REMR, EEREECE 4 CH.

JEZ 25 A ] 453357 « CaCl-MgCl iR &
80 mmol/L MgCl, F1 20 mmol/L CaCl,, CaCl,-H i
RF&H 100 mmol/L CaCl, #1 20%H 3w, F



FT7 FFARKARIM HEERXBEFENRFE. RESERE 2817

®3 AHRMTASY

Table 3 Primers used in this study

Primers Sequences (5-3")
hSQS-Nco I -F GCTAACAGGAGGAATTAACCATGGACCAAGATAGTCTGAG
hSQS-Xho I -R TAGTACCAGATCTACCCTCGAGATTCTGGGTGCGAATGGTGC
Xho I -KZ-F CTCGAGGGTAGATCTGGTACTA
Nco [ -KZ-R GGTTAATTCCTCCTGTTAGC
Nco I -F GCTAACAGGAGGAATTAACC
Xho I -R TAGTACCAGATCTACCCTCGAG
PBAD-F108 CGGCGTCACACTTTGCTATG
PBAD-R124 TCGCATGGGGAGACCCCACA

119(ispA)-kz-F

GCGCGTACAAATTCTGCTGTCTGACAATGAAGACGCCTCTCTAACCCCTTTTACACCGG

ACAATGAGTACACAGCTAACACCACGTCGT

119(ispA)-kz-R

CCTGGTTGGCCTGCTTAACGCAGGCTTCGAGTTGCTGCGGAAAGTCCATGGTTAATTC

CTCCTGTTAGCAAAGTTAAACAAAATTATTT

119-F
ispA-500R

TTGACAGCTAGCTCAGTCCT
CGAAATTCTGTCGCGGTCCG

WX 115 C K 30 min, AH B =BG E 4 C
UKFE

ZYM HiESEEFREL: 96 mL ZY BEaRsi+
2 mL 50xM salts+2 mL 50x5052+200 pL 1 mol/L
BIREE+100 UL TR, PiAERLHHRM. ZY
BiaRdk: 10 o/L MR, 5 o/L BEBERIRY), 121 C
20 min K J5 £

TR IR 0.22 pm P8 IR ER B -

50xM salts: 1.25 mol/L Na,HPO,4, 1.25 mol/L
KH,PO., 2.5 mol/L NH,CI #11 0.25 mol/L Na;SOy4;
50x5052: 250 g/L T, 25 g/L #i%3#%, 100 g/L L-
BIHI{F8E; 1 mol/L MgSOs; 1 000xi L% :
50 mmol/L FeCl;, 20 mmol/L CaCl,, 10 mmol/L
MnCl,, 10 mmol/L ZnSQO,, CoCl,. NiCl,. Na;Mo, .
Na,SeO3 #11 H3BO3 %% 2 mmol/L,
1.2 A%
121 REREWHIEL

oL B INEG KEGG % 85 2 b B A
Orthology & KO00801 (EC 2.5.1.21) ML T
H, MR BRI E R YY), RE A8k
B—ARFEITH], PR FASTA #& S0, [l
IMANBEfMERGHEER T, #TRELT
ST B EIRIFA T A MEGA-X B4 f5, f# H%K

&: 010-64807509

N clustalW B3k il T 2 8P4 o, R
KAASR A i R G R E W o
1.2.2 HEFERESRMEME

SR H R A R A BR ARG R, DA
AL DNA FrBObtstR, F5 1497 hSQS-Nco T -F Al
hSQS-Xho I -R, ## Nco I -F Fil Xho I -R ##47 PCR
Pyh, BRPERE A B LUTRL pLBLs-GFP AR,
F514% Xho 1 -KZ-F F1 Nco I -KZ-R 4 Ha75- 374 A
B, BB R A iy e il B
&0, EZN.A® Gel Extraction Kit Centrifugation
Protocol #3545 I RE R B 5 84 B Bk A Gibson
Assembly® Master Mix #1744, a4 Tk
pLB1s-hSQS , pLB1s-tSQS , pLB1s-aSQS il
pLB1s-sSQS, ffif5[4 PBAD-F108 #il PBAD-R124
XA F 1T PCR AP 40, 51 E1E L3 3.
1.2.3 TREEKKNEEIEFRME4 ML

BRI MR R 2 T 37 Cal i 35 35)5 , BEMLIL
B3NPV RS 3 mL LB B3R 3L, BT 37 C
220 r/min FEIRIT TG, e 1% L4 H2 2
ZYM B3 5E, B F 30 'C 220 r/imin BEPK, RigE
12 h J5 I 4E 60 OD Zfijf , Hi T 3 mL 1xM9 10 g/L
WAL P, AE 37 'C 220 r/min ZFF 440
MafEfL 24 h.

B<: cjb@im.ac.cn
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1.2.4 FARFHERE

B 400 pL A1 24 h (a2iiafifbii, 13 000xg
B0 10 min 3 BiE; A 400 pb AR HER K VE
KEEWER, 13 000xg .0 10 min 5 L3 A
ddH,O, FEAMEA, EZE 400 pl; AR,
TAETNHEK 20%, TAERHE 2 min, #7 3s, E1k
5s; JIlA 600 uL LR 2B, 7 BP 5% sh i H 7401
A, FONEFFIEPEIL, AR, &RIK 15 min,
ZIRE.; BOKEUH 400 pl, FHELES B4R
W5 REBUGR 4 K F Bk, A 200 pL FIEEEE 7%, 0.22 um
UERET g, FE
125 fERKEFEREN

68 FH v 50T G0 X A e M AT AR, (e
TSI . A%k . Waters XBridge™ C18
(3.5 um 4.6 mmx150 mm) ; FEiR: 35 °C; ¥Hish
M. 100%4E 2 ; W : 1 mL/min; AN 2S .
e AR A BESIAG I EE 196 nm KGN 5 RS B
[6]:16 min,
1.2.6 FEE4AE ispA B FhE#H

B ispA S T H A 119 B3 T, EAIRED
T : A pSLILK-GFP bt , fi FH 514 119(ispA)-kz-F
F1 119(ispA)-kz-R #3415 8 &% A R R R hitds
CF 119 JF 31 H W Bz, Dpn T A 345 ik [w]
WS EITH A BE . #F pKD46 #5 A GY03, =
& 2 g/l BFTHRLAREAY LB 5538369, A=K % ODeoo
0.8 JEURE, BFUKLE, F 10%M HimiE e M
e, WA R A B A A, TR A B
N GYO03 JEZ ML, I T RARERbirER LB
M, HAbTH 119-F A1 ispA-500R 51495+ k4T
PCR Iy % 7€ .

2 ER5AW

21 RBREVALEKEBAZABEMELSY
MEEESK

ARG KEGG — L83 T 152 M@ iy fa 8
WG MR IER TS (3t 155 4Y), A — A EA%R

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

I (NIR) A0 154 AN EECRIE P A, it &
GERE T, KRBT FoRUF, A
BIRAHEAT 2  6 K3z (K 2). NRE ERE,
Fe AN K TR T Halocella, Halanaerobium
Halothermothrix . Fluviicola #1 Brachyspira F./~J&
W eI A S NRAE I, HiZsr X 2 g
o FEREK A AIE R BRI IR AL R T — 10 3,
Hrp AR E ARG S EE AR E, S
PR . i 2015 4F Katabami 21 4iE , ok
Ji T T. elongatus By ffi & M & B 30K I 5
(Keat/ Kim 1) o {HE HdRSdE AE K IRE N 65 C, ik
AT B ) i AR IR BE R 37 °C L F BN EAE K
FF T A FH 2l P S A7 T 0 B LA, R TR AT
g3 B T wE PR KO gy S b o ol AR KOIR TR
25-42 ‘CZ M Az Ay, K3 T BR T. elongatus
Z AN BE B, 43 B IE T Acaryochloris
marina fil S. lividus, H:H A. marina B9 fii A= K iR
R 28 CMY, s, lividus B Rl 2R KR 2
25 CO [, Ff1%F T. elongatus. A. marina
1 S. lividus S5 ff A G Tl L R kAT 1 4 J A
G, I B K AT 0 8 S e d Ve A T T
ittt (&l 3).

22 ANBREEE#ZREREGKEHMERRTIEH
(ZN:0EAEES

R T 5 U B A SR K R AR I G AT
P, ATE SembE It Rs T NEA LGS .
DA S 50 2 10010 A 0 U e 0 A T R TR A A
MR EA T 3G SR . I i R A% 1 L ik 25 SR n
4A FiiR, B BrH Uk A 5 H R BE K
N3, B2 1.1 kb, BARAZIR LUK S5 R A&l 4B
Fis, 78R Ber Uk Ak 5 #A e Kb — 3L
)& 4.5 kbo BHMEFURL e MEAZ IR HL UK S5 R A&l 4C
Ji7R, W PCR HLIK A% 5 HG 4 K/h—3,
P& 1.3 kb, RARZERFW, NWEMEN AR
IR B AL R .

7’
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Fig. 3 Phylogenetic analysis of squalene synthase (maximum likelihood method).

PL 2.1 AR T T. elongatus. A. marina
'S, lividus [ Ff1 88 K £ Tl 5L PR ASARGIEA 74 15 S5 4
H, LW PCR AN Y, 45RI1EH, KW 3 s

&: 010-64807509

ORIRR e A B R B L KA L 4 Fh
ASTRI A TR B £ 6 - Tl o 2 R Ak 5 A DTG 38 40 it
GY03, X H#HITHE SR, H SDS-PAGE
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Fig. 4 Cloning of human squalene synthase. M: nucleic acid molecular weight marker. (A) Nucleic acid electrophoresis
of target gene fragment, 1: hSQS gene fragment. (B) Nucleic acid electrophoresis of target vector fragment, 1:
amplification of pLB1s. (C) Nucleic acid electrophoresis of positive monoclonal identification, 1-3: pLB1s-hSQS.

SARTEERME 5 FR, NIEfEEAEE hSQS 1
37.4 kDaHE MR 5&H , A BRI T T. elongatus
(tSQS). A. marina (aSQS) i S. lividus (sSQS) KJffi
BEIRATEE 39.5 kDa Ab JCHH 2 457 .

2.3 ERFEHE TR ispA EEERAIHE
FLIH ispA Ji B T BB A FTHE R B A% IR FL UK 45
FANE 6A LA 2 firR, P R Ber ik 5 H Y A B
PR R/N—%, ¥M& 3.5 kb, FHIEFMRAZ IR B UK
5K 6B 1-5 iy, WK PCR MUK A% H#E
WA K/N—8, )& 600 bp, BAMEXTBEIC 454

kDa 1 2.3 & B i

6
130 — -—
100 —
70 —
55 —

40 — —

; BBB==

25 —

180 —

15 — ' 2 ’ -
5 M#MARERIEAEGSEER SDS-PAGE 44

DL 28 SR e 24 10 A, SR I PR AL A i
ik ispA MR RRMEE LS, 144~ T6.

24 ANRFREBABHAEILEZERKNHGE
5

PNV )5 R IR EUA pLB1s-hSQS #
Al R WA MR B E R GY03, 153
A R AR SQOL. I I bk F] LU Kt &
W&, 75 24 h ARG S A LIk 3
(5.0£0.8) mglg, KM & iAE] (49.948) mg/L
(ENB

VI O ( J i

<« a/s/tSQS 39.5 kDa
<= hSQS 37.4 kDa

Fig. 5 SDS-PAGE analysis of squalene synthase from four different sources. 1-5: the supernatants of GY03, SQO09,
SQ11, SQ02 and SQ10; 6: marker; 7-11: the precipitates of SQ10, SQ02, SQ11, SQ09 and GYO03 in turn.
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Fig. 6 The ispA promoter replacement at the original site of the genome. (A) nucleic acid electrophoresis of targeted
fragment, 1-2: p119-ispA targeted fragment. (B) nucleic acid electrophoresis of positive monoclonal identification, 1-4:

T6. 5: negative control.
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Fig. 7 Specific squalene production ability (A) and titer of squalene in fermentation broth (B). GY03: terpenoids
producing chassis; SQO01: the control strain harboring hSQS; SQO02: ispA overexpressing strain harboring hSQS.

ISpA JZI%JeHEMERR 5 (Famesyl diphosphate
synthase) , tH/2 =SS -G B DG S AN B il
KIGFFRAR L ispA FERFTHRAS AL RS FE R
(Farnesyl diphosphate, FPP) {XAETH /& H B & il
Q8 LK. A T it —4E FPP HIHERL,
IR IR FPP, 4 ispA Jash Pk 119
JAshT, 132IERE T6; K pLB1s-hSQS #2A T6, 1531
BTk SQO2. 7E 24 h N, SQO2 My ffe ks T LIk
#| (12.8+0.9) mglg, KRS FikF (127+9) my/L.

25 BERKREAEHKECHENALEE
W 2.1, 2.2 F1 2.4 ik P LRI ERIR T
J5ik%AEY) A. marina, T. elongatus 1 S. lividus FfA %

&: 010-64807509

WA BRI A TG T T6, S 2B Al
TR HIRR SQ09. SQ10 1 SQ11, it ZYM iESHI
2 2 A AR I H A e M i, SR R IURIE T
A. marina RGO IS, 16 24 h NI
ICREFR B (1.6205) mgly, KB &8N (158
0.7) mg/L, JCii AR RIESK . SRIET S. lividus (1)
IS RSO 5 FAY , 76 24 h NI BEFLER
(12.0+1.9) mglg, AWK HM (121.8£19.5) mg/L.
HKIETF T. elongatus 1 & A RESCR AT, 7524 h
N I N RE AR 2 (16.541.4) molg, KBEW & &N
(167.1+14.3) mg/L, AHLLT AWRRY TARERKE, AT
PRIt 31% (& 8-9).
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Fig. 8 Specific squalene production ability (A) and titer of squalene in fermentation broth (B). Strains SQ02, SQ09,
SQ10, and SQ11 were constructed based on strain T6, harboring squalene synthase from human, A. marina, T. elongates

and S. lividus, respectively.

o o

(=1

—_— ) W =
< (=l

S o o 2o <
rEERR

(S P SQ01
12.5 13.0 13.5 140 145
Retention time (min)

Absorbance (mV 196 nm)

9 SQO01. SQ02. SQ09. SQ10. SQ11 H#kHI S
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Fig. 9 High performance liquid chromatogram of
strains SQ01, SQ02, SQ09, SQ10 and SQ11.

3 Wit

KIGFFE A& BAERKENE . Bk, 5
PRARE SRS A, HLAT LATE R I (8] 34T HE R 08747
FITs A, Uk S L DR o e ik RGP0
KIAHFT BAS Y SR f1 806G T, ASREA MU &0
PrlL, Xt T e s i A& ok, e — A 1
s ik, UK B BT ZEXT R, diife
S WS AN N G G FT, HEBRBFTE X 2 A
SR T, o AR E B RIS
A MVA &fe, FRRDKFHRETRSRIL, IR
A IR RO IR EL R, KRR TR

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

AL G P LR, 15 B OB 3 i e I 5 B
A LA B A5 A IS U e A I RE T
Ry e A A I T AR AR R AT Y A1

ARG s IR AE ) & B R, K
HRIL R B I A T L R g 2P E N, TR
W5 0 A e I B A X B S5 ), iEAT T &
SR 0N T IR U WL U5 9 A b S iR X e 2=
FERR Y VAT WA R B, 0 1 LA K AUSR 35
SEmbA R G L B, X IRUAZ K R ) R 0 T
YT T RGEVE R, & Bk S il I HE Ak 1Y) 56 2R
Rl 6 K3z (Bl 2).

W rORE . PRSI IR 0 e A
iy, WAV T — MBS G BRR R,
AR R A AR e B T IspA (3R 6,
TR AT N = RIS AT AR, AT X
Fr1 e I A T 1 97 326 45 1P

P SCHR A E T, S U PR ERIE I A B AR
AEFRA RS NS Hik, RAOTMIZ D L
T RIET T. elongatus I IR @ H IR A=)
W f e A, B RS . k. R
PRI, 7E b AR 1 I 28 TR A v 7 1B 3] —
B NEER SR A S el a i, S5IFEE,
AT T 3 B T — N RORE T N N &
Bt , (AR R 2 M T T R R T T2y 31%.,
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i 1L B ) Bl R S AR B AR, AT A
i LR R I AR e R B L TR R R R
T 3.31% (T.elongatus) #1 2.4 £% (S. lividus), Aff
BIGTEIRZAY T S IEA AT T IR IR LAl
AR, FIHAYE R X4 meEke
HRAS— 7 R 4% . Ghimire 2P i b B h S
AFEFE hopA. hopB F1 hopD =LA, 155
4.1 mo/L WSl s FEMCIERR b USRI A E it
ik MEP 2 iy PR 1-J5 4 -D- A i -5-
MR (1-deoxy-D-xylulose-5-phosphate synthase,
DXS) M5 % Jf Bk — B MR 5+ # §  (Isopentenyl
pyrophosphate isomerase, 1DI), K% i)=&
PR F) 118 mg/L. S, KR 5Pt
ik MEP @AeHh YR EEE IDI Al DXS, R)5S
AN &AM, J5IX & & T
IR, BT Rl 73.88 mg/L. Xu %125 14 45
5 NADPH/NADP" UM, &5 — gkt
SREHL, BHMP ERZRERACH RS, RE AN
fEIma . w2, WENRGFTE TR EkRA
AR IE RN 52.1 mg/L. ASWEGR TR TRE BB,
f g i 167.1 mg/L, B HA—E B
Tl A W Ty o Ja%E, AT LA b A e s AR
TN E N Ol SRR & N d It
MO ALPA%E 5 2, R BRI T RE AN LR 7 A1) 0

B RE Sk — R T, RN AT L T AR A P M et
B 7K .
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