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Abstract: 1,2,4-Butanetriol (BT) is an important non-natural chemical with a variety of industrial applications. A
recombinant Escherichia coli biosynthesizing BT from D-xylose was constructed by heterologously expressing xdh and
mdIC, and knocking out competing pathway genes including xylA, xyIB, yjhE, yagH and ycdW. To optimize BT synthesis
pathway, the third catalytic step that catalyzes the decarboxylation reaction of 3-deoxy-D-glycero-pentulosonic acid was
identified as a potential bottleneck. Consequently, 2-keto acid decarboxylases from three different microorganisms were
screened, and the kivD gene from Lactococcus lactis was found to increase BT titer by 191%. The improved strain BW-025
reached a final BT titer of 2.38 g/L under optimized transformation conditions. Attempts on synthetic pathway optimization
were also made by fine-tuning the expression levels of each enzyme involved in the whole pathway based on BW-025. As a
result, an xdh overexpressed recombinant strain, BW-074 was finally generated, with 48.62% higher BT production than
that of BW-025.

Keywords: D-xylose, 1,2,4-butanetriol, Escherichia coli, 2-keto acid decarboxylase, pathway optimization
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Table 1 Plasmids and strains used in this work

Plasmids or strains

Main characteristics

Reference or source

Plasmids
pET30a
pACYC184
pKmTsSacB
pTAK117

pET30a-xdh-T1T2-adhP-miniPtac
pET30a-xdh-T1T2-adhP-Ptac
pKmTsSacB-xdh-adhP
pET30a-miniPtac-mdIC
pET30a-miniPtac-kivD
pET30a-miniPtac-aepY
pET30a-miniPtac-ipdC
pET30a-Ptac-kivD
pET30a-miniPtac-2kivD
pACYC184-Ptac-xdh-T1T2
pACYC184-miniPtac-xdh-T1T2
pACYC184-Ptac-adhP-T1T2
pACYC184-miniPtac-adhP-T1T2
pACYC184-Ptac-yjhG

pACYC184-miniPtac-yjhG

Strains
BW25113
DH5a

BW-004

BW-010
BW-011

Skeleton plasmid for cloning, Kan"
Skeleton plasmid for cloning, Cm", Tc"
Skeleton plasmid for cloning, Kan"

Used for cloning T1T2 terminator

pET30a based vector, containing xdh-T1T2-adhP-miniPtac
cassette, Kan"

pET30a based vector, containing xdh-T1T2-adhP-Ptac
cassette, Kan"

pKmTsSacB based vector, containing xylA
up-xdh-T1T2-adhP-miniPtac-xyIB down cassette, Kan"
pET30a based vector with miniPtac, carrying one copy of
codon optimized mdIC gene, Kan"

pET30a based vector with miniPtac, carrying one copy of
codon optimized kivD gene, Kan®

pET30a based vector with miniPtac, carrying one copy of
codon optimized aepY gene, Kan"

pET30a based vector with miniPtac, carrying one copy of
codon optimized ipdC gene, Kan"

pET30a based vector with Ptac, carrying one copy of codon
optimized kivD gene, Kan"

pET30a based vector with miniPtac, carrying two copies of
codon optimized kivD gene, Kan"

pACYC184 based vector, containing Ptac-xdh-T1T2
cassette, Cm', Tc"

pACYC184 based vector, containing miniPtac-xdh-T1T2
cassette, Cm', Tc"

pACYC184 based vector, containing Ptac-adhP-T1T2
cassette, Cm', Tc"

pACYC184 based vector, containing miniPtac-adhP-T1T2
cassette, Cm', Tc"

PACYC184 based vector with Ptac, carrying one copy of
codon optimized yjhG gene, Cm', Tc"

PACYC184 based vector with miniPtac, carrying one copy
of codon optimized yjhG gene, Cm', Tc"

Wild type, used as the host strain

Commercial transformation host for cloning
BW25113/AyjhH::FRT & AyagE::FRT & AycdW::FRT &
AvyiaE::FRT

BW-004/AxylAB::xdh-T1T2-adhP-miniPtac
BW-010/pET30a-miniPtac-mdIC

Lab collection
Lab collection
Lab collection

Lab collection

This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study

This study

Lab stock
TaKaRa

This study

This study
This study
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BW-025
BW-055
BW-056
BW-058
BW-059
BW-063
BW-064

BW-066

BW-067

BW-073

BW-074

BW-010/pET30a-miniPtac-kivD This study
BW-010/pET30a-Ptac-kivD This study
BW-010/pET30a-Ptac-kivD & pACYC184-miniPtac-yjhG This study
BW-010/pET30a-Ptac-kivD & pACYC184-Ptac-yjhG This study
BW-010/pET30a-miniPtac-2kivD This study
BW-010/pET30a-miniPtac-aepY This study
BW-010/pET30a-miniPtac-ipdC This study

BW-010/pET30a-Ptac-kivD &
pACYC184-miniPtac-adhP-T1T2
BW-010/pET30a-Ptac-kivD & pACYC184-Ptac-adhP-T1T2  This study
BW-010/pET30a-miniPtac-kivD &
pACYC184-miniPtac-xdh-T1T2
BW-010/pET30a-miniPtac-kivD &
pACYC184-Ptac-xdh-T1T2

This study

This study

This study

®2 AXHTHRIGIY

Table 2  Primers used in this work

Primers

. . Plasmid constructed or
Sequences (5'-3')/restriction sites® i
function

T1T2-F-BamH [
T1T2-R-Not [
adhP-F-Not [

adhP-R-miniPtac-Xho [

adhP-R-Ptac-Xho [

xylA up-F-Sal
xylA up-R
xylB down-F

xylB down-R-Xho |

Expression cassette 1-F

Expression cassette 1-R

xdh-F
xdh-R-Ahd [
Ptac-F-Ava |
miniPtac-R-xdh
Ptac-R-xdh

TTAGGATCCAAAAGGCCATCCGTCAGGATG
ATAGCGGCCGCTTGGCTGTTTTGGCGGATG
GGCGCGGCCGCTTAGTGACGGAAATCAATCACCATG PET30a-xdh-T1T2-adhp-
GGCCTCGAGTTGACAATTAATCATCGGCTCGTATAATGTGTGG miniPtac & pET30a-xdh-T1
TCACACAGGAGATATCATATGAAGGCTGCAGTTGTTACGAAG  T2-adhP-Ptac
GGCCTCGAGTTGACAATTAATCATCGGCTCGTATAATGTGTGG
AATTGTGAGCGGATAACAATTTCACACAGGAGATATCATATGA
AGGCTGCAGTTGTTACGAAG

ATCCAGCTGATTTTGTTATTATTGGCGGTTAGCG
GAGACGGGTAGATAGCAGAAGACATATTGAACTCCATAATCA  pKmTsSacB-xylAup-xdh-
GGTAATGCC T1T2-adhP-miniPtac-xylB
CGAGCCGATGATTAATTGTCAACAGCTCACGTTATCCCCTGC  down

TACGAGCTCACGTGAGTTATTCGCTGTATTCTTCC

GGCATTACCTGATTATGGAGTTCAATATGTCTTCTGCTATCTAC

CCGTCTC

GGTCAGGCAGGGGATAACGTGAGCTGTTGACAATTAATCATC

GGCTCG

CAGGAGATATCATATGTCTTCTGCTATCTACCCGTCTC
TTAGACTCTCAGTCTTGGCTGTTTTGGCGGATG pACYC184-Ptac-xdh-T1T2
GACCTCGGGCCATCATCATCATCATTCTTCTGG & pACYC184-miniPtac-xdh-
GATAGCAGAAGACATATGATATCTCCTGTGTGACCACAC TIT2
GATAGCAGAAGACATATGATATCTCCTGTGTGAAATTGTTATCC

& 010-64807509
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yjhG-F
yjhG-R-Drd [
Ptac-F-Ahd [
miniPtac-R-yjhG
Ptac-R-yjhG
kivD-F
kivD-R-Nco [
Ptac-F-SgrA |
Ptac-R-kivD
KivD-F-Nco [
KivD-R-BamH I
Ptac-adhP-Ava [

CACACAGGAGATATCATATGTCTGTTCGCAATATTTTTGCTGAC
CCCGACCCGGTCGTCTCAGTTTTTATTCATAAAATCGCGC
GGCGACTGAGAGTCCCATCATCATCATCATTCTTCTGG

CGAACAGACATATGATATCTCCTGTGTGACCACAC

CGAACAGACATATGATATCTCCTGTGTGAAATTGTTATCC
GGATAACAATTTCACACAGGAGATATCATATGTACACCGTTGG

CCATGGTTAAGATTTGTTCTGTTCAGCGAAC
TATCGCCGGTGCCATCATCATCATCATTCTTCTGG
GTGAGCGGATAACAATTTCACACAGGAGATATC
ATTCCATGGAGGAGATATCATATGTACACCGTTGG
TAAGGATCCTTAAGATTTGTTCTGTTCAGCGAAC
ATACTCGGGGAAGCAGCTCCAGCCTACACA

pACYC184-miniPtac-yjhG
& pACYC184-Ptac-yjhG

pET30a-Ptac-kivD

pET30a-miniPtac-2kivD

pACYC184-miniPtac-adhP-

T1T2 & pACYC184-Ptac-

adhP-R-Ahd | GATGACTCTCAGTCTACCGCCTTTGAGTGAGCTGATAC adhP-T1T2
? Bold fonts indicate restriction enzyme sites.
pACYC184 xdh yjhG  adhP
pET30a-xdh-T1T2-adhP- pKmTsSacB-xdh-adhP BW-004
miniPtac  xdh-T1T2 miniPtac  Ptac XylAB
pACYC184
pACYC184-miniPtac-xdh-T1T2 pACYC184- PCR
Ptac-xdh-T1T2 pACYC184-miniPtac-adhP-T1T2
pACYC184-Ptac-adhP-T1T2 1.3.3
E. coli BW25113 yjhG
miniPtac  Ptac pACYCI84  Ahd I BW-010
Drd [ pACYC184- PCR
miniPtac-yjhG ~ pACYC184-Ptac-yjhG 1.4 EFEMELEY
1.3.2 LB ( 10g/L
A Red [1°17] D- 5 g/L 10 g/L NaCl)
4 yagE yjhH yiaE 37 'C 200 r/min 1 mL
ycdW BW-004 100 mL LB (
xdh  adhP 500 mL ) 37 °C 200 r/min
10 h ( Ptac
xylA  xylB BW-010 ) (ODgpp=0.4)

http://journals.im.ac.cn/cjben
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200 mmol/L IPTG
ODgoo
20 mL
M9 [13] (

20 g/L D-
17.08 g/L
Na,HPO412H,0 3.0 g/L KH,PO, 0.5 g/L NaCl
1.0 g/L NH4Cl 1 mmol/L MgSO,7H,O 0.1 mmol/L
CaCl, 10 mmol/L NaHCO; I uL/mL

) 30 'C/33.5 C/37 C
200 r/min 72 h
3.7 g/ (NH4) (M07024)-4H,0 2.9 g/L. ZnSO4 7H,0
15.8 g/L MnCl,-4H,O 24.7 g/L H;BO; 2.5 g/L
CuSO45H,0 100 mmol/L

MOPS 2.5 g/L CaCOs; pH

50 pg/mL 10 pg/mL

1.5  BEsMK 549 B9 4E )

BT

1 mL 10 000xg
2 min 0.22 pm
Bio-Rad Aminex” HPX-87H Ion
Exclusion Column (300 mm % 7.8 mm)
5 mmol/L H,SO,4 0.5 mL/min 15°C
10 pL Agilent Technologies

1260 RID (Refractive index detector)

& 010-64807509
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mdIC
miniPtac pET30a
pET30a-miniPtac-mdIC
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1 3 Xdh

MdIC E. coli

E. coli

YjhG  AdhP  E. coli

E. coli
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1 E.coli EHHMMH D-KES K 1,24-T ZEHIRGIEEZ

Fig. 1 The BT synthetic pathway from D-xylose in the recombinant E. coli. The BT synthetic pathway (in the box)
and by-passes (outside the box). Enzymes (coding genes, source) involved: a: D-xylose dehydrogenase (xdh,
C. crescentus); b: D-xylonic acid dehydratase (yjhG and yagF, E. coli); c: benzoylformate decarboxylase (mdIC,
P. putida); d: alcohol dehydrogenase (adhP, E. coli); e: xylose isomerase (xylA, E. coli); f: xylulokinase (xylB,

E. coli); g: 2-Keto acid dehydrogenase (yiaE and ycdW, E. coli); h: 2-Keto-3-deoxy-D-xylonate aldolase (yagE and
yjhH, E. coli). The x denotes gene disruption.
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Fig. 2 The HPLC analysis of BT conversion broth. (A) Supernatant from BW-011 broth. (B) Pure BT sample.
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Table 3 2-Keto acid decarboxylase screened in this

work

2-Keto acid decarboxylase
(Enzyme, coding gene)

Source

a-Ketoisovalerate decarboxylase
(KivD, kivD)

Phosphonopyruvate
decarboxylase (AepY, aepY)
Indole-3-pyruvate decarboxylase
(IpdC, ipdC)

Lactococcus lactis

Bacteroides
fragilis
Enterobacter
cloacae

350 ¢
300 ¢
250 ¢
200 ¢

il

—_— =
S W
o O

1,2.4-butanetriol (%)

i
(=)
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BW-063

BW-064

3 RIEA[E 2-FAEZ R R EE R EHBERRY 1,2,4-T

Rl =!

—EErE

Fig. 3 Effects of different 2-keto acid decarboxylases

on BT production.
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pH ( )
100 mmol/L MOPS 0.05 g
CaCO; pH
BW-025 BT 72 h 41.57%
BW-025 72 h
BT 2.38 g/L
A
140
g 120 |
3 100 |
3 80
g
£ 60}
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3 40
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Not buffered Buffered
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B4 FTEEWEMEN BW-025 5/ 1,2,4-T =8B/
AL

Fig. 4 Comparison of BT production with different
conversion conditions. BT production of BW-025 with
different temperatures(A), initial cell densities (ODgq)
(B) and pH control (C) were evaluated.
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Fig. 5 Effects of expression levels of kivD, yihG,
adhP and xdh on BT production of BW-025,
respectively.
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BT
ODgoo 40 BT

( )
BT
20 g/L
D- 0.3 g/L BT E. coli
BW-011 BT
3- -D- -
2- BW-010
KivD
BT BW-025
pH BW-025 BT
( 335 C
ODgoo  20-40 )
BW-025 72 h BT 2.38 g/L
BW-025 BT
BT
xdh
BW-074 BT BW-025 48.62%
BT
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