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Figure 1. PE synthesis pathway in E. coli. Acetyl-CoA is catalyzed by three condensing enzymes, including FabH
(B-ketoacyl-ACP synthase III), FabB (B-ketoacyl-ACP synthase I), and FabF (B-ketoacyl-ACP synthase II). FabG
(B-ketoacyl-ACP reductase), FabA/Z (B-ketoacyl-ACP dehydratase) and Fabl (trans-2-enoyl-ACP reductase) add
two carbons with the completion of each turn of the cycle until a long chain acyl-ACP is generated. After the
desired chain length of acyl-ACP has been synthesized, it is transferred to either sn-1 or sn-2 position of
glycerol-3-phosphate(G3P) by the PIsB/PlsC system. These reactions produce phosphatidic acid (PA), which is the
universal phospholipid precursor in bacteria. CdsA (phosphatidate cytidylyl-transferase) catalyzes the conversion of
PA to the activated intermediate, CDP-diglyceride, which can then be utilized in the synthesis of either PE, PG or
CL. PssA (CDP-diacylglycerol-L-serine phosphatidy-ltransferase) condenses serine to the phosphatidyl moiety of
CDP-DAG coupled with the release of cytidine monophosphate (CMP). The final reaction in PE biosynthesis is
performed by PSD (phosphatidyl-L-serine carboxylase), which decarboxylates the serine head group, resulting in
the release of CO,.
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Figure 2. Construction schematic of recombinant
plasmid for fusion protein expression (taking

EGFP-FabB for example).
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x1. KARPEASIY
Table 1. Primers used in this study

Plasmids

Primer names

Primer sequences (5'—3")

pET28a-eGFP-FabA

pET28a-eGFP-Fabl

pET28a eGFP -FabG

pET28a-eGFP-CdsA

pET28a-eGFP-PSD

pET28a-eGFP-PssA

pET28-GFP-FabA F FabA
pET28-GFP-FabA R FabA
pET28-GFP-FabAF vec
pET28-GFP-FabA R vec
pET28-GFP-Fabl F Fabl
pET28-GFP-Fabl R Fabl
pET28-GFP-Fabl R vec
pET28-GFP-Fabl F vec
pET28-GFP-FabG F FabG
pET28-GFP-FabG R FabG
pET28-GFP-FabG R vec
pET28-GFP-FabG F vec
GFP-CdsA R vec
GFP-CdsA R CdsA
GFP-CdsA F vec
GFP-CdsA F CdsA
GFP-PsD R vec

GFP-PSD F vec

GFP-PSD R PSD
GFP-PSD F PSD
GFP-PssA R Vec
GFP-PssA F vec
GFP-PssA R PssA

GFP-PssA F PssA

GACGAGCTGTACAAGCCTAGTTGTAGTAGTCCTAGTCCTATGGTAGATA
AACGCGAATC
CAGTGGTGGTGGTGGTGGTGCTCGAGTCAGAAGGCAGACGTATCCTGG
AACAGACCGAC
CTGTTCCAGGATACGTCTGCCTTCTGACTCGAGCACCACCACCACCACC
ACTGAGATC
GGATTCGCGTTTATCTACCATAGGACTAGGACTACTACAACTAGGCTTG
TACAGCTC
CCTAGTTGTAGTAGTCCTAGTCCTATGGGTTTTCTTTCCGGTAAGCGCAT
TCTG
GTGGTGGTGGTGGTGGTGCTCGAGTTATTTCAGTTCGAGTTCGTTCATTG
CAGC
GCGCTTACCGGAAAGAAAACCCATAGGACTAGGACTACTACAACTAGG
CTTGTACAG
GAACGAACTCGAACTGAAATAACTCGAGCACCACCACCACCACCACTG
AGATCCG
CCTAGTTGTAGTAGTCCTAGTCCTATGAATTTTGAAGGAAAAATCGCAC
TGGTAACC
GTGGTGGTGGTGGTGGTGCTCGAGTCAGACCATGTACATCCCGCCGTTC
ACATG
GATTTTTCCTTCAAAATTCATAGGACTAGGACTACTACAACTAGGCTTG
TACAG
CGGCGGGATGTACATGGTCTGACTCGAGCACCACCACCACCACCACTG
AGATCCG
CAGATATCAGGCGATACTTCAGCAAAGGACTAGGACTACTACAACTAG
GCTTGTACAGC
CAGTGGTGGTGGTGGTGGTGCTCGAGTTAAAGCGTCCTGAATACCAGTA
ACAACAAGC
GTTACTGGTATTCAGGACGCTTTAACTCGAGCACCACCACCACCACCAC
TGAGATCCGG
GCCTAGTTGTAGTAGTCCTAGTCCTTTGCTGAAGTATCGCCTGATATCTG
CTTTTGTG
GCGAAAGTTTAAATGAATTTAACAAAGGACTAGGACTACTACAACTAG
GCTTGTACAGC
GTTGACGACAAAAAAGACCAGGTCTAACTCGAGCACCACCACCACCAC
CACTGAGATCC
GTGGTGGTGGTGGTGGTGCTCGAGTTAGACCTGGTCTTTTTTGTCGTCAA
CCAATGGGC
GCCTAGTTGTAGTAGTCCTAGTCCTTTGTTAAATTCATTTAAACTTTCGC
TACAGTAC
GTTTATTACGCTTAAATTTTGACAACATAGGACTAGGACTACTACAACT
AGGCTTGTAC
CGACCGATTAATTAGCCGCATCCTGTAACTCGAGCACCACCACCACCAC
CACTGAGATC
GTGGTGGTGGTGGTGGTGCTCGAGTTACAGGATGCGGCTAATTAATCGG
TCGATGCGG
GCCTAGTTGTAGTAGTCCTAGTCCTATGTTGTCAAAATTTAAGCGTAAT
AAACATCAAC
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pET28a-eGFP-PIsC GFP-PIsC F vec GAACGCGAAGCCGCCGGAAAAGTTTAACTCGAGCACCACCACCACCAC
CACTGAGATCC
GFP-PIsC R vec GTAATAATAAGACGAAAGATATATAGCATAGGACTAGGACTACTACAA
CTAGGCTTGTA
GFP-PIsC R PIsC CAGTGGTGGTGGTGGTGGTGCTCGAGTTAAACTTTTCCGGCGGCTTCGC
GTTCTGCGAC
GFP-PIsC F PIsC CCTAGTTGTAGTAGTCCTAGTCCTATGCTATATATCTTTCGTCTTATTATT
ACCGTG
pET28a-eGFP-PIsB GFP-PIsB R vec GTAAATTCGTGGCCAGCCGGACATAGGACTAGGACTACTACAACTAGG
CTTGTACAGC
GFP-PIsB F vec GAGAGTGCGACGCAGGGCGAAGGGTAACTCGAGCACCACCACCACCAC
CACTGAGATCC
GFP-PIsB R PIsB GTGGTGGTGGTGGTGGTGCTCGAGTTACCCTTCGCCCTGCGTCGCACTC
TCAATCGTC
GFP-PIsB F PlsB CTAGTTGTAGTAGTCCTAGTCCTATGTCCGGCTGGCCACGAATTTACTAC
AAATTACTG
pET28a-mCherry-MreB pET28-GFP-MreB F MreB  GCCTAGTTGTAGTAGTCCTAGTCCTATGTTGAAAAAATTTCGTGGCATG
TTTTCCAATG
pET28-GFP-MreB F Vec CGGCGACCTGTTCAGCGAAGAGTAACTCGAGCACCACCACCACCACCA
CTGAGATCCGGC
pET28-GFP-MreB R MreB  CAGTGGTGGTGGTGGTGGTGCTCGAGTTACTCTTCGCTGAACAGGTCGC
CGCCGTGC
pET28-GFP-MreB R Vec GAAAACATGCCACGAAATTTTTTCAACATAGGACTAGGACTACTACAAC
TAGGCTTGTAC
pXLO03 pLQ22-F-pET28 GAAGGCTCTCAAGGGCATCGGTCGAGATCCCGGTGCCTAATGAGTGAG
CTAAC
pLQ22-R-gfp plsB GAACAGCTCCTCGCCCTTGCTCACCATATGGCTGCCGCGCGGCACCAG
GFP- plsB-F-pLQ22 GCCTGGTGCCGCGCGGCAGCCATATGGTGAGCAAGGGCGAGGAGCTGT
TC
T7 term-R-T7 promoter GTATTAATTTCGCGGGATCGAGATCTCAAAAAACCCCTCAAGACCCGTT
TAGAGG
T7 promoter-F-pET28 CTAAACGGGTCTTGAGGGGTTTTTTGAGATCTCGATCCCGCGAAATTAA
TACG
mcherry mreB-R-pET28 CCTCCTCGCCCTTGCTCACCATATGGCTGCCGCGCGGCACCAG
pET28-F-mreB GGCGACCTGTTCAGCGAAGAGTAACTCGAGCACCACCACCACCACCAC
TGAG
pET28-R-pLQ22 CTCACTCATTAGGCACCGGGATCTCGACCGATGCCCTTGAGAGCCTTCA
ACC
1.2 ODgyp  0.6-0.8 (10 1
LB (tryptone 0.1 0.001 mol/L) IPTG 30°C 30 min
10g/L NaCl 10 g/L yeast extract 5 g/L)
(Kanamycin PlsB 0.16 pmol/L
50 mg/mL) IPTG PlsB
MG1655(DE3) 37 °C 0.0l mol/L  IPTG
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30 °C 30 min
4°C
1.3
[10]
(thin layer chromatography TLC)
Fab
1 pmol/L 10 pmol/L holo-ACP  TesA

1 mmol/L NADPH NADH
acetyl-CoA 0.5 mol/L

TECP 0.2 mmol/L
5% C'"
malonyl-CoA (American Radiolabeled Chemicals)

EGFP-FabB FabB
FabB EGFP-FabB
1.4 3D-SIM
3D-SIM DeltaVision

OMX V4 (GE Healthcare Company
Issaquah  USA) 60X/1.42 N.A.
(Olympus) FITC A568

softWoRx version 6.5.2 (GE Healthcare
Company) 2 uL

488 nm 561 nm

Adobe Photoshop CS5
1.5 Time-lapse EGFP-PIsB

PerkinElmer VOX
100%/1.49 N.A.

EGFP-PlsB

(Olympus) ImagEM-1KEMCCD (HAMAMAT
SU) Volocity 6.3 (PerkinElmer)
1.8% 5 LB
[11] 3
2 min
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Figure 3.
agar solution (1.8%; LB diluted 1:5 in water) was
added to the well of a culture slide and covered with a

The process of making agarose pad. Molten

glass slide. After cooling, the slide was removed and
two air pockets were cut out of the agar, leaving a
3-5 mm agarose bridge in the center of the well.
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Figure 4. In vitro reconstitution of fatty acid
biosynthesis to verify the activity of the fused protein
EGFP-FabB. Whether EGFP-FabB has a function
analogous to that of FabB was tested in the in vitro
reconstitution fatty acid biosynthesis system. FabB was
replaced by EGFP-FabB in the reconstitution system,
and the production of fatty acid was recorded at
different time points. The y-axis represents the relative
intensity of fatty acid on the TLC plate. And the x-axis
represents the reaction time of the in vitro

reconstitution of fatty acid biosynthesis.
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Figure 5. Localization of enzymes involved in long chain acetyl-ACP synthesis. More than five fields were
captured for microscope imaging, and there were in total more than 50 cells’ images were collected of every
microscopy sample. After repeated trials, we concluded that the long chain acetyl-ACP synthesis enzymes,
including EGFP-FabA, EGFP-FabB, EGFP-FabG, and EGFP-Fabl were localized at the poles in E. coli cells when
induced with 10 mmol/L or 0.1 mmol/L IPTG. When induced with 1 umol/L IPTG, these enzymes were distributed
throughout the cytoplasm. The fused protein mCherry-FabH distributed throughout the cell except for a circular
region in the middle of the cell when induced with 10 mmol/L IPTG, whereas it was dispersed throughout all the
cell when induced with 0.1 mmol/L IPTG or less.

10 mmol/L

0.1 mmol/L

0.001 mmol/L

PIsC

10 mmol/L

0.1 mmol/L

0.001 mmol/L
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Figure 6. Localization patterns of enzymes involved in PE synthesis. More than 50 cells’ images were obtained of
each sample. It can be concluded that EGFP-PssA accumulated in the polar and septal regions when induced with
10 mmol/L or 0.1 mmol/LL IPTG, but it was distributed in the cytoplasm when induced with 1 umol/L IPTG.
EGFP-PIsB accumulated at the poles in the presence of 10 mmol/L IPTG, and when the IPTG amount was
decreased, EGFP-PIsB gradually scattered on the entire membrane. All the other membrane enzymes were scattered

on the membrane at different expression levels.
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Figure 7. Super-resolution microscopic images of EGFP-PIsB localization and Time-lapse images of EGFP-PlsB
localization at different time points. A: Super-resolution image showed that EGFP- PlsB clustered on the entire
membrane. B: Collection of six images at different time points from time-lapse images showed that the fluorescence
signal spread around the cell at first, and then it became comparatively stronger at the septum of the cell when it divided.
And at last the septum became the poles of the new cells along with the completion of division.
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Figure 8. Proposed modes of fatty acid insertion mechanism during membrane synthesis. A: Insertion of fatty acid

occurs at the septum and new synthesized molecules are transferred along the membrane to the other region of the
cell. B: Fatty acid insertion occurs randomly around the entire membrane during cell growth and division.
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2
fabB  fabH
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Table 2.  Sub-cellular localization of the enzymes involved in lipid synthesis in E. coli at high expression level
Protein Function Localization
FabA Beta-hydroxydecanoyl-ACP-dehydratase Polar
FabB Beta-ketoacyl-ACP-synthase Polar
FabG Beta-Keto-ACP-reductase Polar
FabH Ketoacyl-ACP- synthase II1 Hollow
Fabl Enoyl-ACP-reductase Polar
PssA Phosphatidylserine synthase Polar and septal
PSD Phosphatidylserine decarboxylase Clustered
CdsA CDP-diacylglycerol synthetase Clustered
PlsB sn-Glycerol 3-phosphate acyltransferase Polar and septal
PlsC 1-Acylglycerol 3-phosphate acyltransferase Clustered
ACC Acetyl-CoA carboxylase Cytoplasm
FabD Malonyl-CoA-[acyl-carrier-protein] transacylase Cytoplasm
FabF Beta-ketoacyl-acyl carrier protein (ACP) synthase Cytoplasm

actamicro@im.ac.cn



,2017, 57(5)

779

(A)

10 pm

W=528 7Z=5

®)

10 pm

W=608 Z=1

9. EEABFRIARBHFREFNFRIEZ EGFP-FabB (A)F1 mCherry-FabH (B)i & B 7 X 4T & M 89 £ iz
Figure 9. Localizations of EGFP-FabB (A) and mCherry-FabH (B) when they were promoted by local promoters

in E. coli. Both EGFP-FabB and mCherry-FabH distributed around the whole cell when their expressions were

promoted by the local promoters in the genome of E. coli.
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Figure 10. Super-resolution images of E. coli in
which EGFP-PIsB (A) and mCherry-MreB (B) were
co-expressed. Two fluorescent colors indicated that
EGFP-PIsB and mCherry-MreB were distributed
around the membrane without obvious co-localization.
In some cells, PIsB patches followed the orbit of the
MreB focus.
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Fatty acid insertion mechanism during membrane synthesis in
Escherichia coli

Lingling Xie', Tingting Ning', Guangkai Bian', Ding Gao®", Tiangang Liu'"

'Key Laboratory of Combinatorial Biosynthesis and Drug Discovery, Ministry of Education, School of Pharmaceutical Sciences,
Wuhan University, Wuhan 430071, Hubei Province, China
> Wuhan Institute of Virology, Chinese Academy of Sciences, Wuhan 430071, Hubei Province, China

Abstract: [Objective] This study aimed to explore the mechanism of fatty acid insertion during membrane
synthesis when cells grow and divide in Escherichia coli. [Methods] In the phosphatidylethanolamine (PE)
synthesis pathway, acetyl-CoA was used as the substrate to synthesize long-chain acyl-ACP, followed by the
synthesis of PE. The ten enzymes involved were each fused with a fluorescent protein such as enhanced green
fluorescent protein (EGFP) or monmer Cherry (mCherry), and the fusion proteins were expressed in £. coli. The
localizations of the fusion proteins were detected by laser scanning confocal fluorescence microscopy. [Results]
Fluorescent microscope images showed that the proteins EGFP-FabA, EGFP-FabB, EGFP-Fabl, EGFP-FabG,
EGFP-PIsB, and EGFP-PssA accumulated in the polar and septal regions when expressed at high levels. Therefore,
the ten enzymes displayed different localization patterns at different expression levels. Time-lapse imaging showed
that EGFP-PIsB accumulated in the septum before cell division, then these regions of division became poles of the
new cells. [Conclusion] This indicates that fatty acid inserted at the septum for PE synthesis and then PE was
transported to all the other membrane regions.

Keywords: phosphatidylethanolamine (PE), membrane synthesis, fusing with fluorescent protein, PlsB, fatty acid,
MreB

(R % RBET)

Supported by the Young Talents Program of National High level Personnel of Special Support Program (The “Ten Thousand
Talent Program”)

"Corresponding author. Tiangang Liu, Tel: +86-27-68755086, E-mail: liutg@whu.edu.cn; Ding Gao, E-mail: gaoding@wh.iov.cn
Received: 9 January 2017; Revised: 21 February 2017; Published online: 1 March 2017

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



