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The effect of the structure of lipopolysaccharide on the
permeability of Escherichia coli cell membranes

MA Peng HU Xiao-Qing CHEN Jiu-Zhou WANG Xiao-Yuan
(State Key Laboratory of Food Science and Technology, Jiangnan University, Wuxi, Jiangsu 214122, China)

Abstract: Lipopolysaccharide is the main component of outer membranes, which serve as a permeability
barrier. In this study, we investigated the role of the structure of lipopolysaccharide on the permeability of
bacterial cell membranes. Nine Escherichia coli strains which make different structures of LPS were se-
lected or constructed. Lipopolysaccharide and lipid A were extracted from these strains, and their struc-
tures were analyzed by using thin-layer chromatography and electrospray ionization mass spectrometry.
The membrane permeability of these strains was analyzed by using N-phenyl-1-naphthylamine fluorescent
probe. Wild type E. coli showed the least permeability, while mutants in which LPS structures were
changed by the deletion or expression of related genes showed higher permeability. The number of
phosphate groups and the acyl chains, and the length of the polysaccharide of lipopolysaccharide all
affect the permeability of E. coli. The chain length of the polysaccharide has the largest effect on the
permeability, followed by the number of the acyl chains. The results indicate that the cellular membrane
permeability is related to the structure of lipopolysaccharide.
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1 Introduction

Outer membranes of gram-negative bacteria
serve as a permeability barrier!' 3, it retards the
entry of substrate into the cell and prevents the
product from being released. Reducing this barrier
would accelerate the efficiency of whole-cell cata-
lyzed reactions and the production yield of indus-
trial microorganism®®. Several methods to improve
the membrane permeability have been reported, in-
cluding the physical and chemical treatments, and
structure modification on membrane proteins by
genetic engineering” %. Lipopolysaccharide (LPS),
as the major component of outer membrane in most
gram-negative bacteria, should be a key contributor
to the permeability of outer membranes. LPS con-
sists of three moieties: the hydrophobic lipid A, the
core region and the O-antigen repeats[lfz]. The core
oligosaccharide and the phosphate group of LPS are
negatively charged, resulting in a strong affinity for
divalent cations”). The hydrophilic polysaccharide
component is responsible for the exclusion of hy-
drophobic molecules and the hydrophobic lipid A of
LPS limits the entry of hydrophilic compounds™.
Mutations on genes /pxA, [pxD, IpxC, IpxM and IpxL
involved on the lipid A of LPS biosynthesis changed
the antibiotic resistance of bacterial cells™, sug-
gesting that the permeability of cell membranes is
related to the structure of lipid A of LPS. However,
the detailed relationship between the structures of
lipid A and the permeability of membranes is not
clear.

In this study, the effect of LPS on the perme-
ability of outer membranes of Escherichia coli was
investigated by using nine E. coli strains that make
different structures of LPS. The outer membranes of
wild type E. coli showed the least permeability,
while mutants showed higher permeability. The

number of phosphate groups and the fatty acid

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

chains in the lipid A of LPS, and the length of the
polysaccharide of LPS all affected the permeability
of the outer membranes. Considering E. coli as a
model strain for gene engineering and industrial
fermentation, our results would be useful for redes-
igning the membrane structure of E. coli and other
Gram-negative bacteria to improve their permeabil-

ity and increase the yield of products.

2 Materials and methods

2.1 Materials

Glass-backed silica gel 60 thin-layer chroma-
tography (TLC) plates were purchased from Jiangyou
Silica Development Company (Yantai, China). Chlo-
roform, ammonium acetate, ethanol sodium acetate,
methanol, ammonia solution and sodium chloride
were obtained from Sinopharm Chemical Reagent
Company. Luria broth, yeast extract and tryptone
were from Oxoid. Kanamycin, ampicillin, tetracy-
cline, chloramphenicol, N-phenyl-1-naphthylamine
(NPN), restrictions enzymes, calf intestine alkaline
phosphatase (CIAP), T4 DNA ligase,
pyl-B-D-thiogalactopyranoside (IPTG) were pur-

isopro-

chased from Sangon (Shanghai, China). Plasmid
DNA was prepared by using the Plasmid Minipreps
Purification System B (BioDev-Tech, Beijing,
China). DNA was separated on agarose gels and
purified with the EZ-10 Spin Column DNA Gel Ex-
traction Kit (Bio Basic Inc., Markham, Canada).
DNA synthesis and sequencing were performed by

Sangon (Shanghai, China).
2.2 Strains, plasmids and growth conditions

All bacterial strains and plasmids used are
listed in Table 1. E. coli grew at 37 °C in Luria-
Bertani medium supplemented with the appropriate
antibiotics (100 mg/L ampicillin, 12.5 mg/L tetra-

cycline or 25 mg/L chloramphenicol).
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Table 1 Bacterial strains and plasmids used in this study

*z1

32 AR 5 FA B4 T AR 0 Bk

Strains and plasmids Description Source/Reference
TR AR A BUAE EjiiBe> HKUR/Z75 SCHR
Strains [ ik

E. coli W3110 Wild type E. coli, F ', A~ E. coli Genetic Stock Center
WBB06 W3110 mutant with a deletion of waaC and waaF genes [9]

MLK1067 W3110 mutant with a deletion of [pxM [10]

MKV15b W3110 mutant with a deletion of IpxL, [pxM and IpxP genes [11]

W3110/pWSK29 W3110 transformed by pWSK29 [12]

W3110/pWSK29-LpxE

W3110/pWSK29-LpxF

W3110/pWSK29-PagL

W3110/pWSK29-PagP
Plasmids JFikr

pWSK29 Low copy vector, Amp"

pWSK29-LpxE pWSK29 harboring /pxE
pWSK29-LpxF pWSK29 harboring IpxF
pWSK29-PagL pWSK29 harboring pagL
pWSK29-PagP pWSK29 harboring pagP

W3110 transformed by pWSK29-LpxE
W3110 transformed by pWSK29-LpxF
W3110 transformed by pWSK29-PagL
W3110 transformed by pWSK29-PagP

[13]
[14]
This work
This work

[15]
[13]
[14]
This work
This work

LB medium supplemented with appropriate an-
tibiotics (as described below) was used in all culti-
vations. The medium for plasmid-carrying strains
was supplemented with appropriate antibiotics. For
cell growth study, 50 mL of medium in a 250 mL
flask was inoculated with an overnight culture (2%
inoculum). The flasks were shaken in a rotary
shaker at 200 r/min at 37 °C. Samples were taken
from each culture every two hours to monitor the
growth pattern by measuring optical density at
600 nm with a UV/vis spectrophotometer (UV-1800,
Shimadzu). For cell growth study with induction,
the same medium as described above was used and
initial cultivation was carried out at 37 °C until
ODgo reached 0.5-0.7, when IPTG was added to a

final concentration of 1 mmol/L.

2.3 Construction of plasmids pWSK29-PagL and
pWSK29-PagP

The gene pagl was amplified by PCR, using
the genomic DNA of Salmonella typhimurium as the
template. The forward primer was 5-GCTCTAGA

GGTGGAGTGTATATGAAGAG-3'
Xba 1 restriction site (underlined) was designed. The
reverse primer was 5'-CGGGATCCCTCGCTAATT
GTTATTCAAC-3" in which a BamH 1 restriction
site (underlined) was designed. The PCR product
was digested with Xba 1 and BamH 1 and ligated
into the vector pWSK29 that had been similarly di-
gested and treated with CIAP. The ligation mixture

in which an

was transformed into E. coli W3110, and the positive
designated W3110/pWSK29-PagL,

were selected on LB plates containing 100 mg/L

transformants,

ampicillin.

The strain W3110/pWSK29-PagP was con-
structed in a similar way. The gene pagP was PCR
amplified from the genomic DNA of E. coli W3110.
The forward primer was 5-CGGAATTCAAGG
AGATATAAATGAACGTGAGTAAATATGT-3' in
which an EcoR T restriction site (underlined) was
designed, and the reverse primer was 5-CCGCT
CGAGTCAAAACTGAAAGCGCATCC-3' in which
an Xho I restriction site (underlined) was designed.
The PCR product was then digested using EcoR 1
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and Xho 1 and ligated into the vector pWSK29 that
had been similarly digested and treated with CIAP.
The ligation mixture was transformed into E. coli
W3110 and ampicillin-resistant transformants, des-
ignated W3110/pWSK29-PagP, were selected on LB
plates.

2.4 Extraction of lipid A and Kdo,-lipid A

Lipid A and Kdo,-lipid A were extracted ac-
cording to the published method!'®. Briefly, the
overnight culture was inoculated in 200 mL fresh
LB broth with an initial ODgyy of 0.02, and grew
until ODgg9 of 1.2. The cells were harvested and
washed twice with phosphate-buffered saline. The
cell pellet was re-suspended in 76 mL of a sin-

[17], incubated at room

gle-phase Bligh-Dyer mixture
temperature for 60 min, and centrifuged at 2 000xg
for 10 min. Kdo,-lipid A in WBBO06 could be col-
lected from the supernatant, while LPS for other E.
coli strains should be in the pellets. The pellets were
re-suspended in 27 mL of 12.5 mmol/L sodium ace-
tate (pH 4.5), heated at 100 °C for 30 min, followed
by sonic irradiation in a bath apparatus'®. After
being cooled to room temperature, the suspension
was converted into a two-phase Bligh-Dyer system
by addition of 30 mL of chloroform and 30 mL of
methanol. After mixed thoroughly and centrifuged,
the lower phases containing lipid A were pooled and
dried under a stream of nitrogen.

2.5 Electrospray ionization mass spectrometry
(ESI/MS) analysis of lipid A

All mass spectra were acquired on a Waters
SYNAPT Q-TOF mass spectrometer equipped with
an ESI source. Lipid A samples were dissolved in
chloroform and methanol (4:1, V/V) and subjected to
ESI/MS in the negative ion mode. Data acquisition
and analysis were performed using MassLynx V4.1
software.

2.6 NPN assay for cell membrane permeability

Membrane permeability of E. coli was deter-

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

mined by the NPN assay!'”. E. coli cultures were
harvested by centrifugation at 8 000 xg for 10 min,
washed and resuspended in 10 mmol/L phosphate
buffer (pH 7.4). The final cell suspension was ad-
justed to ODgoo of 0.5. NPN was added to a final
concentration of 40 pmol/L into quartz cuvettes
containing 2 mL of cell suspension, followed by
immediate inversion of the cuvettes to mix up. The
fluorescence was recorded by a 650-60 fluorescence
spectrophotometer (Hitachi, Tokyo, Japan). The slit
width was set at 5 mm. The excitation wavelength
and emission wavelength were set at 350 nm and
420 nm, respectively. An increase in fluorescence
due to partitioning of NPN into the outer membrane
was recorded immediately as a function of time until

there was no further increase.

3 Results and Discussion

3.1 Structure analysis of LPS extracted from
nine different E. coli strains

To study the effect of LPS structure on the
membrane permeability of E. coli, strains of E. coli
which make different structures of LPS were se-
lected or constructed. The involved genes are listed
in Table 2, and their function sites on the structure
of LPS are represented in Fig. 1.

Wild type strain W3110 and W3110/pWSK29
makes LPS consisting of lipid A and core polysac-
charide (Fig. 1). Mutant strain WBBO06 makes
Kdo,-lipid A because the genes waaC and waaF
W3110/pWSK29-LpxE and

W3110/pWSK29-LpxF produce lipid A lacking the
13]

were inactivated'’),
1-phosphate!'™ or the 4’-phosphate!' ¥, respectively.
MLK1067 produces LPS containing a penta-acylated
lipid A due to the inactivation of gene lpo{lO].
MKV15b produces tetra-acylated lipid A because
three genes IpxL, I[pxM and IpxP which encode en-
zymes adding the secondary fatty acid chains to the

11,22-23

lipid A were inactivated! I In addition, we
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Table 2 The enzymes and genes related to LPS modifications

x2 EIFESEEHHIBINER

Enzymes Genes Function
i S i
WaaC waaC WaaC catalyzes the addition of the first 1-glycero-D-manno-heptose (heptose) molecule to
one 3-deoxy-D-manno-oct-2-ulosonic acid (Kdo) residue of the Kdo-lipid A molecule!*”!
WaaF waaF WaaF adds Hep II to Hep I to complete inner-core backbone!®"
LpxL IpxL LpxL adds a secondary lauroyl residue to the fatty acid chain at 2'-position of lipid A**!
LpxM IpxM LpxM adds a secondary myristoyl residue to the fatty acid chain at 3'-position of lipid A*
LpxP IpxP LpxP adds palmitoleate residue to the fatty acid chain at 2-position of lipid A
LpxE IpxE LpxE removes the phosphate group from the 1-position of lipid A!?!
LpxF IpxF LpxF removes the phosphate group from the 4'-position of lipid A%
PagL pagL PagL removes the 3-O-linked acyl chain of lipid A**!
PagP pagP PagP transfers a palmitate from glycerophospholipids to the 2-position of of lipid A
WaaC WaaF L8
Lnx Kdo, — Polysaccharides L6 r
O 1.4 +
i
HO—Il’-O 1.2 +
HO o s 10 |
(0) Q
! © 081 —=— W3110
0 ot 0.6 —o— WBB06
0 0 Il P-OH 04 —a— MLK1067
o) LpxE|OH
HO HO —V— MKV15b
"
: 0.0 1 1 1 I
0 5 10 15 20 25
1 (h)
1.8 r
1.6
14 r
1.2 r
g 10
) ) , S os | —m— W3110/pWSK29
Fig. 1 Structure of LPS of wild type E. coli W3110 os | 0— W3110/pWSK29-LpxE
1 BHERXBFEHFE W3110 52 HERIZEHE 0'4 —aA— W3110/pWSK29-LpxF
Note: The detailed structure of lipid A is given, and the function 0'2 v— W3110/pWSK29-PagL
sites for enzymes mentioned in the text are labeled. ’ W3T10/pWSK29-PagP
0.0 L L L L )
0 5 10 15 20 25

constructed strains of W3110/pWSK29-Pagl. and
W3110/pWSK29-PagP.  The
penta-acylated lipid A, while the latter produces a
hepta-acylated lipid A of LPS.

The growth curves of all E. coli strains used

former  produces

in this study are shown in Fig. 2. All strains grew
well, although there are differences. The best
growth is the wild type; and the worst is

W3110/pWSK29-LpxF.

t(h)

Fig. 2 Growth curves of nine different E. coli strains

B2 9fKBBITFENERMLZE

The major differences of LPS structure of the
above nine E. coli strains were focused on the
Kdos-lipid A moiety. The lipid A or Kdo,-lipid A
were extracted from the above strains and their
confirmed by ESI/MS (Fig.

structures were

© HERFERMEDHARFATIKSGwELS http://journals. im. ac. cn
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3O ILBTA2] The peak at m/z 1 797.3 was de-
rived from the wild type hexa-acylated lipid A. For
W3110, W3110/pWSK29, W3110/pWSK29-LpxE
and W3110/pWSK29-PagP, the peak at m/z 1 717.3
could be derived from the wild type hexa-acylated
lipid A by the loss of the 1-phosphate. Other labeled
peaks corresponded to the major lipid A of the
strains. Compared with the spectrum of lipid A from
W3110/pWSK29 (Fig. 3), a major peak at m/z 1
490.1 was shown in the spectrum of lipid A from
W3110/pWSK29-PagL, it could be the molecular

m/z 1 717.3 could be derived from the wild type
hexa-acylated lipid A by the loss of the 1-phosphate
during hydrolysis!'®, suggesting that there were
some lipid A not hydrolyzed by PagL in the cell. In
the spectrum of lipid A from W3110/pWSK29-PagP,
the minor peak at m/z 1 955.4 could be the PagP
product, the hepta-acylated lipid A, while the major
peak at m/z 1 717.3 could be from the wild type
hexa-acylated lipid A by the loss of the 1-phosphate.
This suggests that the function of PagP is somehow
inhibited in E. coli, consistent with the previous

ion of a penta-acylated lipid A. The minor peak at publication!®”".
100
0 ..........................'...............I..........l.....................................m...,rrrrm/z
1300 1400 1500 1600 1700 1800 1900 2000 2100 2200
100
17973 WBB06 22376
0 mlz
1300 1400 1500 1600 1700 1800 1900 2000 2100 2200
100 1506.3
MLK 1067
0 mlz
1300 1400 1500 1600 1700 1800 1900 2000 2100 2200
100
13241 MKV15b
— 0 mlz
£ 1300 1400 1500 1600 1700 1800 1900 2000 2100 2200
2z 100
Z 17173 17973 W3110/pWSK29
[}
= 0 mlz
2 1300 1400 1500 1600 1700 1800 1900 2000 2100 2200
= 100
2 17173 W3110/pWSK29-LpxE
0 mlz
1300 1400 1500 1600 1700 1800 1900 2000 2100 2200
100 17173
W3110/pWSK29-LpxF
1797.3 SHOPWS X
0 m/z
1300 1400 1500 1600 1700 1800 1900 2000 2100 2200
100
1490.1 W3110/pWSK29-PagL
0 mlz
1300 1400 1500 1600 1700 1800 1900 2000 2100 2200
100 .
17173 W3110/pWSK29-PagP
17973 1955.4
0 m/z
1300 1400 1500 1600 1700 1800 1900 2000 2100 2200
Mass/Charge

Fig. 3 ESI/MS analysis of lipid A extracted from nine E. coli strains
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Fig. 4 The effect of NPN concentration on the fluorescence
absorption of E. coli

4 AREIKE NPN X XG4T B 5% A IR Y E B #20m

Note: Using the strain MLK 1067 as an example.

3.2 The effect of the structure of lipid A on the

cell membrane permeability

To study the effect of the structure of LPS on
the membrane permeability of E. coli, nine strains
which could make different structures of LPS were
investigated by using the hydrophobic NPN as a
probe!'). First, the concentration of NPN added into
the assay was optimized. Different concentrations of
30, 40, 50, 60 pmol/L NPN were tested, and the op-
timum concentration was 40 umol/L. Fig. 4 showed
the dependence of permeability on the concentration
of NPN, using E. coli mutant MLK1067 as an ex-
ample.

The E. coli mutant WBB06 makes Kdo,-lipid
A, the shortest version of LPS. The membrane per-
meability of WBBO06 was about 5 times larger than
that of the wild-type strain W3110 (Fig. 5), sug-
gesting that length of polysaccharide in LPS plays
an important role in the permeability barrier of E.
coli. Decreasing the length of polysaccharide in LPS
not only increases the accessibility of the outer
membrane, but also changes the phase behavior!*®
and fluidity of lipid AP,

5t 4.69
] 4.15

8 4 B
3
]
g 3
= 196 223
é 1.00 1.08

| m ’—l—‘

0

1 2 3 4 5 6 7 8 9

Samples

Fig. 5 Relative fluorescence of nine different E. coli strains
after uptaking NPN

5 9MAMBITEL NPN B2 FHR K RUE

Note: 1: W3110; 2: WBBO06; 3: MLKI1067; 4: MKVI15b; 5:
W3110/pWSK29; 6: W3110/pWSK29-LpxE; 7: W3110/pWSK29-
LpxF; 8: W3110/pWSK29-PagL; 9: W3110/pWSK29-PagP.

Based on the NPN assay, E. coli mutants
MLK1067 and W3110/pWSK29-Pagl. had larger
wild type W3110 and
W3110/pWSK29, indicating that the number of fatty
acid chains in LPS plays a role on the permeability

permeability  than

of cell membranes. This is further supported by the
NPN assay on MKV15b. MKV15b produced tetra-
acylated lipid A, and its permeability is larger that
that of MLK1067 and W3110/pWSK29-PagL. The
latter two mutant strains produced penta-acylated
lipid A. The permeability of W3110/pWSK29-PagP
is also larger than that of W3110/pWSK29, even
though most of the lipid A in W3110/pWSK29-PagP
were not modified (Fig. 3). Put together, any
changes on the number and positions of fatty acid
chains on lipid A of LPS could increase the perme-
ability of E. coli cells, possibly by enhancing the
fluidity of membranes®®!.

There are two phosphate groups in the structure
of lipid A, 1-phosphate and 4'-phosphate (Fig. 1).
Their effect on the permeability of E. coli were ex-
amined by using mutant strains of W3110/
pWSK29-LpxE and W3110/pWSK29-LpxF. LpxE

and LpxF are enzymes found in Francisella no-

http://journals.im.ac.cn/wswxtbcn
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vicida which selectively remove the 1-phosphate
and 4'-phosphate, respectively!'* '¥. The permeabil-
ity of both mutant cells was slightly higher than that
of W3110/pWSK29 as shown in Fig. 4. The phos-
phate groups of LPS might bind divalent cations to
protect the integrality of cell membrane. The per-
meability of W3110/pWSK29-LpxF is larger than
that of W3110/pWSK29-LpxE, the
4'-phosphate group of lipid A is more critical than

suggesting

the 1-phosphate for the integrality of outer mem-

brane.

4 Conclusions

In this study, the effect of LPS structure on the
permeability of outer membranes of E. coli has been
systematically studied. Nine E. coli strains which
make different structures of LPS were selected or
constructed, and their outer membrane permeability
analyzed. The outer membranes of wild type E. coli
showed the least permeability, while mutants of E.
coli in which LPS structures were changed by the
mutation of genes involved in LPS biosynthesis
pathway showed higher permeability, suggesting
that E. coli has evolved the perfect LPS structure as
the permeability barrier. The number of phosphate
groups and the fatty acid chains in the lipid A of
LPS, and the length of the polysaccharide of LPS
all affect the permeability of the outer membranes
of E. coli. The chain length of the polysaccharide of
LPS has the largest effect on the permeability, fol-
lowed by the number of the fatty acid chains of
LPS. These results would be useful for designing
the membrane structure of industrial microorganism
to improve their permeability and increase the yield

of products.

REFERENCES

[1] Nikaido H, Vaara M. Molecular basis of bacterial outer
membrane permeability[J]. Microbiol Rev, 1985, 49(1):
1-32.

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

(2]

(3]

(4]

(5]

(6]

(8]

(9]

[10]

(1]

[12]

[13]

[14]

[15]

Delcour AH. Outer membrane permeability and antibiotic
resistance[J]. Biochim Biophys Acta, 2009, 1794(5):
808—-816.

Ni Y, Chen RR. Accelerating whole-cell biocatalysis by
reducing outer membrane
Biotechnol Bioeng, 2004, 87(6): 804—811.

Chen RR. Permeability issues in whole-cell bioprocesses

permeability  barrier[J].

and cellular membrane engineering[J]. Appl Microbiol
Biotechnol, 2007, 74(4): 730—738.

Ni Y, Reye J, Chen RR. Ipp deletion as a permeabilization
method[J]. Biotechnol Bioeng, 2007, 97(6): 1347—-1356.
Ni Y, Chen RR. Lipoprotein mutation accelerates substrate
permeability-limited  toluene dioxygenase-catalyzed
reaction[J]. Biotechnol Prog, 2005, 21(3): 799—-805.
Steeghs L, de Cock H, Evers E, et al. Outer membrane

composition of a lipopolysaccharide-deficient Neisseria

meningitidis mutant[J]. EMBO J, 2001, 20(24):
6937-6945.

Vaara M. Antibiotic-supersusceptible mutants  of
Escherichia  coli ~and ~ Salmonella  typhimurium[J].

Antimicrob Agents Chemother, 1993, 37(11): 2255-2260.
Brabetz W, Muller-Loennies S, Holst O, et al. Deletion of
the heptosyltransferase genes rfaC and rfaF in Escherichia
coli K-12 results in an Re-type lipopolysaccharide with a
high degree of 2-aminoethanol phosphate substitution[J].
Eur J Biochem, 1997, 247(2): 716—724.

Karow M, Georgopoulos C. Isolation and characterization
of the Escherichia coli msbB gene, a multicopy suppressor
of null mutations in the high-temperature requirement
gene htrB[J]. J Bacteriol, 1992, 174(3): 702-710.
Vorachek-Warren MK, Ramirez S, Cotter RJ, et al. A triple
mutant of Escherichia coli lacking secondary acyl chains
on lipid A[J]. J Biol Chem, 2002, 277(16): 14194-14205.
Barb AW, Jiang L, Raetz CRH, et al. Structure of the
deacetylase LpxC bound to the antibiotic CHIR-090:
Time-dependent
binding[J]. Proc Natl Acad Sci USA, 2007, 104(47):
18433—-18438.

Wang XY, Karbarz MJ, McGrath SC, et al. MsbA
transporter-dependent lipid A 1-dephosphorylation on the

inhibition and specificity in ligand

periplasmic surface of the inner membrane: topography of
Francisella novicida LpxE expressed in Escherichia
coli[J]. J Biol Chem, 2004, 279(47): 49470—49478.

Wang XY, McGrath SC, Cotter RJ, et al. Expression
cloning and periplasmic orientation of the Francisella
novicida lipid A 4'-phosphatase LpxF[J]. J Biol Chem,
2006, 281(14): 9321-9330.

Wang RF, Kushner
low-copy-number vectors for cloning, sequencing and

SR. Construction of versatile

© FERZFRMEMARTATIKSHIEST http://journals. im. ac. en



MA Peng et al. The effect of the structure of lipopolysaccharide on the permeability of Escherichia coli cell membranes

1315

[16]

[17]

[18]

[19]

[20]

[21]

[22]

(23]

gene expression in Escherichia coli[J]. Gene, 1991, 100:
195-199.

Zhang C, Li YY, Tao GJ, et al. Structural characterization
of lipid A
sakazakii[J]. Eur J Mass Spectrom (Chichester, Eng),
2010, 16(4): 531-538.

Bligh EG, Dyer WJ. A rapid method of total lipid
extraction and purification[J]. Can J Biochem Physiol,
1959, 37(8): 911-917.

Zhou ZM, Lin SH, Cotter RJ, et al. Lipid A modifications
characteristic of Salmonella typhimurium are induced by
NH4VOs3 K12.
4-amino-4-deoxy-L-arabinose, phosphoethanolamine and
palmitate[J]. J Biol Chem, 1999, 274(26): 18503—18514.
Je JY, Kim SK. Antimicrobial action of novel chitin
derivative[J]. Biochim Biophys Acta, 2006, 1760(1):
104-109.

Grizot S, Salem M, Vongsouthi V, et al. Structure of the
coli  heptosyltransferase =~ WaaC:
complexes with ADP and ADP-2-deoxy-2-fluoro
heptose[J]. J Mol Biol, 2006, 363(2): 383—394.

Wilkinson RG, Gemski P Jr, Stocker BA. Non-smooth
mutants of Salmonella typhimurium: differentiation by
mapping[J]. J Gen

in food borne pathogen Cronobacter

in Escherichia coli Detection of

Escherichia binary

phage sensitivity and genetic
Microbiol, 1972, 70(3): 527-554.
Brozek KA, Raetz CR. Biosynthesis of lipid A in
Acyl
incorporation of laurate and myristate[J]. J Biol Chem,
1990, 265(26): 15410—-15417.

Carty SM, Sreekumar KR, Raetz CRH. Effect of cold

Escherichia  coli. carrier  protein-dependent

[24]

[25]

[26]

[27]

(28]

(29]

shock on lipid A biosynthesis in Escherichia coli.
Induction at 12 °C of an acyltransferase specific for
palmitoleoyl-acyl carrier protein[J]. J Biol Chem, 1999,
274(14): 9677-9685.

Rutten L, Geurtsen J, Lambert W, et al. Crystal structure
and catalytic mechanism of the LPS 3-O-deacylase PagL
from Pseudomonas aeruginosal[J]. Proc Natl Acad Sci
USA, 2006, 103(18): 7071-7076.

Bishop RE. Structural biology of membrane-intrinsic
B-barrel of the bacterial
membrane[J]. Biochim Biophys Acta, 2008, 1778(9):
1881-1896.

Trent MS, Pabich W, Raetz CRH, et al. A
PhoP/PhoQ-induced (Pagl) that
3-O-deacylation of lipid A precursors in membranes of
Salmonella typhimurium[J]. J Biol Chem, 2001, 276(12):
9083-9092.

Hwang PM, Choy WY, Lo EI, et al. Solution structure and
dynamics of the outer membrane enzyme PagP by
NMR[J]. Proc Natl Acad Sci USA, 2002, 99(21):
13560—13565.

Brandenburg K, Koch MHJ, Seydel U. Phase diagram of
lipid A from Salmonella minnesota and Escherichia coli

enzymes: sentinels outer

lipase catalyzes

rough mutant lipopolysaccharide[J]. J Struct Biol, 1990,
105(1/3): 11-21.

Bengoechea JA, Brandenburg K, Seydel U, et al. Yersinia
pseudotuberculosis and Yersinia pestis show increased
outer membrane permeability to hydrophobic agents
with lipopolysaccharide acyl-chain
fluidity[J]. Microbiology, 1998, 144(Pt 6): 1517-1526.

which correlates

SR Y SR Y SR RY SRY R SRY R Y R R R RY Y RY RY RY R R R R R R RY Y RY Y RY SR R SRY R R R R R R R RY R RY R LY RY RY Y R LY R RY R LY R LY RY LY

et B S HE

WX PRITST-SHSNN

G AT S — B ARIE . AT G S AT, A EE ST,

FEARM AR BN RSONG x, SRS X, WA Mean ., prfE2ZTSESONG s, AT SDo bR 2 3C
NG sg, AN SE. t KERHIBESUNS 10 FISRIESCRE Fo RITEASUNE o FRABUHESUNS ro
BRSNS no BERHIPESCRE P

© FERZFRMEMARTATIKSHIEST http://journals. im. ac. en

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



