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Abstract Bacterial lipoproteins are crucial antigens for
protective immunity against bacterial pathogens. Expression
of exogenous lipoproteins in Escherichia coli at high levels is
thought to be an extremely difficult endeavor because it
frequently results in incomplete or absent lipid modification.
Previously, we identified a fusion sequence (D1) from a
Neisseria meningitidis lipoprotein that induced a non-
lipidated protein, E3 (the domain III of the dengue virus
envelope protein), to become lipidated. However, without
optimizing the growth conditions, some of the D1-fusion
proteins were not lipidated. Here, we report the influence of
medium components on the expression of recombinant
lipoproteins in E. coli. For high-level expression of mature
lipoproteins in the C43 (DE3) strain, M9 medium was better
than M63 and the rich medium. Furthermore, we analyzed
the influence of other media factors (including nitrogen and
carbon sources, phosphate, ferrous ions, calcium, magnesium,
and pH) on the levels of lipoprotein expression. The results
showed that excess nitrogen sources and phosphate in M9
medium could increase the amount of immature lipoproteins,
and glucose was a better carbon source than glycerol for
expressing mature lipoproteins. We also found that lipoproteins
tended to be completely processed in the alkaline environment,
even in the nutrient-rich medium. Additional constructs
expressing different immunogens or lipid signal peptides as

targets were also utilized, demonstrating that these targets could
be expressed as completely mature lipoproteins in the M9
medium but not in the rich medium. Our results provide
the useful information for expressing mature exogenous
lipoproteins in E. coli.
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Introduction

Post-translational modification of membrane proteins with
lipids appears to be ubiquitous in prokaryotic cells.
Bacterial lipoproteins share the common structural feature
of a consensus sequence known as lipobox, [LVI][ASTVI]
[GAS]C, at the C region of the signal peptides (Babu et al.
2006). Once they are modified with the lipid moieties at
their N termini, they are anchored to the surface and
function as structural proteins (e.g., murein lipoprotein) or
catalytic proteins (membrane-bound enzyme or transport
proteins) (Hayashi and Wu 1990).

The biosynthesis of lipoproteins in Escherichia coli has
been proposed in detail using Braun’s lipoprotein as the
model (Braun and Rehn 1969; Sankaran and Wu 1994). The
protein is first synthesized as an unmodified prolipoprotein and
then modified by the prolipoprotein diacylglyceryl transferase
(Lgt). Lgt catalyzes the transfer of the diacylglyceryl moiety
from phosphatidylglycerol to the thiol group of the conserved
cysteine (Sankaran and Wu 1994). The lipidation signal
sequence of diacylglyceryl prolipoprotein is subsequently
cleaved at the modified cysteine by prolipoprotein signal
peptidase (LspA) (Tokunaga et al. 1982). Phospholipids-
apolipoprotein N-acyltransferase (Lnt) catalyzes the final
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modification by adding a fatty acid at the N-terminal cysteine
to form the mature lipoprotein (Jackowski and Rock
1986; Gupta et al. 1993) (Fig. 1a).

Because most of the lipoproteins are located on the
bacterial cell surface, they are readily exposed to the host’s
immune system. The cysteine-linked diacyl lipid moiety of

Fig. 1 Biosynthesis of bacterial
lipoproteins and the construct of
the recombinant lipoprotein. a
The unmodified prolipoprotein
contains an N-terminal signal
peptide possessing a character-
istic consensus sequence of the
lipobox. Prolipoprotein diacyl-
glyceryl transferase (Lgt) would
catalyze the modification of the
cysteine in the lipobox with a
diacylglyceryl group attached
through a thioether linkage.
After lipidation, prolipoprotein
signal peptidase (Lsp) cleaves
the signal peptide. The final
modification is the attachment
of an amide-linked acyl group
to the N-terminal cysteine
residue by lipoprotein N-acyl
transferase (Lnt). b Schematic
layout of the D1E3 fusion
construct. c DNA and amino
acid sequence of D1 and P3
fragments. The lipobox are
framed
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bacterial lipoprotein is recognized as a danger signal by the
immune system to induce antimicrobial activity and triggers
host defense mechanisms through Toll-like receptor stimula-
tion (Brightbill et al. 1999; Thoma-Uszynski et al. 2001;
Schenk et al. 2009). Lipoproteins are thus critical antigens
for protective immunity against bacterial diseases (Hanson
and Hansen 1991; Stoll et al. 2005; Bubeck et al. 2006;
Bastian et al. 2008; Luo et al. 2009). For example, E. coli
lipoproteins stimulate lymphocyte proliferation and immu-
noglobulin secretion (Melchers et al. 1975; Bessler et al.
1977). Mycobacterium tuberculosis lipoproteins, LpqH,
LprG, and LprA, could induce either immunosuppressive
responses and/or humoral and cellular responses via Toll-like
receptors (Pecora et al. 2006; Drage et al. 2009; Lancioni et
al. 2011). OmpL1 and LipL41, lipoproteins of Leptospira
species, provide protection against leptospirosis challenge in
the hamster model (Haake et al. 1999). Several lipoproteins
of Neisseria meningitidis also have been identified as
vaccine candidates (Pizza et al. 2000; Pajon et al. 2009;
Serruto et al. 2010; Sung et al. 2010). Furthermore, animals
immunized with the lipidated outer surface protein A (OspA)
were protected against Borrelia burgdorferi challenge, while
vaccination with non-lipidated OspA could not provide
protective immunity (Fikrig et al. 1990; Bockenstedt et al.
1993; Johnson et al. 1995; Philipp et al. 1997). Importantly,
the N-terminal fatty acid-containing region of lipoproteins
appears to be responsible for the immunogenic activity
(Bessler and Ottenbreit 1976; Lugade et al. 2011).

Application of recombinant lipoproteins as vaccine
candidates was limited by the expression level, lipid
modification, and downstream process. Different lipid
signal peptide sequences have been fused with the target
gene, but heterologous expression of recombinant lip-
oproteins in E. coli often results in incomplete or absent
modification (Hansson et al. 1995; Shang et al. 1996).
Based on a lipid signal peptide, Lpp, a plasmid, pDUMP,
was designed for recombinant lipoprotein expression
(Cullen et al. 2003). However, the efficiency of lipidation
among the three tested clones varied considerably. Recently,
we discovered that the fusion protein of D1, the N-terminal
40 residues of Ag473 (a lipoprotein from N. meningitidis),
and E3 (the domain III of the dengue virus envelope
protein) could be expressed at high levels with lipid
modification in the E. coli C43 (DE3) strain (Chen et al.
2009). The recombinant rlipo-D1E3 was able to elicit
stronger anti-E3 and virus-neutralizing antibody responses
in animal studies. However, fusion of the D1 fragment with
other proteins was not always successful. Some of the
recombinant proteins were not lipidated or were incompletely
lipidated in rich medium. Therefore, we used the recombinant
D1E3 as a model to characterize the effect of individual
medium composition on the expression of recombinant
lipoproteins. We first utilized various nutrient-rich and

nutrient-deficient media to express the recombinant D1E3
and found that M9 medium was favorable for the expression
of mature rlipo-D1E3. According to the differences between
nutrient-rich and nutrient-deficient media, we then analyzed
the influence of various media factors, including nitrogen and
carbon sources, phosphate, ferrous ions, calcium, magnesium,
and pH, on the levels of lipoprotein expression. In addition,
our results also demonstrated that M9 medium was suitable
not only for the expression of mature lipidated D1E3 but also
for other lipoproteins.

Materials and methods

Chemicals

All chemicals were from Sigma (St. Louis, MO, USA) and
Merck (Darmstadt, Germany). Yeast extract, tryptone and
casamino acids were obtained from Difco Laboratories
(Detroit, MI, USA). Enzymes for molecular cloning were
from New England Biolabs, Inc. (Beverly, MA, USA).

Bacterial strains and growth media

E. coli strain C43 (DE3) (Lucigen, Middleton, WI, USA)
was used for expressing lipoproteins. The compositions
of the media used, including Luria–Bertani (LB) broth,
Super broth (SB), Terrific broth (TB), 2xYT, M9
medium, and M63 medium are listed in Table 1. All
media were supplemented with 50 μg/ml ampicillin.
When applicable, tryptone, yeast extract, casamino acids,
or ammonium chloride were used as the nitrogen source of
M9 medium. To evaluate the effect of carbon source on the
expression of lipoprotein, various amounts of glucose or

Table 1 Media composition

LB TB 2xYT SB M9 M63

Tryptone 1% 1.2% 1.6% 3.5%

Yeast extract 0.5% 2.4% 1% 2%

NaCl 1% 0.5% 0.5% 9 mM

K2HPO4 54 mM

KH2PO4 16.2 mM 22 mM 100 mM

Na2HPO4 47.8 mM

(NH4)2SO4 15 mM

NH4Cl 19 mM

MgSO4 2 mM 1 mM

FeSO4 0.002 mM

CaCl2 0.1 mM

Glucose 0.4%

Glycerol 0.2%
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glycerol were added to M9 medium lacking a carbon source
(CM9). Five conditions were tested: CM9/0.08% glucose,

CM9/2% glucose, CM9/0.08% glycerol, CM9/0.4% glycerol,
and CM9/2% glycerol. In order to assess the suitable
conditions for lipoprotein expression, several additional
parameters were also manipulated (Table 2). Growth was
monitored spectrophotometrically by measuring the culture’s
OD600 nm periodically.

Construction and expression of recombinant lipoproteins

The D1E3-expressing plasmid was obtained before (Chen
et al. 2009). Briefly, the D1 fragment was cloned into the
pET-22b (+) vector using NdeI and BamHI sites. The E3
gene was subsequently cloned into the plasmid using
BamHI and XhoI sites to form a D1E3-expressing plasmid
(Fig. 1b). P3E3-expressing plasmid was cloned by changing
the D1 sequence to the P3 sequence (lipid signal peptide of E.
coli acriflavine-resistance protein E precursor). The amino
acid sequences of D1 and P3 fragment were shown in
Fig. 1c. D1Plyt-expressing plasmid was engineered by
replacing the E3 with a truncated pneumolysin (Plyt) sequence.
The expression plasmid was transformed into the E. coli C43

(DE3) strain. The transformed cells were grown aerobically
overnight in BD Falcon round-bottom tubes containing 5 ml
LB medium at 37 °C. Before inoculating into the M9 medium
or fresh LB medium, 100 μl of overnight culture were
harvested by centrifugation. Bacteria were then resuspended
in 5 ml fresh media and grown aerobically in the shaking
incubator (200 rev/min) at 37 °C. After the bacteria reached
late log-phase (OD600 nnm ~0.7), protein expression was
induced by addition of 1 mM isopropylthio-β-D-galactoside
(IPTG). It took 2–2.5 h for the bacteria grown in LB medium
to reach the IPTG induction point, whereas the bacteria
cultured in the M9 medium needed 5–6 h. Cultures were
allowed to incubate for additional 3 h, and 500 μl of the
cultures were centrifuged. The cells collected were resus-
pended in water to an absorbance at 600 nm equal to 10. Five
microliters of the suspension was then withdrawn and
analyzed by tricine SDS-PAGE.

Purification of recombinant lipoproteins

Recombinant lipoproteins were expressed in M9 medium as
mentioned above. After induction, 2 l of cell culture were
collected and the pellets were resuspended in 100 ml of

Table 2 The doubling time (DT) and the ratio of immature lipoprotein to mature lipoproteins (I/M ratio) in different media

Medium DT (min) I/M ratio Medium DT (min) I/M ratio

LB 31.7 1.7 CM9/2% glycerol 113.0 <0.01b

SB 30.1 2.7 PM9/35 mM phosphate 83.9 <0.001a

TB 30.3 2.6 M9 + 25 mM NaPi 90.2 0.1

2xYT 28.2 1.5 M9 + 100 mM NaPi 94.8 0.2

M9 75.5 <0.001a M9 + 25 mM KPi 99.1 0.1

M63 105.6 0.1 M9 + 100 mM KPi 91.4 0.3

M9 + 0.5% yeast extract 46.5 0.5 MgM9/0.2 mM MgSO4 94.7 <0.001a

M9 + 2% yeast extract 52.1 1.9 MgM9/20 mM MgSO4 102.6 <0.001a

M9 + 1% tryptone 47.4 1.5 CaM9/0.01 mM CaCl2 109.9 <0.001a

M9 + 4% tryptone 47.5 4.2 CaM9/1 mM CaCl2 95.4 <0.001a

M9 + 0.02% casamino acids 58.8 <0.01b M9 + 0.002 mM FeSO4 82.9 0.01

M9 + 1% casamino acids 41.5 1.0 M9 + 0.05 mM FeSO4 103.8 0.01

M9 + 4% casamino acids 76.2 3.2 pHM9 pH 5.5 100.7 0.06

M9 + 0.5% NH4Cl 93.0 <0.001a pHM9 pH 6.0 96.7 <0.001a

CM9/0.08% glucose 96.2 <0.001a pHM9 pH 8.5 104.7 <0.001a

CM9/2% glucose 98.2 <0.001a LB + MES (pH 5.5) 36.2 1.7

CM9/0.08% glycerol 104.9 <0.01b LB + HEPES (pH 7.0) 35.8 1.8

CM9/0.4% glycerol 107.5 <0.01b LB + TAPS (pH 8.5) 46.4 0.3

Values of DT and I/M ratio are shown as the mean of two independent experiments

CM9 M9 medium lacking carbon source, PM9 M9 medium lacking phosphate, MgM9 M9 medium lacking MgSO4, CaM9 M9 medium lacking
CaCl2, pHM9 M9 medium with different pH values
a The induced immature lipoproteins could not be visualized by SDS-PAGE and Coomassie blue staining and could not be detected using anti-
MKKL antibodies
b The induced immature lipoprotein was not observed by SDS-PAGE and Coomassie blue staining, but it could be detected using anti-MKKL
antibodies
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homogenization buffer (20 mM Tris–HCl, 500 mM
NaCl, 10% glycerol, 50 mM sucrose, pH 8.0). After
disruption of the cells in a French Press (Constant
Systems, Daventry, UK) at 27 kpsi, 0.5% Triton X-100
was added to the homogenate and the cell lysate was
then clarified by centrifugation (80,000×g for 60 min).
The supernatant was loaded onto the Ni-NTA resin
(Qiagen, San Diego, CA, USA). The column was first
washed with the homogenization buffer followed by the same
buffer containing 40 mM imidazole. The lipoproteins were
then eluted with the homogenization buffer containing
500 mM imidazole.

Tricine SDS-PAGE and immunoblot analysis

For SDS gel electrophoresis, cell suspensions were mixed
with an equal volume of sample buffer (63 mM Tris–HCl,
2% SDS, 5% 2-mercaptoethanol, 10% glycerol, 0.002%
bromophenol blue, pH 6.8) and were boiled for 3 min.
Proteins were separated with a Bio-Rad Mini-PROTEAN 3
system (Bio-Rad Laboratories, Hercules, CA, USA) using
16% tricine SDS-PAGE and then stained with Coomassie
Brilliant Blue R-250. For immunoblot analysis, proteins
were electrophoretically transferred to polyvinylidene
difluoride (PVDF) membrane (Millipore, Billerica, MA,
USA). The membrane was blocked with 5% nonfat milk in
Tris-buffered saline (20 mM Tris–HCl, 150 mM NaCl,
pH 7.5) containing 0.1% Tween-20 (TBST) and then
incubated at room temperature for 1 h with mouse anti-
(His)6 antibodies (Amersham Biosciences, New Territories,
HK) at a 1:15,000 dilution. After washing with TBST, the
blot was incubated at room temperature for 1 h with
horseradish peroxidase (HRP)-conjugated goat anti-mouse
IgG (1:15,000) (Bethyl Laboratories, Montgomery, TX,
USA). The blot was developed using Immobilon Western
HRP Substrate (Millipore) and was exposed to X-ray film.
For detection of the lipid signal peptide, the blot was first
incubated with the anti-MKKL polyclonal antibodies (LTK
BioLaboratories, Taoyuan, Taiwan) (1:2,500) and then reacted
with HRP-conjugated goat anti-rabbit IgG (1:5,000). The anti-
MKKL polyclonal antibodies were derived from rabbits
immunized with ovalbumin-conjugated lipid signal peptide
(MKKLLIAAMMAAALAACS).

N-terminal amino acid sequencing

Proteins expressed in E. coli were electrophoretically
transferred to a PVDF membrane after separation by 16%
tricine SDS-PAGE. The blot was stained with Coomassie
Brilliant Blue R-250 for 1 min and washed three times
with 50% methanol/1% acetic acid. The protein band
was excised from the blot and was subjected to four
cycles of Edman degradation using an Applied Biosystems

Model 494 Protein Sequencer (Mission Biotech Co. Ltd.,
Taipei, Taiwan).

Matrix-assisted laser desorption ionization time-of-flight
(MALDI-TOF) mass spectrometry

Purified lipoproteins were dialyzed against 100 mM
ammonium bicarbonate. Dialyzed samples were digested
by trypsin at a 50:1 ratio (w/w) in 300 mM ammonium
bicarbonate. The digestion was repeated three times to
make sure those proteins were fully digested. After
adding formic acid to stop the reaction, the digested
lipopeptide were purified using the ZipTip Pipette Tips
(Millipore). The non-lipidated peptide fragments could
be removed by washing the ZipTip Pipette Tips with
70% acetonitrile/0.1% trifluoroacetic acid. The lipid-
modified peptide fragments remained on the ZipTip
Pipette Tips until they were eluted using isopropanol.
The sample was mixed with an equal volume of the
saturated solution of α-cyano-4-hydroxycinnamic acid
(CHCA) (Sigma) in 70% acetonitrile/0.1% trifluoroacetic
acid. The mixture was deposited on the target plate for
MALDI-TOF (Waters, Milford, MA, USA) analysis.

Calculation of the specific yields and I/M ratio

Total proteins of the collected cells were measured using
Bradford protein assay kit (Bio-Rad Laboratories). The
expression levels of immature and mature lipoproteins were
estimated by analyzing the corresponding band density on
SDS gels using densitometry and were quantified with
ImageJ software from two independent experiments. The
specific yields of immature and mature lipoproteins were
calculated using the equation: Amount of total proteinð Þ�½
Expression ratio of immature or mature lipoproteinsð Þ�=
Collectedð cell weightÞ. The ratio of immature to mature
lipoproteins (I/M ratio) was the division result of the
expression ratio of immature and mature lipoproteins.

Results

Recombinant lipoprotein could be expressed
homogeneously at high levels in M9 medium

Several media were evaluated for the expression of
recombinant lipoproteins. The testing media included four
nutrient-rich media (LB, TB, SB and 2xYT) and two
nutrient-deficient media (M9 and M63). In all nutrient-rich
media, two induced bands were observed by tricine SDS-
PAGE, and both bands contained a (His)6 tag at their C
termini (Fig. 2a and b). As determined by Edman
degradation, the N-terminal sequence of the upper band
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was MKKL. This result suggested that the upper band
had an incomplete lipid modification or was without a lipid
moiety. Furthermore, we confirmed that the induced upper
band still contains the signal peptide that could be recognized
by anti-MKKL antibodies (Fig. 2c). On the other hand, only
one induced band corresponding to the position of the lower
band was observed after IPTG induction in the M9 medium
(Fig. 2a, lane 10). Edman degradation results showed that its
N terminus was blocked, and immunoblotting demonstrated
that it did not contain the D1 N-terminal sequence (Fig. 2c,
lane 10). Since the lipid modification in mature lipoprotein is
a N-acyl-S-diacylglyceryl-cystine structure, the N-terminal
acylation of proteins would result in N-terminal blockage
(Cullen et al. 2003; Chen et al. 2009). These data suggested
that the upper band could be an immature lipoprotein,
and the lower band was a mature lipoprotein. The
different migration on SDS-PAGE could be due to the
processed lipid signal peptide. Moreover, the single
band expressed in M9 medium was further purified,
and analyzed by mass spectrometry. Figure 3a demon-
strated that the extracted lipopeptide from the tryptic
fragments of rlipo-D1E3 could be separated into two
groups (I and II) (Fig. 3a). The peaks in each group differ
in mass by 14 atomic mass units (amu). This difference
suggested that these signals originated from the N-terminal
fragments which were modified by lipids with different
fatty acids. The masses of these peaks and the pattern of
14 amu difference were identical to those obtained from
rAg473 (Chen et al. 2009). The similar pattern was also
observed in the lipid-modified fragments of cyanobacterial
lipoprotein PsbQ (Ujihara et al. 2008). All results
indicated that the expressed protein in M9 medium was a
mature rlipo-D1E3 lipoprotein. Under our culture con-
ditions, the specific yield of mature rlipo-D1E3 in M9
medium was 3.6 mg/g cells, which was higher than in all
nutrient-rich media (Fig. 4).

Based on these results, it appeared that the nutrient-
deficient medium might be better for the expression of
mature lipoproteins. We then verified if this was generally
true by using another nutrient-deficient medium, M63.
Surprisingly, two forms of recombinant proteins were
induced. Just like those in the rich medium, the upper band
expressed in M63 medium reacted with anti-MKKL anti-

Fig. 2 Recombinant D1E3 expression in different media. a Recombinant
D1E3 was expressed in LB (lanes 1 and 2), SB (lanes 3 and 4), TB
(lanes 5 and 6), 2xYT (lanes 7 and 8), M9 (lanes 9 and 10), and M63
(lanes 11 and 12) media. Expressed proteins were induced and analyzed
by tricine SDS-PAGE with Coomassie Brilliant Blue staining. b
Immunoblot with anti-(His)6 and c anti-MKKL antibodies. Lanes 1, 3,
5, 7, 9, 11: protein expression in the absence of IPTG induction; lanes 2,
4, 6, 8, 10, 12: protein expression after IPTG induction. Arrows indicate
the location of induced proteins on gels. The solid line shows the fully
processed lipoproteins, and the dotted line points to the position of
unprocessed lipoproteins

Fig. 3 MALDI-TOF MS spectrum of the N-terminal fragments of
recombinant lipoproteins. N-terminal fragments of lipoproteins were
identified following fully digestion by trypsin and eluted from the
ZipTip Pipette Tips. a N-terminal fragments of rlipo-D1E3. Four
peaks in group I (1,452.07, 1,466.09, 1,480.13, and 1,494.10m/z)
and two peaks in group II (1,492.11 and 1,506.15m/z) are indicated.
b N-terminal fragments of rlipo-P3E3. Four signals with m/z values
of 1,295.99, 1,310.01, 1,324.03, and 1,338.06 in group I were
indicated. Two signals with value of m/z 1,331.99 and 1,346.01 in
group II are shown

b
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bodies (Fig. 2c, lane 12) and showed MKKL sequence by
N-terminal sequencing, whereas the N-terminal sequence of
the lower band (Fig. 2a, lane 12, arrow with solid line)
could not be detected by Edman degradation. The ratio of
immature to mature lipoproteins (I/M ratio) in M63 medium
was higher than that in M9 medium (Table 2). These results
suggested that the nutrient-rich media were not favorable for
lipoprotein expression. Additionally, not all nutrient-deficient
media were perfect for lipoprotein expression. Therefore, we
selected M9 medium for subsequent studies and tried to
identify the ingredient affecting lipoprotein expression.

Addition of nitrogen sources to M9 medium increased
the level of immature lipoproteins

One of the differences between rich media and minimal
media is the nitrogen source. We added different nitrogen
sources to M9 medium to investigate their influence on
lipoprotein expression. Tryptone, yeast extracts, or casamino
acids were used as the organic nitrogen source, and
ammonium chloride was utilized as the inorganic nitrogen
source. Expression of lipoproteins in M9 medium supple-
mented with different amounts of these nitrogen sources was
examined. Although the doubling times of bacteria in all the

media supplemented with organic nitrogen were shorter than
that in M9 medium alone (Table 2), the level of immature
lipoproteins were increased significantly (Fig. 5a, lanes 3–9,
arrow with dotted line). Indeed, the I/M ratio increased with
increasing amount of yeast extract (0.5% to 2%), tryptone
(1% to 4%) and casamino acids (0.02% to 4%) (Table 2).
Addition of NH4Cl to M9 did not have any significant effect,
except that some immature lipoproteins were detected by
immunoblot using anti-MKKL antibodies in the presence of
1.5% NH4Cl (Fig. 5b, lane 11). Excess nitrogen sources in
media would decrease the specific yield of mature lip-
oproteins but increase the specific yield of immature
lipoproteins (Fig. 4). Our result suggested that the level of
immature lipoprotein could be affected by the amount of
nitrogen sources in M9 medium.

Glucose is a better carbon source than glycerol
for lipoprotein expression

The level of immature lipoprotein in M63 medium was
higher than in M9 medium. Because the major difference
between M9 medium and M63 medium is the carbon
source, we therefore investigated the effect of the carbon
source on lipoprotein expression. Different amounts of

Fig. 4 Specific yields of mature and immature lipoproteins in various
media. The specific yields were calculated as described in “Materials
and methods.” The x-axis shows the used medium and the y-axis

indicate the specific yields (milligram per gram of cells). The black
bar represents the immature lipoproteins and the open bar denotes the
mature lipoproteins
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glucose or glycerol were added to M9 medium lacking a
carbon source (CM9), and the expression of lipoprotein was
examined. The concentration of glucose in M9 medium was
modified from 0.4% to 0.08% or 2%. Different amount of
glycerol (0.08%, 0.4% or 2%) were also added to M9
minimal medium to replace the glucose. The results
demonstrated that the doubling times in cM9 with glucose
were shorter than that in cM9 with glycerol (Table 2). In
M9 medium with glucose, only mature lipoproteins were
detected (Fig. 5c and d, lanes 2–4). However, in M9
medium with glycerol, immature lipoproteins were observed
using anti-MKKL antibodies (Fig. 5d, lanes 5–7). These

results suggested that glucose is a better carbon source than
glycerol for lipoprotein expression.

Media pH affects lipoprotein maturation

pH homeostasis in E. coli is relatively good with external
pH ranging from 5.0 to 8.5 (Slonczewski et al. 1981;
Zilberstein et al. 1984). However, gene expression profiles
differ when E. coli are exposed to external acidification or
alkalization (Heyde et al. 1991; Tucker et al. 2002). In this
study, we explored whether or not medium pH ranging from
5.5 to 8.5 would affect lipoprotein maturation. The results

Fig. 5 The effect of nitrogen and carbon sources on the expression of
D1E3 in M9 medium. a Recombinant D1E3 was expressed in the M9
medium supplemented with additional nitrogen. IPTG-induced pro-
teins were analyzed by tricine SDS-PAGE with Coomassie Brilliant
Blue staining and b by immunoblot with anti-MKKL antibodies. Lane
1, protein expression in the absence of IPTG induction in M9 medium;
lane 2, protein expression after IPTG induction in M9 medium; lanes
3 and 4, protein induction in M9 medium supplemented with 0.5%
and 2% yeast extract, respectively; lanes 5 and 6, protein induction in
M9 medium with extra tryptone added (1% and 4%, respectively);
lanes 7–9, protein induction in M9 medium with additional casamino
acids (0.02%, 1%, and 4%, respectively); lanes 10 and 11, protein

induction in M9 medium with additional ammonium chloride (0.5%
and 1.5%, respectively). c D1E3 was expressed in the modified M9
medium containing different carbon sources and analyzed by tricine
SDS-PAGE with Coomassie Brilliant Blue staining and d by
immunoblot with anti-MKKL antibodies. Lane 1, protein expression
in the absence of IPTG induction in M9 medium; lanes 2–4, IPTG-
induced protein expression sequentially in the CM9/0.08% glucose,
M9, and CM9/2% glucose medium; lanes 5–7, protein induction
serially in CM9/0.08% glycerol, CM9/0.4% glycerol, and CM9/2%
glycerol medium. Arrows indicate the location of induced proteins on
gels. The solid line shows the fully processed lipoproteins, and the
dotted line points to the position of unprocessed lipoproteins
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showed that the expression level of rlipo-D1E3 was
relatively low in acidic medium (pH 5.5 and pH 6.0)
(Fig. 6a and b, lanes 2 and 3), and immature lipoproteins
could be detected in M9 medium with pH 5.5 (Fig. 6b, lane
2). The expression level of lipoproteins was similar with pH
values ranging from 7.0 to 8.5 (Fig. 6a and b, lanes 4–6).
Moreover, the I/M ratio of recombinant lipoproteins
expressed in LB medium buffered at pH 5.5 and pH 7.0
were comparable (Table 2). Interestingly, the I/M ratios
were reduced if the pH value of LB medium increased to
8.5 (Table 2; Fig. 6a and b, lane 9). The specific yield of
mature lipoproteins was also increased when the alkaline
LB medium was utilized (Fig. 4). These observations
implied that the M9 medium with higher pH values is
preferable for expressing mature lipoprotein.

Addition of phosphate and ferrous ions might disturb
the lipidation process

Because phosphate in medium can impair the growth of
E. coli (Malouin et al. 1991), we next investigated
whether phosphate might affect lipoprotein expression.
Mixtures of monobasic dihydrogen phosphate and dibasic
monohydrogen phosphate were used here in order to
maintain the medium at pH 7.0. If the rlipo-D1E3 were
expressed in M9 medium supplemented with 25 mM
phosphate, immature lipoprotein was observed (Fig. 6d,
lanes 4 and 6). With an additional 100 mM phosphate,
immature lipoproteins became more evident via SDS-
PAGE stained with Coomassie blue (Fig. 6c, lanes 5 and
7), and the I/M ratio increased to approximately 0.2
(Table 2). The specific yield results also showed an
increasing specific yield of immature lipoproteins when
the phosphate amounts in media were increased (Fig. 4).
In contrast, reducing the amount of phosphate in M9
medium by 50% had no effect on lipoprotein maturation
(Fig. 6c, lane 3). We also investigated the influence of
other ingredients in M9 or M63 medium, including CaCl2,
MgSO4 and FeSO4. Under our experimental conditions,
the maturation of lipoprotein was not affected by MgSO4

and CaCl2 (Table 2; Fig. 6e and 6f, lanes 3–6). However,
addition of FeSO4 to M9 medium resulted in an increase
of immature lipoproteins as determined by anti-MKKL
antibodies (Table 2; Fig. 6e and f, lanes 7 and 8). These
results demonstrated that adding phosphate and ferrous ions in
the M9 medium might result in defective lipidation.

High levels of mature lipoproteins could also be expressed
in M9 medium via other constructs

The last question considered in this study is whether M9
medium is also profitable for expressing other recombinant
lipoproteins. So far, our results clearly demonstrated that

the M9 medium was better for the expression of rlipo-
D1E3. We therefore changed the immunogen or the lipid
signal peptide and then examined the expression of these
recombinant lipoproteins in E. coli.

D1 was fused with a truncated pneumolysin (Plyt),
which is a non-lipoprotein from Streptococcus pneumoniae,
and this new construct was expressed in LB or M9 medium.
Two induced bands of recombinant D1Plyt proteins were
evident in LB medium (Fig. 7, lane 2; arrow ① and arrow
②), whereas the lower band protein was predominant in
M9 medium (Fig. 7, lane 3; arrow ②). The upper band
(Fig. 7, arrow ①) was an immature lipoprotein as
determined by its N-terminal sequence. However, the N-
terminal sequence of the lower band (Fig. 7, arrow ②)
could not be obtained, indicating that it might be a mature
lipoprotein. The rlipo-D1Plyt expressed in M9 medium was
partially purified, and the lipid modification was confirmed
using MALDI-TOF mass spectrometry (data not shown).

Fig. 6 Influence of pH, phosphate, calcium, magnesium, and ferrous
ions on lipoprotein expression. a Recombinant D1E3 was expressed in
LB or M9 medium with different pH values. Protein expression was
observed via tricine SDS-PAGE with Coomassie Brilliant Blue
staining and b analyzed by immunoblot with anti-MKKL antibodies.
Lane 1, protein expression in the absence of IPTG induction in M9
medium; lanes 2, 3, 5, and 6, protein expression after IPTG induction
in modified M9 medium with pH 5.5, 6.0, 8.0, and 8.5, respectively.
Lane 4, protein induction in M9 medium (pH 7.0); lane 7, protein
induction in LB medium buffered with 100 mM MES at pH 5.5; lane
8, protein expression after IPTG induction in LB medium buffered
with 100 mM HEPES at pH 7.0; lane 9, protein induction in LB
medium buffered with 100 mM TAPS at pH 8.5. c The concentration
of phosphate in M9 medium was reduced by half and increased by
adding 25 or 100 mM sodium phosphate or potassium phosphate.
Recombinant D1E3 was over-expressed in these cultures and analyzed
by tricine SDS-PAGE with Coomassie Brilliant Blue staining and d by
immunoblot with anti-MKKL antibodies. Lane 1, protein expression
in the absence of IPTG induction in M9 medium; lane 2, protein
expression after IPTG induction in M9 medium; lane 3, protein
induction in PM9/35 mM phosphate medium; lanes 4 and 5, protein
induction in M9 medium supplemented with 25 or 100 mM sodium
phosphate, respectively; lanes 6 and 7, protein expression after IPTG
induction in M9 medium with additional 25 or 100 mM potassium
phosphate, respectively. e The concentration of CaCl2 and MgSO4

were increased ten-fold or decreased to one-tenth of the original
concentration in M9 medium. The amounts of FeSO4 added in M9
medium were 0.002 or 0.05 mM. The induced D1E3 protein was
analyzed by tricine SDS-PAGE with Coomassie Brilliant Blue staining
and f by immunoblot with anti-MKKL antibodies. Lane 1, protein
expression in the absence of IPTG induction in M9 medium; lane 2,
protein expression after IPTG induction in M9 medium; lane 3,
protein induction in MgM9/0.2 mM MgSO4 medium; lane 4, protein
induction in MgM9/20 mM MgSO4 medium; lane 5, protein
expression after IPTG induction in CaM9/0.01 mM CaCl2 medium;
lane 6, protein expression after IPTG induction in CaM9/1 mM CaCl2
medium; lane 7, protein induction in M9 medium with additional
0.002 mM FeSO4; lane 8, protein induction in M9 medium
supplemented with 0.05 mM FeSO4. The solid line shows the fully
processed lipoproteins, and the dotted line points to the position of
unprocessed lipoproteins

b
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Another signal peptide (P3) of the acriflavine-resistance
protein E precursor from E. coli was fused with E3, and
P3E3 protein was expressed in both LB and M9 media. As
shown in Fig. 7, two bands of P3E3 were expressed in LB
medium (lane 4, arrow ③ and arrow ④), and only the
lower band was induced in M9 medium (Fig. 7, lane 5).
Further analysis using N-terminal sequences and MALDI-
TOF mass spectrometry confirmed that the upper band was
the immature lipoprotein (Fig. 7, arrow ③), and the lower
band was the mature lipoprotein (Fig. 7, arrow ④). The
mass spectrum showed that the lipopeptide fragments from
rlipo-P3E3 had a similar pattern with those from rlipo-
D1E3 (Fig. 3b). Altogether, our results clearly showed that
M9 medium was advantageous for recombinant lipoprotein
expression in the E. coli C43 (DE3) strain.

Discussion

Immunogenic properties of lipoproteins have numerous
applications in the vaccine development. To use recombinant
lipoproteins as a vaccine candidate, it is important to produce
enough quantities of these materials. As shown in this study,
the expression of lipid-modified lipoproteins can be enhanced
through the optimization of nitrogen source, carbon source,
medium pH, and other ions in the culture medium.

When the exported proteins were over-expressed, including
lipoproteins, the translocation machinery is a bottleneck
because the export machinery was overloaded (van Mellaert
and Anne 2001). An approach for solving this problem is to
reduce the protein synthesis using minimal medium (Ignatova

et al. 2003). In this study, our results clearly showed that M9
medium is superior for expressing fully modified lipopro-
teins. In the case of D1E3, the specific yield of mature rlipo-
D1E3 in M9 medium was significantly better than in LB
medium (Fig. 4). The greater specific yield of entirely
modified lipoproteins in M9 medium was also observed for
the expression of other recombinant lipoproteins, D1Plyt and
P3E3. Although the bacterial growth in M63 medium was
much slower than in nutrient-rich media and M9 medium
(Table 2), some immature lipoproteins were still detected
(Fig. 2). Similarly, when glycerol was utilized as the carbon
source in M9 medium, the bacteria grew slowly (Table 2), but
some unprocessed lipoproteins were induced (Fig. 5d). In
addition, we have tried to decrease the growth rate by
expressing recombinant lipoproteins in LB medium at lower
temperature (20 and 25 °C), but the immature lipoproteins
were still obvious (data not shown). Therefore, in addition to
bacterial growth rate, the medium components might also
play a role in the lipidation process. The mechanism involved
needs to be elucidated.

OprI lipoprotein has been expressed with M9 medium
supplemented with 0.02% casamino acid in E. coli strain
JM109 (Cote-Sierra et al. 1998). In our study, the use of M9
medium with additional 0.02% casamino acid would result
in the expression of some unprocessed lipoproteins
(Fig. 5b, lane 7). The existence of immature lipoproteins
became more evident as increasing amounts of casamino
acid were added (Fig. 5a, lanes 7–9). Although JM109 (a
K12 derivative) and C43 (DE3) (a B derivative) were
derived from different strains, we have used JM109 to
express recombinant D1E3 in LB or M9 medium and the

Fig. 7 Expression of D1Plyt and P3E3 lipoproteins in LB and M9
medium. Two additional recombinant lipoproteins were over-
expressed by IPTG induction in LB and M9 medium. a The induced
proteins were observed using 16% tricine SDS gel staining with
Coomassie Brilliant Blue and b by immunoblot using anti-(His)6
antibodies. Lane 1, bacterial total lysate in the absence of IPTG
induction; lane 2, D1Plyt expression after IPTG induction in LB

medium; lane 3, D1Plyt expression after IPTG induction in M9
medium; lane 4, P3E3 induction in LB medium; lane 5, P3E3
induction in M9 medium. The arrows with numbers 1 and 2 indicate
the unprocessed and processed D1Plyt, respectively. The arrows with
numbers 3 and 4 were the immature rlipo-P3E3 and the mature rlipo-
P3E3, respectively
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results were similar to those using C43 (DE3) as the
expression strain, except the bacterial growth was inhibited
(data not shown). Other organic nitrogen sources, such as
yeast extract and tryptone, also had the similar effect on the
expression of mature lipoproteins (Fig. 5a). Additional
inorganic nitrogen source also influence the lipoprotein
expression. Although bacteria cultivated in M9 medium
supplemented with 1.5% NH4Cl showed a slower growth
rate (Table 2), some immature lipoproteins were detected
after induction (Fig. 5b, lane 10). These results suggest that
expression of mature lipoproteins could be limited by the
nitrogen source in the medium.

In this study, we have applied glucose and glycerol as
different carbon sources to express lipoproteins. Our results
showed that using glycerol in the minimal medium resulted
in the existence of immature lipoproteins. The different
growth rate could not explain this phenomenon because the
slower growth in glycerol-based media still resulted in the
existence of unprocessed lipoproteins (Fig. 5d). One
possible explanation is that the media compositions might
alter the amount of lipid for protein modification. This
could be studied in advance using various carbon sources
and observing the lipid content in bacteria.

E. coli can grow over a relatively wide range of external
pH, and the bacterium can rapidly restore its internal pH to
7.4–7.8 (Padan et al. 1976; Zilberstein et al. 1984). Many
genes encoding membrane proteins or proteins correlated
with cell envelope structure or modifications are upregulated
when external pH becomes acidic or alkaline (Heyde et al.
1991; Tucker et al. 2002). Because most lipoproteins are
membrane or membrane-associated proteins (Hayashi and
Wu 1990), the expression of lipoproteins might also be
regulated by external pH. In this study, we discovered that an
alkaline external environment facilitates the lipid modification
of lipoproteins both in nutrient-rich and nutrient-deficient
media (Fig. 6). This result suggested that the bacterial cell
structure might be disturbed by alkaline surroundings, and
more lipoproteins are needed to maintain cell integrity. The
detailed mechanism of alkaline external pH on lipoprotein
biosynthesis needs to be investigated further.

We previously demonstrated that the E. coli strain, C43
(DE3), could be used to over-express the recombinant
outer-membrane protein in high yield (Chen et al. 2009). In
this study, we further showed that M9 medium is favorable
for expressing mature lipoproteins in the E. coli strain C43
(DE3). In addition to high yields of wholly modified
lipoproteins, M9 medium usage is also beneficial for
lipoprotein purification because the existence of large
amounts of immature lipoproteins in LB medium would
raise the complexity for the downstream purification
process. These detailed studies supply practical information
for production of recombinant lipoproteins and it could be
applied in the field of vaccine development.
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