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“Autodisplay technology” is an expression technique used to display the various recombinant proteins on the
outer membrane (OM) of Escherichia coli. The resulting autodisplayed Z-domain has been used to improve the
sensitivity of immunoassays. In this work, a facile isolation method of the OM fraction of E. coli with
autodisplayed Z-domains was presented using (1) an enzyme reaction for the hydrolysis of the peptidoglycan
layer and (2) short centrifugation steps. The purity of the isolated OM fraction was analyzed. For the estimation
of contamination with bacterial proteins from other parts of E. coli, Western blots of marker proteins for the OM
(OmpA), periplasm (β-lactamase), inner membrane (SecA), and cytoplasm (β-galactosidase) were performed.
Additionally, assays of marker components or enzymes from each part of E. coli were carried out including the
OM (KDO), inner membrane (NADH oxidase), periplasm (β-lactamase), and cytoplasm (β-galactosidase). The
yield of OM isolation using this new method was determined to be 80% of the total OM amount, with less than
1% being contaminants from other parts of E. coli.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

The outer surface of gram-negative bacteria, including Escherichia
coli, is composed of an outer membrane (OM), a peptidoglycan layer,
and an innermembrane (IM) [1]. The periplasm (PP) is located between
the OM and the IM, which surrounds the cytoplasm (CP) of E. coli. The
OM of E. coli consists of lipopolysaccharides (LPS), lipoproteins, and
other outermembrane proteinswithin a thickness of 7 nm [2]. Recently,
we reported on the results of using “autodisplay technology” for the ex-
pression of various recombinant proteins on the OM of E. coli, such as
Z-domain, streptavidin, and Ro/SSA proteins [3–7]. Using this method,
the autotransporter domain of AIDA-1, an OM E. coli protein for the
translocation of a target protein, was expressed using a signal peptide
of the cholera toxin subunit (CTB) and an artificial promoter [3,4]. In
particular, the autodisplayed Z-domain has also been used in immuno-
assays for orientation control of antibodies by using its specific binding
affinity to the Fc region of IgGs [3–5,8,9]. To apply the autodisplayed
Z-domains, two kinds of immunoassay configurations were used:
(1) whole E. coli cells with autodisplayed Z-domains were directly
used for immunoassays after treatment with the detection antibodies
[10–13], and (2) the OM with autodisplayed Z-domains was isolated
from E. coli and then layered on a surface plasmon resonance (SPR)
biosensor with fluorescence microarrays and gold electrodes for
82 2 312 5375.
amperometric analysis [5,11,13–15]. Both immunoassay techniques of
the OM layer with autodisplayed Z-domains showed greatly improved
sensitivity and limits of detection in comparison with immunoassays
using randomly oriented antibodies. Given that these immunoassays
based on the OM with autodisplayed Z-domains are usually applied
for the medical diagnosis of acute and chronic inflammatory diseases,
the contamination of bacterial proteins from other parts of E. coli
could result in false-positives due to non-specific binding of antibodies
in human serum samples [11,16,17].

In thiswork,we present a facile OM isolationmethod from E. coliwith
autodisplayed Z-domains using (1) an enzyme reaction for the
hydrolysis of the peptidoglycan layer and (2) short centrifugation steps.
Then, the purity of the isolated OM fractionwas analyzed by (1)Western
blot of marker proteins [3,18–20] and (2) an assay of marker enzymes
[18,21–23] of each E. coli part (OM, PP, IM, and CP).

2. Materials and methods

2.1. Materials

LB broth was bought from Duchefa (Haarlem, Netherlands) and the
microplate was purchased from Nunc Co. (Roskilde, Denmark). Mouse
monoclonal anti-β-lactamase antibodies, mouse monoclonal anti-
histidine tag (His6) antibodies, mouse monoclonal anti-β-galactosidase
antibodies, and rabbit polyclonal anti-mouse IgG antibodies conjugated
with HRP were purchased from AbCam Co. (Cambridge, UK). Aprotinin
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was bought from Roche Korea (Seoul, Korea) and luminol substrate
was purchased from Thermo Scientific Co. (USA). NADH oxidase
and β-lactamase were purchased from Merck Co. (USA). Purpald,
2-keto-3-deoxyoctona (KDO), β-nicotinamide adenine dinucleotide
(NAD), flavin adenine dinucleotide (FAD), penicillin G, carbenicillin,
lysozyme, DNase, and all of the other chemicals (of analytical grade)
were purchased from Sigma-Aldrich Korea (Seoul, Korea). A
SensoLyte® ONPG β-galactosidase assay kit and a β-galactosidase
assay kit were bought from Anaspec Co. (USA).

2.2. OM isolation

The E. coli strains of UT5600 (DE3) pT7secA-His and UT5600 (DE3)
pET-Z-18-3 were grown overnight in LB medium with carbenicillin
(50 μg/mL). After overnight culture, the E. coli solution (200 μL) was
rinsed with fresh LB media and fresh LB media with antibiotics
(carbenicillin, 20 mL) was added. The E. coli solution was incubated
at 37 °C with vigorous shaking (200 rpm) until the optical density
reached OD578 nm 0.7. Then, Isopropyl β-D-1-thiogalactopyranoside
(IPTG, 1 mM) was added to cells and the solution was incubated for
1 h at 30 °C with vigorous shaking (200 rpm). The harvested E. coli
cells were resuspended with 0.2 M Tris–HCl buffer (pH 8.0) and lysed
by lysozyme (200 μg/mL in a final concentration with 20 mM sucrose
and 0.2 mM EDTA) for 10 min at RT. Then, PMSF (1 mM) and aprotinin
(20 μg/mL) were added. The OMs of E. coli cells were isolated by the ad-
dition of the same volume of extraction buffer (2% Triton X-100, 50 mM
Tris–HCl, 10 mM MgCl2) with DNAse (10 μg/mL). After incubation for
Fig. 1.Autodisplay of Z-domains on theOMof E. coli. (a) Structure of the autodisplay vector of Z-
and (c) fluorescence microscopy image of E. coli after treatment with fluorescence (Cy-3)-labe
30 min on ice, the lysate was centrifuged at 4,000 rpm for 5 min.
The OM-containing supernatant was centrifuged at 18,000 rpm for
10 min and washed with PBS 2 times. After washing, the OM was
dissolved in the DW for SDS-PAGE analysis and in PBS for the enzymatic
assay.
2.3. Analysis of the isolated OM fraction with Western blotting of
marker proteins

The isolated OMs were diluted (1:2) with a sample buffer (100 mM
Tris–HCl, pH 6.8, containing 4% SDS, 0.2% bromophenol blue, and
20% glycerol). The prepared OM samples were boiled for 20 min and
then analyzed using 12.5% SDS-PAGE. After electrophoresis, proteins
were visualized by stainingwith Coomassie brilliant blue. Themolecular
weight of the OMmarker protein, outer membrane protein A (OmpA),
was confirmed by comparison with the pre-stained molecular weight
markers (Bio-Rad, USA). For Western blotting, proteins on the
SDS-PAGE gel were transferred to a polyvinylidene fluoride (PVDF)
membrane under an AC voltage of 100 V. The membrane was blocked
with TBS containing 0.1% Tween-20 and 5% skim milk at RT for 3 h.
Then, the primary antibodies at a concentration of 2 μg/mL were
added and incubated at RT for 3 h and the membrane-bound
antibodies were stained with 1:10,000 diluted HRP-labeled
anti-mouse antibodies. To detect the marker proteins, luminol
solution was added. Images of the membranes were taken using a
documentation system (Bio-Rad, USA).
domains, (b) SDS-PAGE analysis of OMproteins before and after autodisplay of Z-domains,
led IgG.
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2.4. Analysis of the isolated OM fraction with assays of marker enzymes

The KDO (keto-3-deoxy-D-manno-oct-2-ulosonic acid) assay was
carried out for the quantification of LPS [23]. Isolated OM samples
were mixed with sodium periodate (32 mM) in a 96-well microplate
and incubated at RT for 25 min. After incubation, purpald solution
(136 mM) was added and the plate was incubated at RT for 20 min.
Then, additional sodium periodate (64 mM) was added and incubated
at RT for 20 min. The absorbance was measured at a wavelength of
550 nmwith a microplate reader. The activity of β-lactamase wasmea-
sured according to reference [22]. The penicillin G solution (10 μL) at a
concentration of 3 mg/mL was added to the isolated OM solution
(190 μL) and the standard β-lactamase samples at RT for 10 min. After
incubation, the detection solution whichwasmixed with the same vol-
ume of solution A and solution B (solution A: acetate buffer with
pH 4.75 containing 80 mg/mL neocuproine-HCl and 1 g/mL SDS; solu-
tion B: acetate buffer with pH 4.75 containing 200 mg/mL copper (II)
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Fig. 2. Isolation of the E. coli OM: (a) the OM isolation procedure; (b) the size distribution analy
activity of the OM layers on polystyrene microplates. The OM layer from intact E. coliwithout Z
IgG. The amount of bound IgG to the OM layers were quantified using the chromogenic reactio
sulfate and 1 g/mL SDS)was added to the reactionmixture and incubat-
ed at RT for 10 min. Then, the absorbance was measured at a
wavelength of 550 nm with a microplate reader. The activity of NADH
oxidase was measured according to reference [21]. NAD (20 nM) and
FAD (10 nM) were mixed with NADH oxidase samples (200 μL) in a
96-wellmicroplate. The platewas incubated at RT for 1 h and the optical
density was measured at a wavelength of 340 nm with a microplate
reader.

3. Results and discussion

3.1. E. coli OM isolation

The Z-domainwas autodisplayed on the OMof E. coli by transforma-
tion of the Z-domain autodisplay vector (pET-Z-18-3) into UT5600
(DE3). As shown in Fig. 1(a), the autodisplay vector contained the
autotransporter domain of the E. coli AIDA-1 protein, used for the
175 200

sis of the isolated OM liposomes using laser dynamic scattering (LDS), (c) the IgG-binding
-domain and the OM layer with autodisplayed Z-domains were reacted with HRP-labeled
n of TMB.
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outer membrane translocation of a target protein by using the signal
peptide of the cholera toxin subunit (CTB) and an artificial promoter
[3,4]. The expression of the Z-domains on the OM of E. coli was
confirmed by SDS-PAGE of the OM proteins. As shown in Fig. 1(b),
Z-domains were observed to be expressed on the outer membrane of
E. coli with a molecular weight of 58.5 KDa. In the next step, the
autodisplayed Z-domainswere tested to determine IgG-binding activity
by treatment with fluorescence (Cy-3)-labeled IgG. As shown in
Fig. 1(c), the E. coli with autodisplayed Z-domains presented strong
fluorescence because the autodisplayed Z-domains could bind the
fluorescence (Cy-3)-labeled IgG. However, the intact E. coli without
the autodisplayed Z-domains were observed to have no significant
fluorescence. These results suggested that the Z-domains were indeed
autodisplayed on the E. coli OM and had IgG-binding activity.

In this work, the isolation of the OM fraction of E. coliwas carried out
using a modified method from Hantke et al. [24]. The OM fraction was
isolated by (1) enzyme treatment for the hydrolysis of the peptidogly-
can layer with lysozymes and Triton X-100 and (2) short centrifugation
steps, as shown in Fig. 2(a). After the enzyme treatment, the OM was
isolated as liposomes using Triton X-100 as a detergent [25]. The OM
liposomeswere isolated from the cell lysate of E. coli by a centrifugation
at 18,000 rpm for 10min. As shown in Fig. 2(b), the liposome of OMwas
observed to have a homogeneous size in a diameter range of
100–150 nm using a dynamic laser scattering method (DLS) [26]. The
recovery of the OM isolation was calculated from the KDO amount of
E. coli and the isolated OM. As each E. coli cell was reported to have
2 × 106 LPS and each LPS had two KDO, the total number of KDO in
each E. coli cell was estimated to be 4 × 106 [27]. In this work, the num-
ber of KDO in the isolated OM per each E. coli was estimated to be
1.5 × 106 and the recovery rate of the isolated OM was estimated to
be approximately 37.5 %. The OM layer was transferred onto a polysty-
rene microplate through the hydrophobic interaction between the hy-
drophobic core and the surface of the microplate [5]. The IgG-binding
activity of the OM layer with autodisplayed Z-domains was estimated
by the treatment of IgG with horseradish peroxidase (HRP) and the
chromogenic reaction with 2,2′,5,5′-tetramethylbenzidin (TMB). As
shown in Fig. 2(c), the OM layer with autodisplayed Z-domains showed
a far higher IgG-binding activity in comparison with the OM layer from
the intact E. coli without autodisplayed Z-domains. These results
indicated that the OM layer with autodisplayed Z-domains could be
formed on the microplate through hydrophobic interactions and the
IgG-binding activity could be maintained.
Fig. 3.Analysis of the isolated E. coliOMwith SDS-PAGE andWestern blotting. (a) SDS-PAGE
of the isolated E. coliOM(lane 1:whole cell lysate of intact E. coli; lane 2:whole cell lysate of
transformed E. coli with pT7secA-His; lane 3: OM fraction from intact E. coli; lane 4: OM
fraction from transformed E. coli). OmpA (a marker protein of the OM) was observed
in the OM fractions (lanes 3 and 4) after Coomassie staining. (b) Western blotting
of β-lactamase (a marker protein of the PP), SecA (a marker protein of the IM),
and β-galactosidase (a marker protein of the CP).
3.2. Analysis of isolated E. coli OM with marker proteins

As previously mentioned, the contamination of the isolated OM
fraction with bacterial proteins from other parts of E. coli should be
minimized for its application in immunoassays in order to avoid
false-positive results from non-specific binding of antibodies in
human serum samples. In this work, the purity of the isolated OM
fraction was analyzed through Western blotting of marker proteins for
the OM, PP, IM, and CP. OmpA and SecAwere selected asmajor proteins
of the OM and IM of E. coli, respectively [3,19]. β-Lactamase and
β-galactosidase were selected as marker proteins of the PP and CP of
E. coli, respectively [18,20]. For the effective analysis of SecA,
β-lactamase, and β-galactosidase, a plasmid (pT7secA-His) with a
β-lactam-resistant gene was transformed into UT5600(DE3) E. coli for
the expression of (1) SecA with a 6× his tag, (2) β-lactamase, and (3)
β-galactosidase [28].

As shown in Fig. 3(a), OmpA was directly analyzed in the
SDS-PAGE with Coomassie brilliant blue staining [3,29,30]. Although
the protein band of OmpA (35 kDa) was observed for isolated OM frac-
tions (lane 3 and 4) as well as at the whole cell lysate (lanes 1 and 2),
the relative amount of OmpA was estimated to be far higher in the iso-
lated OM fractions than in the whole cell lysate samples. These results
indicated that the OM proteins were well-isolated in the OM fractions
from the whole cell lysate.

For the detection of other marker proteins of β-lactamase (PP), SecA
with a 6× his tag (IM) and β-galactosidase (CP), Western blotting was
carried out by treatmentwith anti-β-lactamase antibodies (monoclonal),
anti-6× his tag antibodies (monoclonal), and anti-β-galactosidase
antibodies (monoclonal), respectively. Then, the chemiluminescence
images of marker protein bands were taken after the addition of luminol
solution.

As shown in Fig. 3(b), the β-lactamase (a marker protein of PP,
31.5 kDa) was detected in the whole cell lysate of E. coli, which was
transformed with the pT7-SecA plasmid (lane 2), and the cell whole
cell lysate of the intact E. coli showed no β-lactamase protein band
(lane 1). The isolated OM fractions from both E. coli strains also showed
no β-lactamase protein band (lanes 3 and 4). These results indicated
that the isolated OM fraction was not contaminated with the bacterial
proteins from the PP.

In the case of SecA (a marker protein of the IM, 102 kDa) and β-
galactosidase (a marker protein of the CP, 116 kDa), both proteins
were only observed in the whole cell lysate of E. coli which was trans-
formed with a pT7secA-His plasmid (lane 2). However, the cell whole
cell lysate of intact E. coli as well as the isolated OM fractions showed
no β-lactamase protein band (lane 1). These results indicated that the
isolated OM fraction was not contaminated with the bacterial proteins
from the IM and CP. Based on these Western blot results, the OM frac-
tion in this workwas determined to be isolatedwithout the contamina-
tion of proteins from the PP, IM, and CP.
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Fig. 4. Characterization of the isolated OMwith marker enzymes from each E. coli part (OM, PP, IM, and CP). (a) KDO, (b) NADH oxidase, (c) β-lactamase, (d) β-galactosidase assays as
marker enzymes for the OM, IM, PP and CP, respectively.
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3.3. Analysis of isolated E. coli OM with enzyme assays

For the quantitative determination of the purity of the isolated OM
fraction of E. coli with autodisplayed Z-domains, the marker enzymes
for each part of E. coli (OM, PP, IM, and CP) were assayed. KDO, NADH
oxidase, β-lactamase, and β-galactosidase were selected for the quanti-
tative analysis of the OM, IM, PP, and CP, respectively [18,21–23].

Lipopolysaccharide (LPS)was selected as amarker component of the
OM fraction of E. coli, which is one of the major components of the OM
[31]. For the quantitative analysis of the OM isolation yield of this meth-
od, the amount of LPSwasdetermined using a KDOassay at a concentra-
tion range of 0.4–1600 μM [23]. As shown in Fig. 4(a), the LPS
concentration of the isolated OM fraction and the whole cell lysate
(including the OM)was determined to be 485 and 624 μM, respectively.
These results showed that this isolation method could isolate approxi-
mately 80% of the OM.

In the case of β-lactamase (a marker enzyme of the PP), the assay
was carried out at the concentration range of 0.01–1000 mU/mL. As
shown in Fig. 4(b), the β-lactamase activity of the isolated OM and the
cell lysate (including OM) was determined to be 0.05 and 7.99 mU/mL,
respectively. These results showed that the isolated OM fraction
Table 1
The activity of marker enzymes of E. coli compartments in the isolated OM.

Assay
(E. coli compartment)

Activity value Relative activity
in isolated OM

Whole cell
lysate

Isolated
OM

KDO (OM) 624 μM 485 μM 80%
NADH oxidase (IM) 7.99 mU/mL 0.05 mU/mL 0.6%
β-Lactamase (PP) 1.94 mU/mL 0.01 mU/mL 0.5%
β-galactosidase (CP) 71.76 mU/mL 0.44 mU/mL 0.6%
contains less than 1% (0.6%) PP contamination. The NADH oxidase was
selected as a marker enzyme of the IM [21]. As shown in Fig. 4(c), the
NADH oxidase activity of the isolated OM and the whole cell lysate
(includingOM)was determined to be 0.01 and 1.94mU/mL, respective-
ly. These results showed that the isolatedOM fraction contains less than
1% (0.5%) IM contamination. The β-galactosidase assay (a marker en-
zyme of the CP) was carried out by using a commercial assay kit from
Anaspec Co. (USA) at a concentration range of 5–10,000 mU/mL. As
shown in Fig. 4(d), the of β-galactosidase activity of the isolated OM
and the cell lysate (including OM) was determined to be 0.44 and
71.76 mU/mL, respectively. These results showed that the isolated OM
fraction contains less than 1% (0.6%) CP contamination. These results in-
dicate that the yield of the OM isolation with this newmethod was 80%
of the total OM amount with less than 1% contamination from the other
parts of E. coli (the PP, IM, and CP) as summarized in Table 1.
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