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Autodisplay of streptococcal protein G for construction of
an orientation-controlled immunoaffinity layer

Streptococcal protein G was expressed on the surface of

E. coli cells by autodisplay. Autodisplayed protein G has
binding activity to the Fc region of antibodies, and the
bound antibody has an orientation control effect. The outer
memlbrane of £. coli cells with autodisplayed protein G was
isolated as a liposome and the immunoaffinity layer was
constructed by layering of isolated outer membrane on the
surface of microplate and SPR biosensor. The sensitivity

of immunoassays and biosensors was improved by the
orientation control of antibodies.
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Introduction

Autodisplay of streptococcal protein G for
construction of an orientation-controlled
immunoaffinity layer

Seong Gi Kim,*"< JeeYoung Kim,>*< Mi Yeon Kim,*"< Jong-Min Park,
Joachim Jose (2@ and Min Park () *2b:

An immunoaffinity layer with orientation-controlled antibodies was constructed to express streptococcal
protein G in Escherichia coli cells using autodisplay technology. The sequence of protein G, a specific
IgG-binding protein, was inserted into the autodisplay vector using recombinant technology and the con-
structed plasmid vector was transformed into E. coli cells. Protein G was confirmed to be autodisplayed
with a high density of 2 x 10° copies per cell by SDS-PAGE analysis, and its IgG-binding affinity was
confirmed by fluorescence microscopy. Autodisplayed protein G showed higher affinity than the 1gG-
binding Z-domain for goat IgG. Immunoassays based on E. coli cells were established to detect horse-
radish peroxidase (HRP) and C-reactive protein (CRP). Protein G autodisplaying E. coli cells were utilized
as a solid support and immunoassays showed improved sensitivity by orientation control of autodisplayed
protein G. The outer membrane (OM) of protein G autodisplaying E. coli was isolated and layered to con-
struct an immunoaffinity layer. The OM was coated on a microplate to perform the immunoassays, which
showed limits of detection of 5and 0.2 ng mL~* for HRP and CRP, respectively. An OM layer with autodis-
played protein G was applied as the immunoaffinity layer of a surface plasmon resonance (SPR) biosensor.
After CRP detection, the SPR responses showed good linearity, with an R? value of 0.99. The immu-
noaffinity layer with orientation control by autodisplayed protein G was confirmed to be applicable in
immunoassays and immunosensors to improve sensitivity.

advantages, immunosensors have been widely used for the
detection of various samples and have been applied in clinical

Biosensors and bioassays are analytical devices and methods
for determining the concentration of analytes in physiological
samples, such as blood, serum, urine, and cerebrospinal
fluid."”* Biosensors consist of three parts: a molecular reco-
gnition layer, transducer, and signal generator.® Molecular
recognition molecules are essential for the detection of target
analytes in biological complexes, and these molecules form a
molecular recognition layer.* Among the various molecular
recognition molecules, antibodies are one of the most fre-
quently used because of their specificity, simplicity, cost effec-
tiveness, and ease of immobilization.”” Because of these
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diagnostics.>® There are numerous studies that showed that
immunoaffinity layers have been fabricated based on the
immobilization of antibodies on the transducer to form an
antibody-based molecular recognition layer'®™*? Similarly, bio-
sensors require molecular recognition molecules, and anti-
bodies are one of the most widely used for bioassays.'?
Enzyme-linked immunosorbent assay (ELISA) is one of the
most frequently used immunoassays for detecting target ana-
lytes in complex biological solutions.'® Similar to the immu-
noaffinity layer, captured antibodies are immobilized on a
solid support to bind to the target analyte in sandwich ELISA.
In both cases, immobilized antibodies are key components for
target detection.”

For detection by immunosensors or immunoassays, the
analyte should be bound to the captured antibodies. Thus, the
density of antigen-binding sites on the surface of a biosensor
or solid support is directly related to sensitivity.'® To improve
sensitivity, the exposure of as many antigen-binding sites as
possible is required.'” Antibodies consist of 2 heavy chains
and 2 light chains to form a ‘Y’ shaped structure.'® Among the
three branches, two endpoints at which the heavy and light

This journal is © The Royal Society of Chemistry 2023
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chains meet are the antigen-binding site called the Fab region,
and the other endpoint at which two heavy chains meet is
called the Fc region.'® In addition, antibodies are relatively
large proteins (approximately 150 kDa), and antigen-binding
sites are small and localized.”® Because of this asymmetric
structure, when immobilized on a solid support, antibodies
can have random molecular orientations, such as side-on, tail-
on, head-on, or flat-on.”’ When antibodies are randomly
immobilized, such as physical adsorption, less than 20% of
antibodies have been reported to have a suitable orientation.>>
Therefore, to improve the sensitivity of immunosensors or
immunoassays, orientation control of immobilized antibodies
is important for efficient exposure of antigen-binding sites, as
well as density control.

Antibody-binding proteins, such as staphylococcal protein
A or streptococcal protein G, are known to have Fc region-
binding properties. Because of this antibody-binding property,
they have been widely used in research as well as industries,
including antibody purification.”®** In addition, Fc bound
antibodies realize orientation control by effective exposure of
antibody-binding sites, so these proteins have also been fre-
quently used in immunoassays and biosensors to improve sen-
sitivity by orientation control.**>*¢ Recently, the Z-domain, an
engineered peptide from the B-domain of protein G, was
employed to control the orientation of antibodies in sensitive
immunoassays and biosensors.”””*® In these studies, autodis-
play technology was utilized for the effective immobilization of
the Z-domain. Autodisplay is a surface display technology for
Gram-negative bacteria that expresses target proteins using
autotransporters.”*%3° The autodisplayed target protein is con-
nected to the p-barrel, a naturally existing protein on the outer
membrane (OM) of bacterial cells, through an a-helical linker
to anchor on the OM. These Z-domain autodisplaying
Escherichia coli cells were used to improve the sensitivity of
immunoassays and biosensors by controlling the orientation
of the antibodies.”” Protein A, including the Z-domain, has
specific binding affinity toward antibodies from various mam-
malian species, including humans, rats, guinea pigs, and
rabbits with strong binding affinity.>*> However, among the
frequently used mammalian species, protein A has weak
affinity for mouse immunoglobulin (Ig) G1 and goat IgG.>* On
the other hand, protein G has strong binding affinity to mouse
and goat IgGs with an affinity constant (equilibrium constant)
of 14.3 x 107 M~ ~.*® Protein G also has a specific binding
affinity toward the Fc region of antibodies, so it can be utilized
for the orientation control of antibodies.** In addition, in the
case of human and rabbit IgG, protein G has a greater affinity
constant than protein A*. Thus, autodisplay of protein G
promises expansion of antibody usage in immunoassays or
immunosensors and is expected to improve due to high
binding affinity and orientation control.

In this study, an immunoaffinity layer with orientation-con-
trolled antibodies was developed based on the autodisplay of
protein G. Streptococcal protein G was expressed as a target of
the autotransporter using autodisplay technology. A protein G
autodisplaying vector was constructed using recombinant
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technology and transformed into E. coli cells. The autodisplay
of protein G was confirmed by SDS-PAGE, and IgG-binding
affinity was analyzed using fluorescence microscopy. The
activity confirmed that protein G autodisplaying E. coli cells
were utilized as a solid support to carry out immunoassays,
and autodisplayed protein G was confirmed to improve sensi-
tivity by orientation control of antibodies. Then, the OM of
protein G autodisplaying E. coli cells was isolated as a lipo-
some and layered on a microplate and surface of a surface
plasmon resonance (SPR) biosensor to construct an immu-
noaffinity layer with orientation control of antibodies. OM-
based immunoassay was performed using a protein G autodis-
playing OM-coated microplate to test the applicability of the
immunoaffinity layer. Then, the OM layer with autodisplayed
protein G was introduced into the SPR biosensor and con-
firmed to be suitable as an immunoaffinity layer with orien-
tation control for sensitive biosensors.

Materials and methods
Materials

Goat polyclonal antibodies against C-reactive protein (CRP),
goat polyclonal antibodies against horseradish peroxidase
(HRP), goat polyclonal antibodies against CRP labeled with
HRP, and fluorescein-conjugated rabbit polyclonal antibodies
against human immunoglobulin (Ig) G were obtained from
Abcam (Cambridge, UK). Tris-HCI buffer (pH 8.0), Tris-glycine
buffer, phosphate-buffered saline (PBS), Luria-Bertani (LB)
broth, ampicillin, protein G, and sodium dodecyl sulfate
(SDS)-loading buffer were purchased from LPS solution
(Daejeon, Korea). 96-Well microplates were obtained from SPL
Life Sciences (Pocheon, Korea). The 3,3',5,5-tetramethyl-
benzidine (TMB) substrate kit was purchased from Thermo
Fisher Scientific (Waltham, MA, USA). Triton X-100, isopropyl
B-D-1-thiogalactopyranoside (IPTG), sucrose, lysozyme, HRP,
CRP, and other analytical-grade chemicals were obtained from
Merck (Darmstadt, Germany). The restriction enzymes, Xhol
and Kpnl, and ligase were purchased from New England
Biolabs (Ipswich, MA, US).

Construction of a protein G autodisplaying vector

Gene encoding streptococcal protein G (Uniprot: P06654) was
amplified by polymerase chain reaction (PCR) with additional
sequences coding for 5’ end XhoI and 3’ end Kpnl restriction
sites.*® The PCR product was excised using KpnlI and Xhol and
confirmed by agarose gel electrophoresis. Simultaneously, the
inducible auto-displaying vector pET-SH7, which has both
Xhol and Kpnl restriction sites at the 5 and 3’ ends of the
autodisplaying target sequence, was excised by Kpnl and
Xhol.*® Both double-digested DNA fragments from the PCR
product encoding protein G and the autodisplaying backbone
were extracted from the gel extraction kit (Qiagen, Hilden,
Germany) and then ligated by ligase to construct a protein G
autodisplaying vector named pJP002 (Fig. 1a).
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Fig. 1 Schematic diagram of (a) autodisplay of protein G and (b) construction of an immunoaffinity layer with orientation control of antibodies
using the isolated OM with autodisplayed protein G. (SP: signal peptide, IM: inner membrane, PP: periplasm, and OM: outer membrane).

Autodisplay of streptococcal protein G

After the construction of the protein G autodisplaying vector,
the pJP002 plasmids were transformed into E. coli BL21(DE3)
cells by heat shock. Transformed E. coli cells were grown over-
night in LB broth media containing ampicillin at 37 °C with
vigorous shaking. Overnight cultured cells were 100-fold
diluted with fresh media until the optical density (OD) reached
0.5 (600 nm) at 37 °C with vigorous shaking. Next, 1 mM IPTG
was added to E. coli cells for the induction of protein G with
an autotransporter, and the E. coli cells were incubated at
30 °C for 2 h. After incubation, the cells were harvested and
the OD600 value was adjusted to 1.0.

Outer membrane (OM) preparation and analysis of
autodisplayed protein G

The OM of the E. coli cells was isolated as previously
described.?® Briefly, a rigid peptidoglycan layer of E. coli cells
was hydrolyzed by lysozyme treatment to form spheroplasts.
An extraction buffer containing Triton X-100 was then added
to spheroplasts for the formation of isolated OM particles.
These particles were purified by sequential centrifugation.
After OM isolation, autodisplayed protein G was analyzed by
electrophoresis. The OM particles were denatured by mixing
with sodium dodecyl sulfate containing sample buffer (Bio-
Rad Laboratory, Hercules, CA, US) at 95 °C for 15 min and sep-
arated using polyacrylamide gel electrophoresis with a con-
stant current of 30 mA. After separation, proteins in the gel
were stained by treatment with Coomassie Blue and imaged
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using a ChemiDoc Gel Imaging System (Bio-Rad Laboratory,
Hercules, CA, US).

Immunoassay based on the OM layer

To form an immunoaffinity layer using isolated OM particles
with autodisplayed protein G, 300 pg mL™' of OM solution
quantified using a BCA Protein Assay Kit (Thermo Fisher
Scientific, Waltham, MA, US) was added to a 96-well micro-
plate for 2 h at room temperature and washed with 0.1%
Tween-20 containing PBS for three times. After layer for-
mation, the cells were treated with capture antibodies at a con-
centration of 2.3 pg mL™" for 1 h to form an orientation-con-
trolled immunoaffinity layer. The microplate was then
rewashed, and analyte samples with various concentrations
were added for 1 h. After washing, detection antibodies conju-
gated with HRP were added and incubated for 1 h. For quanti-
fication, TMB solution was added for 15 min, and the reaction
was quenched with the addition of 2 M sulfuric acid. Then,
the OD was measured at a wavelength of 450 nm with a refer-
ence wavelength of 650 nm using a microplate reader
(Molecular Devices, San Jose, CA, US). All assays were per-
formed in triplicate.

SPR biosensor measurement

The OM layer was constructed on an unmodified bare gold
chip installed on a commercial SPR biosensor system (Icluebio
Co., Ltd, Seongnam, Korea) by incubation with 300 pg mL™"
isolated OM solution for 2 h. The flow rate of all samples and
buffer injection was 0.3 mL min~"'. After washing, 1 pg mL™"

This journal is © The Royal Society of Chemistry 2023
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capture antibodies and antibodies against CRP were bound to
the OM layer with autodisplayed protein G. Then, the sensor
was treated with CRP samples for 30 min. A 10 min washing
step was performed between each process. The captured CRP
was quantified by subtracting the SPR signal after CRP treat-
ment from the signal before treatment. All treatment steps
were measured under static conditions and performed in
triplicate.

Results and discussion

Autodisplay of streptococcal protein G with immunoglobulin
G-binding affinity

The IgG-binding protein, streptococcal protein G, was
expressed with an autotransporter to anchor on the OM of
E. coli cells using autodisplay technology.® Owing to its specific
IgG-binding activity to various species, it has been applied to
various industries and research studies, including immuno-
assays and biosensors.? In particular, protein G binds to the Fc
region of the antibody, realizing orientation control, thereby
improving the sensitivity of immunoassays and immunosen-
sors.”” As shown in Fig. 1a, the autotransporter was expressed
from the constructed plasmid vector and passed through the
inner membrane via a signal peptide.'® Then, the autotran-
sporter folded to form a f-barrel to anchor to the OM of E. coli
cells, and the target protein, IgG-binding protein G, was dis-
played through the linker toward the outside of the cells. After
cultivation and induction of E. coli cells with a protein G auto-
displaying vector, the OM of E. coli cells was isolated and ana-
lyzed by SDS-polyacrylamide gel electrophoresis (PAGE), as
shown in Fig. 2. Outer membrane protein (Omp) F and OmpaA,

kDa M 1 2
250
150
100 Autodisplayed
75 Protein G
(70 kDa)
50
37 | OmpF
OmpA

25

20

Fig. 2 Analysis of OM proteins. Lane M represents the molecular
weight marker. Lane 1 and Lane 2 indicate OM proteins from intact BL21
(DE3) cells without the autodisplay vector and from BL21(DE3) cells
transformed with pJP002 for autodisplay of protein G, respectively.
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which have molecular weights of 37 kDa and 35 kDa, respect-
ively, are the two most common porins and are also found in
the clear band near 37 kDa in Fig. 2.*® This supports that the
OM was successfully isolated and visualized by SDS-PAGE.
Compared with the OM from intact E. coli cells without the
autodisplaying vector (lane 1), the OM from protein G autodis-
playing E. coli cells (lane 2) showed an additional distinctly
thick band at 70 kDa. The size of this band was consistent
with the molecular weight calculated from the amino acid
sequence of the full autotransporter fusion protein without a
signal peptide. This means that the transformation of the
autodisplay vector produced an autotransporter containing
protein G as a target, and the expressed protein was anchored
to the OM of E. coli cells. OmpA is known to exist as 10° mole-
cules per cell; therefore, it was used as an internal standard for
calculating the expression level of the protein G autotranspor-
ter by densitometry.>® Using densitometry, protein G was
determined to be 2 x 10° copies per cell. This number indi-
cates that autodisplayed protein G was expressed and displayed
on E. coli cells at a high density. In the case of the autodis-
played Z-domains, the expression density was reported to be
2.8 x 10° copies per cell.** This value was comparable to or
slightly higher than the autodisplay of protein G. Thus, the
difference in signals was due to the binding affinity toward the
antibodies from goat.

The IgG-binding property of autodisplayed protein G was
tested by staining with fluorescein-labeled antibodies. Human
IgG was added to protein G autodisplaying E. coli cells for 1 h
and fluorescein-labeled secondary antibodies against human
IgG were sequentially added for 1 h. Antibody-treated E. coli
cells were then placed on glass slides and observed by fluo-
rescence microscopy. As shown in Fig. 3, protein G autodis-
playing E. coli cells showed intense fluorescence signals, indi-
cating the binding of fluorescein-labeled antibodies. In this
case, protein G autodisplaying E. coli cells were treated with a
high concentration (100 pg mL™") of human IgGs to bind all
antibody binding sites. So all autodisplayed protein G were
saturated with IgGs. In addition, even if a small amount of sec-

Fluorescein

Overlay

w/o autodisplay

w/ autodisplay

Fig. 3 The microscopic images of protein G autodisplaying E. coli cells
after the treatment of fluorescein labeled antibodies.
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ondary antibodies binds with autodisplayed protein G, it also
shows the antibody binding activity of autodisplayed protein
G. In contrast, intact E. coli cells did not show a significant
fluorescence signal after antibody staining. When the fluo-
rescence image was overlaid on the phase image, all protein G
autodisplaying E. coli cells exhibited fluorescence. These data
indicate that protein G was autodisplayed in all E. coli cells,
and autodisplayed protein G maintained specific antibody-
binding activity. In addition, protein G was autodisplayed on
the OM of E. coli cells because antibodies cannot pass through
the membrane of E. coli. From these data, protein G was con-
firmed to be autodisplayed on the OM of E. coli cells at a high
density and with IgG-binding activity, making it suitable for
application in immunoassays and biosensors.

Immunoassays based on protein G autodisplaying E. coli cells

IgG-binding protein G autodisplaying E. coli was applied to the
immunoassay and utilized as a solid support for antibody
immobilization. As mentioned previously, staphylococcal
protein A, a widely used protein owing to its specific binding
affinity to IgG from various species, is known to have a weak
bond with goat IgG, whereas streptococcal protein G has a
strong bond.'®*' Because goat IgG is one of the most widely
used antibodies in rabbits, mice, and humans, the weak
binding affinity of protein A to goat IgG restricts its use for
antibody immobilization in diagnostic tests. Thus, we com-
pared the IgG-binding affinity of autodisplayed protein G with
an autodisplayed Z-domain, an engineered protein from the
B-domain of protein A.>” HRP was selected as the model
analyte because peroxidase can be directly quantified in the
presence of peroxide by various substrates such as TMB using
colorimetry, fluorescence, or luminescence without treatment
with detection antibodies.*” E. coli cells with autodisplayed
affinity proteins were prepared and resuspended in various
concentrations of the capture antibody and goat polyclonal
anti-HRP for 1 h. After washing, 1 ng mL™"' analyte HRP was
added and treated for 1 h. HRPs bound to E. coli cells were
quantified using a TMB chromogenic reaction, and OD values
were measured at a wavelength of 450 nm, as described in
Fig. 4a. Both protein G and Z-domain autodisplaying E. coli
showed increasing OD,sonm values with an increase in anti-
HRP concentrations. This indicates that both autodisplayed
affinity proteins have binding affinity with goat polyclonal anti-
bodies. However, protein G autodisplaying E. coli (W) showed
higher ODys50nm values than Z-domain (@) at all anti-HRP con-
centrations. In addition, the minimum antibody concen-
trations required for the detection of constant HRP were calcu-
lated to be 150 and 500 ng mL ™" for autodisplayed protein G
and Z-domain, respectively. These data indicate that autodis-
played protein G has higher affinity than the Z-domain for
goat antibodies, and this phenomenon is consistent with the
previously known binding affinity of protein A and protein G
to goat IgG. Signal differences between the two autodisplayed
affinity proteins increased until the concentration of anti-
bodies reached 2.3 ug mL™" and saturated after that concen-
tration (Fig. 4a, inset). From these results, the optimal concen-
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Fig. 4 Immunoassays based on protein G autodisplaying E. coli cells.

(a) 1gG-binding affinity test by treatment of various concentrations of
goat polyclonal antibodies to protein G and Z-domain autodisplaying
E. coli cells. Inset: signal difference between assays using protein G and
Z-domain autodisplaying E. coli cells. (b) HRP immunoassay and (c) CRP
immunoassay using protein G autodisplaying E. coli cells. For compari-
son, Z-domain autodisplaying E. coli cells, intact E. coli cells without the
autodisplay vector, and randomly immobilized antibodies by physical
adsorption were used.
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tration of the capture antibody for immunoassays and bio-
sensor applications was 2.3 pg mL ™.

HRP and CRP immunoassays were performed using protein
G autodisplaying E. coli cells. As shown in Fig. 4b, an E. coli
cell-based immunoassay was performed in the HRP concen-
tration range of 0.1-300 ng mL~". The assay curve of protein G
autodisplaying E. coli (M) showed a sigmoidal growth curve
and reached saturation with 100 ng mL™" HRP. The limit of
detection (LOD) was evaluated using three Sigma and calcu-
lated to be approximately 1 ng mL™", with a dynamic range of
1-100 ng mL ™. For comparison of IgG-binding affinity with
protein G, Z-domain autodisplaying E. coli cells (A) were tested
as solid supports and showed an LOD of 20 ng mL™". The
assay curve did not saturate at an HRP concentration of 300 ng
mL~". These results suggest that protein G has a much higher
binding affinity to goat IgG than protein A, even after autodis-
play of these affinity proteins. In addition, to confirm the
orientation effect of antibodies, they were immobilized on a
microplate by simple physical adsorption with a random orien-
tation (V) to be carried out by the HRP immunoassay. The
ODy50nm values from the physical adsorption assay were lower
than those from protein G autodisplaying E. coli at all HRP
concentrations, and the LOD of this assay was estimated to be
20 ng mL™". These results indicate that the sensitivity of
protein G autodisplaying E. coli cells was improved by orien-
tation control of the antibodies. In contrast, the assay using
intact E. coli cells without the autodisplay vector (®) showed
no significant increase up to 100 ng mL™"' of HRP. This
implies that intact E. coli cells can reduce non-specific binding
without any blocking step.

Based on the confirmation of applicability to immuno-
assays, CRP was detected using protein G autodisplaying
E. coli cells in the concentration range of 0.25-1000 ng mL ™
(Fig. 4c). CRP is a serum protein synthesized by the liver and is
a widely used biomarker for the diagnosis of various inflam-
matory diseases, such as infection, autoimmune disorders,
rheumatoid arthritis, nephrotic syndrome, and chronic renal
failure.*® Similar to the HRP immunoassay, the assay curve for
protein G (M) showed a sigmoidal growth curve. In this case,
the curve was saturated at a CRP concentration of 300 ng
mL~". The LOD of the CRP immunoassay based on protein G
autodisplaying E. coli cells was estimated to be 2 ng mL™;
therefore, the dynamic range of the CRP immunoassay was
confirmed to range from 2 ng mL™" to 300 ng mL™". Z-domain
autodisplaying E. coli cells (A) showed lower OD,50,m values
than protein G (M) at all CRP concentrations, and the LOD was
calculated to be 4 ng mL™", with a dynamic range of 4-200 ng
mL~". At saturation, protein G showed a 3-fold higher OD450nm
value than the Z-domain. This indicates that the binding
capacity of protein G is higher than that of the Z-domain
because of the difference in binding affinity to goat IgG. In the
case of physical adsorption (V¥), similar to the Z-domain, the
ODy50nm Vvalues were lower than those of protein G at all CRP
concentrations. The LOD of this assay was calculated to be 6
ng mL~'. The protein G autodisplaying E. coli cell-based
immunoassay showed an LOD that was three times higher
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than that based on Z-domains or physical adsorption. As
protein G has stronger binding affinity than the Z-domain, the
LOD difference is due to the differences in the number of anti-
bodies bound to the autodisplayed E. coli cells. Compared to
physical adsorption with a random orientation, sensitivity is
improved by orientation control of autodisplayed protein
G. From these data, protein G autodisplaying E. coli was con-
firmed to have stronger binding affinity against goat IgG than
the Z-domain and is suitable for application in immunoassays
as a solid support for antibody immobilization to improve sen-
sitivity by orientation control.

Construction of an immunoaffinity layer with orientation
control of antibodies using the OM of protein G
autodisplaying E. coli and its application to SPR biosensors

E. coli cells with autodisplayed affinity proteins can act as an
antibody immobilizing substrate and can be washed by simple
centrifugation steps using a table-top centrifuge. However,
these buffer changes by sequential centrifugation may cause
cell loss, and the centrifugation process is difficult to auto-
mate. In addition, for the construction of an immunoaffinity
layer on the transducer of biosensors, additional immobiliz-
ation steps of E. coli cells are required, and these may decrease
the IgG-binding efficiency. In addition, the size of E. coli cells
on the micrometer scale hinders the detection of biosensors
that can only detect near the surface of the transducer, such as
electrochemical biosensors, or evanescence field-based bio-
sensors such as SPR biosensors.'® To increase the expandabil-
ity of protein G autodisplay technology to construct an orien-
tation-controlled immunoaffinity layer, the OMs of E. coli cells
were isolated as liposomes and layered on the surface of a two-
dimensional substrate via hydrophobic interactions, as shown
in Fig. 1b.

HRP was selected as the model analyte for the OM-based
immunoassay. After layering the OM with autodisplayed
protein G on a 96-well microplate, capture antibodies and anti-
HRP antibodies were used to form an immunoaffinity layer.
Then, HRP solution with a concentration range of 0.5 to 1000
ng mL™' was placed for 1 h at room temperature. After
washing, the TMB reaction was quantified, and the chromo-
genic reaction was measured by optical density at a wavelength
of 450 nm using a microplate reader. As shown in Fig. 5a, the
OM layer with autodisplayed protein G (M) showed increasing
OD,50nm Values with an increase in HRP concentration. This
implies that the layered OM of autodisplayed E. coli is able to
form an immunoaffinity layer with orientation-controlled anti-
bodies. The assay curve for the OM with autodisplayed protein
G showed a sigmoidal growth curve and reached saturation at
300 ng L', The LOD was calculated as 5 ng mL™"; therefore,
the dynamic range of the OM-based HRP immunoassay was
estimated as 5-300 ng mL". In addition, the signals from the
OM layer were much higher than those from physical adsorp-
tion (Fig. 4b V). Then, to test the density control of autodis-
played protein G, commercial protein G was immobilized on a
microplate (A) and the HRP immunoassay was carried out.
The ODys50nm values from the protein G-based assay were also
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displayed protein G.

lower than those from protein G autodisplaying E. coli at all
HRP concentrations (LOD = 100 ng mL™"). These results indi-
cate that the autodisplay technology was suitable for the
improvement of the sensitivity through the density control as
well as orientation control of the antibodies. Layered OMs
from intact E. coli cells without the autodisplay vector (®) were
utilized as a comparison group and showed no significant
increase in ODysonm values over the whole range. This indi-
cated that the OM layer was compactly coated on the surface of
the substrate and prevented the non-specific binding of both
antibodies and antigens, even without a blocking step.

Based on the applicability of the OM layer to immuno-
assays, a CRP immunoassay was performed at concentrations
of 0.1 to 2000 ng mL™". Similar to the HRP immunoassay,
OMs with autodisplayed protein G were isolated and layered
on a microplate, and antibodies against CRP were immobilized
with orientation control. CRP samples were then treated and
HRP-conjugated anti-CRP antibodies were added to quantify
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bound CRP. After the measurement of the TMB chromogenic
reaction, the ODysonm values were obtained as shown in
Fig. 5b. Protein G autodisplaying the OM layer (M) showed an
increasing sigmoidal curve with increased CRP concentrations.
The assay curve was saturated at a CRP concentration of 100
ng ml™". The estimated LOD of the CRP immunoassay was 0.2
ng mL ™" so the dynamic range of the OM-based CRP immuno-
assay was calculated to be 0.2 to 100 ng mL™'. These data
imply that the immunoaffinity layer based on the OM with
autodisplayed protein G is suitable to be applied to immuno-
assays of biomarkers, including CRP. In addition, the dynamic
ranges and LODs of the OM-based immunoassays shown in
Fig. 5 are comparable to those of the E. coli cell-based
immunoassays shown in Fig. 4 and the signals from the OM
layer were also higher than those from physical adsorption
(Fig. 4c ¥) and the commercial protein G immobilized micro-
plate (Fig. 5b A). These results imply that the OM layer with
autodisplayed protein G is successfully introduced to construct
a sensitive immunoaffinity layer by the density and orientation
control of the antibodies. The OM layer without autodisplayed
protein (@) also showed no significant increase in signals over
the whole range, so it was again confirmed to have very low
non-specific binding by the CRP immunoassay. From these
results, the OM layer with autodisplayed protein G was con-
firmed to have antibody-binding activity comparable to that of
protein G on E. coli cells, and the OM coating on the micro-
plate was applicable to immunoassays.

The constructed and confirmed immunoaffinity layer with
orientation control based on the OM with autodisplayed
protein G was applied to an SPR biosensor, which is an optical
biosensor based on an evanescence field that can be detected
within a few hundred nanometers of the surface of a sensor
chip.** In this case, the OM layer was suitable for application
because the E. coli cells were larger than the detection length.
Gold was selected as the transducer surface owing to its bio-
logically novel and hydrophobic properties. Similar to the
microplate, the Au chip was coated with isolated OM particles
by hydrophobic interactions and the layering process was
monitored with the SPR biosensor, as shown in Fig. 6. When
OM particles were introduced, the SPR response increased sig-
nificantly during incubation. After the washing step, the SPR
response increased by 40 A.U. owing to the formation of the
OM layer with autodisplayed protein G (Fig. 6a). Next, the
capture antibodies and anti-CRP antibodies were injected.
Bound antibodies against autodisplayed protein G on the OM
layer generated an increased SPR response by 2 A.U. This
increased SPR response indicated that the immunoaffinity
layer was generated by sequential OM layering and antibody
immobilization. After the formation of the immunoaffinity
layer, CRP samples with concentrations of 1, 10, 100, and 1000
ng mL~" were sequentially injected. As shown in Fig. 6a, the
SPR responses increased when the CRP samples were treated.
This illustrates that CRP binds to the immunoaffinity layer
based on autodisplayed protein G, and the binding process
was available to be monitored using an SPR biosensor. The
increased SPR responses were estimated to be 0.9, 2.4, 3.5, and

This journal is © The Royal Society of Chemistry 2023
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5.0 A.U. for 1, 10, 100, and 1000 ng mL™" CRP, respectively
(inset of Fig. 6a). These signals showed an increase with an
increase in concentration. When linear fitting was performed
based on CRP concentrations on a log scale, it showed good
linearity with R* values greater than 0.99. These results indi-
cate that accurate measurement of CRP concentrations in the
range of 1-1000 ng mL ™" was realized by the application of the
OM layer with autodisplayed protein G to the immunoaffinity
layer of the SPR biosensor.

For comparison with another orientation controlled immu-
noaffinity layer, commercial protein G was applied to the SPR
biosensor. As shown in Fig. 6b, antibodies were immobilized
on the protein G layer after blocking. The increased SPR
responses were estimated to be 0.1, 0.1, 0.8, and 2.6 A.U. for 1,
10, 100, and 1000 ng mL~" CRP, respectively (inset of Fig. 6b).
These data support that layering of the OM with autodisplayed
targets on the surface of the transducer has high immobilizing
efficiency and the OM layer with autodisplayed protein G is
suitable for the density control of antibodies. In the case of
the immunoaffinity layer by physical adsorption (Fig. 6¢), the
increased SPR responses were 0.1, 0.7, 1.7, and 3.1 A.U. for 1,
10, 100, and 1000 ng mL ™" CRP, respectively (inset of Fig. 6c).
This result indicates that the orientation control by autodis-
played protein G improves the sensitivity of the SPR biosensor.
In the comparison group, an OM layer without an autodisplay
was generated on the Au chip of the SPR biosensor, as shown
in Fig. 6d. Even in this case, the SPR response was increased
by 40 A.U. by the formation of an OM layer. However, when the
capture antibodies were injected, there was no significant
increase in the SPR response. In addition, when CRP samples
with the same concentrations were used, there was no signifi-
cant increase in the SPR response. This implies that the anti-
bodies were not bound to the surface of the SPR biosensor.
This supports the idea that the layered OM blocks the immo-
bilization of antibodies, and antibody immobilization is only
available when protein G is autodisplayed. These experiments
confirmed that an immunoaffinity layer with orientation con-
trolled by autodisplayed protein G was introduced into an SPR
biosensor and was suitable for CRP measurements with high
sensitivity and low non-specific binding.

Conclusions

The IgG-binding protein, streptococcal protein G, was
expressed as a fusion protein on the OM of E. coli cells by auto-
display technology to generate an immunoaffinity layer for
immunoassays and biosensors. The DNA sequence of protein
G was inserted into the target sequence of the autodisplay
vector using recombinant technology to construct the autodis-
playing vector pJP002, and the constructed plasmid vector was
transformed into BL21(DE3) E. coli cells. Autodisplay of
protein G was analyzed by SDS-PAGE of OM proteins and con-
firmed to be expressed on the OM at 2 x 10° copies per cell by
densitometry in comparison with OmpA. In addition, E. coli
cells with autodisplayed protein G were confirmed to have IgG-
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binding affinity by fluorescence microscopy after the addition
of fluorescein-labeled IgG. The IgG-binding affinity was com-
pared with that of another IgG-binding protein, the Z-domain.
When various concentrations of goat polyclonal antibodies
were immobilized on E. coli cells with autodisplayed protein G
and Z-domain, protein G showed higher affinity to goat IgG.
After affinity confirmation, immunoassays based on protein G
autodisplaying E. coli cells were performed to detect HRP and
CRP. E. coli cells were used as a solid support for the immobil-
ization of the capture antibodies. HRP immunoassay showed
an LOD of 1 ng mL™" with a dynamic range of 0.1-100 ng
mL~". In the CRP immunoassay, CRP was detected using a
sandwich-type immunoassay and the assay showed an LOD of
2 ng mL™" with a dynamic range of 2-300 ng mL™". In both
immunoassays, autodisplayed protein G showed better sensi-
tivity than autodisplayed Z-domains and physical adsorption.
This means that autodisplayed protein G has a high affinity for
goat IgG and has the potential to improve the sensitivity of
immunoassays by controlling the orientation of antibodies.
After the establishment of the E. coli cell-based immunoassay,
the OMs of protein G autodisplaying E. coli cells were isolated
and layered on a microplate and Au chip to construct an
immunoaffinity layer for immunoassays and SPR biosensors.
OM-based immunoassays to detect HRP and CRP showed
LODs of 5 and 0.2 ng mL~" with dynamic ranges of 5-300 and
0.2-100 ng nL~" for HRP and CRP, respectively. When the OM
layer was applied to the SPR biosensor for CRP detection, the
SPR responses showed good linearity in the CRP concentration
range of 1-1000 ng mL™" with an R® value of 0.99. These
results indicated that protein G was successfully autodisplayed
on the OM of E. coli cells with IgG-binding affinity, and auto-
displayed protein G was suitable for use as a solid support for
antibodies for immunoassays. In addition, the OM with auto-
displayed protein G could be extended to construct an immu-
noaffinity layer with orientation control by layering on a 2D
substrate, such as a microplate or surface of the transducer of
biosensors. Thus, the autodisplay of protein G is potentially
applicable in various immunoassays and immunosensor
formats to improve sensitivity by orientation control and
density control.
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