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Abstract

Introduction Bacterial surface display is a valuable biotechnology technique for presenting proteins and molecules on the
outer surface of bacterial cells. However, it has limitations, including potential toxicity to host bacteria and variability in
display efficiency. To address these issues, we investigated the removal of abundant non-essential outer membrane proteins
(OMPs) in E. coli as a new strategy to improve the surface display of recombinant proteins.

Methods We targeted OmpA, a highly prevalent OMP in E. coli, using the lambda red method. We successfully knocked
out ompA in two E. coli strains, K-12 MG1655 and E. coli BL-21, which have broad research and therapeutic applications.
We then combined ompA knockout strains and two OMPs with three therapeutic proteins including an anti-toxin enzyme
(CIbS), interleukin 18 (IL-18) for activating cytotoxic T cells and an anti- CTLA4 nanobody (aCTLA4) for immune check-
point blockade.

Results A total of six different display constructs were tested for their display levels by flow cytometry, showing that the
ompA knockout strains increased the percentage as well as the levels of display in bacteria compared to those of isogenic
wild-type strains.

Conclusions By removing non-essential, highly abundant surface proteins, we develop an efficient platform for displaying
enzymes and antibodies, with potential industrial and therapeutic applications. Additionally, the enhanced therapeutic efficacy

opens possibilities for live bacteria-based therapeutics, expanding the technology’s relevance in the field.

Keywords Bacterial surface display - Protein engineering - Nanobodies - Cytokines - Enzymes

Introduction

The bacterial surface display is a cutting-edge technique
in biotechnology and molecular biology that involves the
presentation of proteins or peptides on the surface of bacte-
rial cells, of which Escherichia coli represents the primary
technology platform [1]. To date, the bacterial surface
display has garnered significant attention due to its wide
range of applications in areas such as vaccine develop-
ment [2], screening of peptide libraries [3], and catalysis
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[4]. Advantages of bacterial surface display have included
ease of genetic manipulation, cost-effectiveness compared
to mammalian cell surface display, and rapid screening of
large peptide or protein libraries, which is invaluable in drug
development and protein engineering [5-9].

The bacterial surface display has a relatively long his-
tory. The concept of bacterial surface display likely traces its
roots back to the 1980s when scientists began to understand
protein targeting and export mechanisms in bacteria [10].
This period saw significant advancements in genetic engi-
neering and recombinant DNA technology, setting the stage
for more complex applications like protein display. The first
instances of the bacterial surface display were developed in
the late 1980s to early 1990s. Researchers started to fuse
foreign proteins or peptides to bacterial surface proteins.
One of the early systems used was the fusion of proteins to
the outer membrane protein (OMP) LamB of E. coli [11].
This pioneering work demonstrated that foreign proteins
could be displayed on the surface of bacteria while retaining
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their functionality. In the late 1990s, the concept began to
be applied in diverse fields such as vaccine development,
where surface-displayed antigens could directly stimulate
immune responses, and in bio-catalysis, where enzymes
displayed on bacterial surfaces were used for industrial pro-
cesses [12]. In the 2000s, with advancements in genomic and
proteomic technologies, bacterial surface display systems
became more sophisticated. This period saw the integration
of high throughput screening methods, allowing for the rapid
analysis and optimization of displayed proteins [13]. Recent
developments have focused on enhancing the stability and
expression levels of displayed proteins and expanding the
range of applications. The technique is now a crucial tool in
areas like antibody engineering, biosensor development, and
environmental applications. Throughout its history, bacte-
rial surface display has evolved from a novel concept to a
widely used technology, demonstrating the power of com-
bining molecular biology with innovative biotechnological
approaches. The future of this field holds promise for further
groundbreaking applications and improvements.

While bacterial surface display offers numerous advan-
tages in terms of efficiency, cost, and versatility, it also faces
challenges related to suboptimal display, improper protein
folding, size limitations, and post-translational modifica-
tions. Specifically, proteins displayed on bacterial surfaces
may not be present at high levels due to possible physical
constraints, potentially affecting their functionality. Addi-
tionally, there is a limit to the size of the proteins or peptides
that can be effectively displayed on the bacterial surface
although different OMPs differ in their capacity to display
proteins of various sizes [14—16]. Moreover, compared to the
yeast surface display, bacteria lack the sophisticated post-
translational modification systems found in eukaryotic cells,
which can be crucial for the functionality of antibodies [17].
To address the limitations in surface levels and functional-
ity of displayed proteins, ongoing efforts have been largely
centered around identifying different OMPs as anchor pro-
tein scaffolds in a trial-and-error process [18-21]. This is
because different recombinant target proteins have prefer-
ence for the choice of anchor protein, and it is important
to select an anchor protein that ensures stable and efficient
display of the target protein on the bacterial surface. Previ-
ously, four genes encoding OMPs (OmpA, OmpC, OmpF,
and LamB) were deleted in a series of single, double, triple,
or quadruple knock-outs [22]. While these knockout strains
were used to improve production and purification of recom-
binant OMPs, it provides an alternative approach to improv-
ing the bacterial surface display. Inspired by this work, the
current study aims to alleviate constraints on the surface of
E. coli by knocking out a nonessential yet highly abundant
OMP. This strategy could potentially serve as a universal
method to enhance bacterial surface display. Given that E.
coli possesses one of the most well-documented proteomes,
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we conducted a literature survey to identify OMPs with char-
acterized copy numbers and abundances. It is estimated that
there are approximately 10° copies of Mull, 10° copies of
OmpA, 10* copies of OmpC, and 10* copies of OmpF per
bacterium [23, 24]. Notably, we selected OmpA as the candi-
date OMP for its extensive characterization in the literature.
Our goal is to demonstrate whether knocking out OmpA
enhances the surface display of heterologous recombinant
proteins in E. coli.

Materials and Methods
Chemicals and Reagent

All chemicals and bacterial culture medium were purchased
from Fisher Scientific International Inc. (Cambridge, MA,
USA) unless otherwise noted, and were of the highest purity
or analytical grade commercially available. Competent cells
were purchased from New England Biolabs (Ipswich, MA,
USA). PurePlasmid Miniprep Kits were purchased from
CWBIO (Jiangsu Cowin Biotech Co., Ltd).

Strains and Plasmids

Genetic knockout strains were constructed in E. coli K-12
MG1655 and BL21 (DE3), with the deletion of the ompA
gene achieved via the Lambda Red system method [25].
Plasmids utilized for construct testing, generated through
Gibson assembly, underwent prior validation through Sanger
sequencing before the next steps. A list of plasmids used in
this manuscript is shown in Table 1.

Generation of a Kanamycin Cassette
with Homologous Arms Specific to ompA

DNA fragments consisting of a Kanamycin resistance cas-
sette flanked by flippase recognition target (FRT), 25 bp
priming sites, and 50 bp homologous arms were amplified
from the pKD4 plasmid via a high-fidelity 2x Super Pfx
MasterMix (CWBIO: CW2965M). The primer sequences
are provided in Table 2. After the successful replacement of
ompA by the Kanamycin cassette, the removal of the antibi-
otic resistance genes was achieved through the expression of
the flippase recombination enzyme (FLP) recombinase from
pCP20. The PCR reaction systems were as follows: 98 °C
for 3 min, followed by 30 cycles of 98 °C for 30 s, 53 °C for
30 s, and 72 °C for 1 min. The resulting PCR reactions were
digested with 0.5 pl Dpnl per 30 pl PCR reaction for 1 h at
37 °C. The PCR products were purified using DNA cleanup
buffers (Qiagen: 19066) and Zymo-Spin columns (ZYMO:
C1003-50).
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Table 1 Plasmid list

Plasmid Source Purpose

pKD4 [25] Kanamycin cassette with FRT
pTKRED [26] Lambda red system

pCP20 [25] Expression of FLP

pDS861-RhaSR-pRha-Lpp-OmpA-cMyc-E1-FLAG
pDS861-RhaRSP-OmpA-mIL18-CS2
pDS861-RhaRSP-OmpA-anti mouse CTLA4
pDS861-RhaRSP-anti-mouse CTLA4
pDS861-YiaT232-GGGGS3-anti-mouse CTLA4
pDS861-RhaSR-pRha-YiaT232-CIbS
pDS861-YiaT232-mIL18-CS2-DR18

In this study
In this study
In this study
In this study
In this study
In this study
In this study

Displaying OmpA-ClbS

Displaying OmpA-mIL18
Displaying OmpA-aCTLA4
Intracellular expression of xCTLA4
Displaying YiaT232-aCTLA4
Displaying YiaT232-ClbS
Displaying YiaT232- mIL18

Table 2 Primer list

Purpose

For knocking out ompA, upper case letters are
50 bp sequences homologous to ompA

For knocking out ompA, upper case letters are
50 bp sequences homologous to ompA

Upstream of ompA, for colony PCR verification

Kanamycin cassette

Name Sequence

B977 ATGAAAAAGACAGCTATCGCGATT
GCAGTGGCACTGGCTGGTTTC
GCTACgtgtaggctggagetgette

B978 TCGATCAGTGCAGCACGCTGTTTC
ACGTTGTCACAGGTGTTGCCA
GTAACatgggaattagccatggtce

S272 gtagagttaatattgagcagatcc

5245 aggctattcggctatgactg

S273 gttattccttacccageaatgectge

Downstream of ompA, for colony PCR verification

Recombineering

Bacteria harboring pTKRED were cultured in 1 ml SOC
with 50 pg/ml kanamycin and 50 pg/ml Spectinomycin,
allowing overnight growth at 220 rpm and 30 °C. The result-
ing culture was then diluted 1/100 into a baffled 125 ml
flask containing 20 ml SOB supplemented with 50 pg/ml
Spectinomycin and 2 mM IPTG. Continuous growth at
220 rpm and 30 °C was sustained until the ODgy,,,, reached
0.4-0.8. After chilling the bacterial cells on ice for 30 min,
they were centrifuged at 4000 rpm for 5 min at 4 °C. The
supernatant was discarded, and the cells were resuspended
in 10 ml sterile ice-cold 10% v/v glycerol using vortex mix-
ing. Bacteria were centrifuged for 5 min at 4000 rpm and
4 °C. The cells were washed three times in total, and then
they were concentrated 100 times by resuspension in 200 pl
ice-cold 10% glycerol. Fifty microliters of electrocompe-
tent cells were mixed with 100-500 ng of DNA and incu-
bated on ice for at least 1 min, with the option to extend
the duration up to 30 min. The mixture was transferred to a
1 mm electroporation cuvette and placed in the Shock Pod.
150 pl to 200 pl of SOC was added to the cuvette imme-
diately after electroporation (1.8 kV, 25 uF, 200 € using
a Bio-Rad GenePulser Xcell Electroporation System). The
mixture was transferred to 1.5 ml microcentrifuge tubes and
shaken at 220 rpm, 37 °C for 2 h. Once the recovery phase
was completed, bacteria were spun down at 12,000 rpm for

1 min. The supernatant was discarded, and the pellet was
resuspended in the residual medium and spread onto LB
agar plates containing Kanamycin. The plates were incu-
bated overnight at 30 °C in an air incubator. The next day,
positive colonies that were randomly selected from the LB
agar plates were verified for integration by colony PCR, and
the resulting PCR fragments were then sequenced by Sanger
sequencing (Genewiz).

Removal of pTKRED and the Kanamycin Cassette

Selected clones, confirmed to harbor the desired fragment,
were inoculated into 1 ml of LB and cultured overnight in
a shaker at 42 °C. The following day, samples were plated
on both 100 pg/ml Spectinomycin LB agar plate and 50 pg/
ml Kanamycin LB agar plate to validate the elimination of
pTKRED. Spectinomycin-sensitive but Kanamycin-resist-
ant colonies were electroporated with pCP20 and plated on
Carbenicillin plates for overnight growth at 30 °C. Individ-
ual colonies were inoculated into 1 ml nonselective LB at
220 rpm and 42 °C for 6-16 h to eliminate the Kanamycin
resistance cassette and cure pCP20. One microliter of bac-
terial culture was tri-streaked on LB agar plates and grown
overnight at 37 °C. 10-20 colonies were randomly selected
and streaked successively on nonselective LB plates, Car-
benicillin-containing LB plates, and Kanamycin-containing
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LB plates. Colonies that lost resistance to Carbenicillin and
Kanamycin were chosen for further analysis.

Protein Identification by Liquid
Chromatography-Tandem Mass Spectrometry

For in-gel digestion, denatured bacterial lysates were sepa-
rated by SDS-PAGE and stained with Coomassie blue stain.
The protein samples were processed and analyzed at the
Mass Spectrometry Facility of the Department of Pathol-
ogy at the University of Michigan. Gel slice was destained
with 30% methanol for 4 h. Upon reduction (10 mM DTT)
and alkylation (65 mM 2-Chloroacetamide) of the cysteines,
proteins were digested overnight with 500 ng of sequenc-
ing grade, modified trypsin (Promega) at 37 °C. Peptides
were extracted by incubating the gel with 150 pl of 50%
acetonitrile/0.1% TFA for 30 min at room temperature. A
second extraction with 150 pl of 100% acetonitrile plus 0.1%
TFA was also performed. Both extracts were combined and
dried in a vacufuge (Eppendorf). For mass spectrometry,
resulting peptides were dissolved in 9 pl of 0.1% formic
acid/2% acetonitrile solution. Two microliters of the result-
ing peptide solution were resolved on a nano-capillary
reverse phase column (Acclaim PepMap C18, 2 micron,
50 cm, Thermo Scientific) using a 0.1% formic acid/acetoni-
trile gradient at 300 nl/min over a period of 90 min (2-25%
acetonitrile in 35 min; 25-50% acetonitrile in 20 min fol-
lowed by a 90% acetonitrile wash for 5 min and a further
30 min re-equilibration with 2% acetonitrile). Eluent was
directly introduced into Q Exactive HF mass spectrom-
eter (Thermo Scientific, San Jose CA) using an EasySpray
source. MS1 scans were acquired at 60 K resolution (AGC
target=3x106; max IT =50 ms). Data-dependent collision
induced dissociation MS/MS spectra were acquired on 20
most abundant ions following each MS1 scan (NCE ~28%;
AGC target 1x105; max IT 45 ms). For database search,
proteins were identified by searching the data against E coli
K12 protein database (4362 entries; uniprotkb_proteome_E.
coli K12_UP000000625) using Proteome Discoverer (v3.0,
Thermo Scientific). Search parameters included MS1 mass
tolerance of 10 ppm and fragment tolerance of 0.2 Da; two
missed cleavages were allowed; carbamidomethylation of
cysteine (+ 57.012 Da) was considered fixed modification
and oxidation of methionine (+ 15.994 Da), deamidation of
asparagine and glutamine (+ 0.984 Da), were considered
as variable modifications. False discovery rate (FDR) was
determined using Percolator and proteins/peptides with an
FDR of < 1% were retained for further analysis.

Bacterial Growth Measurement

To generate growth curves, bacteria were inoculated in 1 ml
of LB medium. For the analysis of four different strains,
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each fresh overnight bacterial suspension was diluted 1:10.
The ODg,, Was measured using NanoDrop Microvolume
Spectrophotometers. Based on these measurements, the
bacterial suspensions were further diluted to an ODgy,,,, of
0.01 in 50 ml of pre-warmed LB medium within 125 ml
flasks. The flasks were incubated at 37 °C with shaking at
220 rpm. Samples (1 ml) were taken from each flask at O,
1,2,3,4,5,6,7, and 8 h, and ODg,,,, was recorded. The
growth values from three biological replicates were aver-
aged to create the growth curves. For monitoring the four
different strains under protein production load, each fresh
overnight bacterial suspension was split into two groups:
one diluted 1:10 in 50 ml of pre-warmed LB medium with
0.2% glucose, and the other diluted 1:10 in 50 ml of pre-
warmed LB medium with 10 mM Rhamnose, each in 125 ml
flasks. These flasks were incubated at 25 °C with shaking
at 220 rpm. Samples (1 ml) were collected at 0, 3, 6, 9, 11,
13, and 24 h, and ODg,,,,, was recorded. The values from
three biological replicates were averaged to plot the growth
curves for each treatment.

Detection of SYTOX Green Intensity

The fresh overnight bacterial suspension of K-12
MG1655, AompA::FRT_K-12 MG1655, BL21 (DE3), and
AompA::FRT_BL21 (DE3) underwent a single wash with
FACS buffer and was subsequently incubated with 1 uM
SYTOX Green (Thermo Fisher Scientific: S7020). An
equivalent number of bacteria from each strain was subject
to boiling at 100 °C for 10 min to serve as the SYTOX Green
positive control. The SYTOX Green’s fluorescence signal
was detected by Attune Flow Cytometer (Thermo Fisher
Scientific), and the data were subsequently analyzed using
FlowlJo.

Preparation of Chemically Competent Cells
and Transformation

Chemically competent cells were made by the Zymo
Research Mix & Go E. coli Transformation Kit & Buffer
Set (ZYMO: T3001). Briefly, 40 pl of overnight culture was
inoculated into 2 ml ZymoMedium™. Shaking the culture
at 220 rpm, 37 °C achieved an ODg,,, of 0.4-0.6. Upon
reaching the desired OD, the culture was incubated on ice for
10 min. The bacteria were then directly centrifuged in 2.0 ml
tubes at 8000 rpm for 5 min in the cold room. After centrifu-
gation, the supernatant was poured off, and cells were gently
resuspended in 200 pl ice-cold 1x Wash Buffer, followed
by re-pelleting. The supernatant was poured off again, and
cells were gently resuspended in 200 pl ice-cold 1x Com-
petent Buffer. Aliquots of 25 pl of the cell suspension were
prepared in sterile tubes, making the cells ready for trans-
formation or suitable for storage at — 80 °C. For plasmid
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transformation, 25 pl of competent cells were mixed with
2.5 pl of DNA plasmid and gently mixed for a few seconds.
The transformation was incubated on ice for 10 min, fol-
lowed by a 42 °C heat shock for 30 s. The cells were then put
back on ice for up to 2 min. Cells were allowed to recover
by adding 100 pl of SOC to the transformation mixture and
shaking at 220 rpm at 37 °C for 1 h. Recovered cells were
spun down for 1 min at 12,000 rpm, the supernatant was
drained off, and the remaining cells were spread on pre-
warmed plates and incubated at 37 °C.

Bacteria Surface Display Staining

All relevant constructs were inoculated into 1 ml of LB
medium supplemented with 50 pg/ml Kanamycin. The cul-
tures were allowed to grow overnight at 37 °C. Subsequently,
the overnight bacterial suspension was diluted 1/50 in a
pre-warmed LB medium containing 50 pg/ml Kanamycin
and incubated in a shaker for 2 h. Afterward, rhamnose was
added into the culture to a final concentration of 10 mM for
induction at room temperature for 24 h. Fifty microliters of
the induced bacterial culture with an ODg,,., of approxi-
mately 1.5 were transferred to 0.5 ml FACS buffer (2% FBS,
0.05% w/v sodium azide, 2 mM Ethylenediaminetetraacetic
acid dissolved in 1x PBS) pre-aliquoted in 1.5 ml tubes. The
bacterial cultures were centrifuged at 8000 rpm for 2 min at
room temperature. After discarding the supernatant, the bac-
terial incubated with 1 pg/ml Alexa Fluor® 647 anti-DYKD-
DDDK Tag Antibody (BioLegend: 637316) in FACS buffer
and incubated on ice for 30-60 min. One milliliter of FACS
buffer was added directly to the antibody—bacteria mixture,
and then it was centrifuged at 8000 rpm for 2 min. After
carefully pouring off the supernatant, the bacterial pellets
were resuspended in 1 ml of 1x PBS through vortex mix-
ing. The bacteria were kept on ice before the flow cytometry
analysis.

SDS-PAGE Analysis

Samples were mixed with Laemmli SDS-sample buffer
(Boston BioProducts, Inc.: BP-111R) and heated to 100 °C
for 10 min. The prepared samples were then electrophoresed
on 10% polyacrylamide gels. The protein bands were visual-
ized using the Coomassie BB R-250 Staining Solutions Kit
(Fisher Scientific: NC0228390). Quantitative analysis of the
bands was performed using Image] software.

Statistical Analysis

Statistical significance was evaluated using a Student’s
unpaired t-test using GraphPad PRISM (San Diego, CA,
USA). P values <0.05 were considered statistically signifi-
cant. The statistical significance is indicated in all figures

according to the following scale: *p <0.05, **p <0.01,
**%p <0.001. All graphs are expressed as the means + SEM.

Plasmids and Primers

Results

Genetic Knockout of ompA from the Genome of E.
coli

Prior studies by others uncovered the presence of > 100
integral and lipid-linked membrane proteins on the E. coli
cell envelope [24]. Of note, one constitutive OMP, named
OmpA, is estimated to be present at 10° copies per cell in
E. coli [27]. We speculate that the presence of OmpA may
result in steric hindrance and limit the surface display of
target proteins or peptides in E. coli. Moreover, enforced
expression of recombinant proteins on crowded extracellu-
lar surfaces of E. coli can potentially affect the membrane
integrity, which may explain the fact that high levels of
bacterial surface display can often interfere with bacterial
growth [5]. On the contrary, if we can remove some consti-
tutively expressed proteins such as OmpA without affecting
the growth and viability of E. coli, it could potentially reduce
the steric hindrance and divert the resources required for
protein synthesis and membrane translocation from mak-
ing native membrane proteins to the expression and display
of chimeric OMPs. While OmpA has been implicated in
bacterial stress responses [28], virulence [29] and biofilm
formation [30] for pathogenic E. coli strains to interact with
host environments [31], OmpA may become a nonessential
component for E. coli when the bacteria are repurposed for
laboratory and industry applications (Fig. 1).

To test our hypothesis, we chose the E. coli strains K-12
MG1655 and BL21 (DE3) due to their well-established roles
and characteristics in the field of biotechnology and micro-
bial therapeutics [32-34]. We proposed to use the lambda
red recombineering method to knock out the ompA gene
in the E. coli genome (Fig. 2A) [25]. Specifically, a Kana-
mycin cassette flanked by short flippase (FLP) recognition
target (FRT) sites and 50 bp DNA fragments homologous
to the ompA gene at 5’ and 3’ ends were amplified by poly-
merase chain reaction (PCR) from the pKD4 plasmid. The
linear PCR product was subsequently electroporated into
E. coli strains K-12 MG1655 and BL21 (DE3) contain-
ing pTKRED, a plasmid encoding the lambda red proteins
(Fig. S1). After colony PCR verification, the correct clones
were transformed with pCP20, a plasmid expressing FLP
to remove the Kanamycin resistance gene. The successful
removal of the Kanamycin resistance gene was confirmed
by colony PCR and Sanger sequencing (Figs. 2B, C, S2). In
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Fig. 1 The overall design. A
A A traditional approach by

evaluating different OMPs

to enhance bacterial surface

display. B A new strategy in \
this work involves knocking out

OmpA, a nonessential OMP

for E. coli. The hypothesis

is that the removal of OmpA

from the outer membrane may

generate free space, enabling

the improved display of protein B

cargoes on the surface of E.

coli. This figure was created OmpA
using BioRender \

OMP scaffolds

addition, we confirmed the loss of OmpA protein in AompA
strains by resolving and staining the total proteins in SDS-
PAGE. Of note, a protein band with an estimated molecular
weight of 35 kDa was absent in AompA strains but present
in the wild type (Fig. S3A). To verify if the protein band
corresponds to OmpA, we excised the band present in the
wild-type K-12 MG1655 but absent at the same position in
the AompA K-12 MG1655 (Fig. S3A). As a negative control,
we also sliced the gel band from the same molecular weight
range in the AompA K-12 MG1655 strain. Both gel slices
were submitted for protein identification via mass spectrom-
etry, which confirmed the absence of the OmpA protein in
the AompA strain (Fig. 2D).

Knocking Out OmpA Does Not Affect the Growth
of E. coli

The ompA gene in E. coli encodes the outer membrane
protein A (OmpA), which plays several important roles in
the bacterium’s biology including but not limited to stress
response, host interaction, cell division, and structure
integrity [35]. Using the lambda red recombineering, how-
ever, we successfully knocked out ompA, which confirmed
that the ompA gene is a nonessential gene under the exper-
imental settings. To further confirm if the ompA knockout
may affect the physiology of bacteria, we compared the
growth rates between the wild-type and AompA strains
in both K12 MG1655 and BL21 (DE3) backgrounds. Fol-
lowing overnight culture to the stationary phase, bacteria
were diluted to an ODg,., of 0.01, ODg . measurements
were conducted at 0, 1, 2, 3,4, 5, 6, 7, and 8 h. As shown
in Fig. 3A and B, there was no difference in growth rates
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between the wild-type and AompA strains in K12 MG1655
and BL21 (DE3), underscoring the fact that OmpA is a
nonessential protein under laboratory growth conditions.

Knocking Out OmpA Does Not Affect the Membrane
Integrity of E. coli

While we did not observe changes in growth rates resulting
from the ompA knockout, it remains possible that OmpA
may play a role in the outer membrane since there is an
estimated copy number of 10° OmpA protein per cell. We
employed SYTOX Green to test if knocking out OmpA can
compromise the membrane integrity of E. coli. SYTOX
Green is a high-affinity nucleic acid stain that penetrates
cells with compromised membranes, making it a useful
tool for assessing membrane integrity. In healthy cells
with intact membranes, SYTOX Green cannot penetrate,
and thus the cells will not fluoresce. However, in cells
with damaged or leaky membranes, SYTOX Green enters
and binds to DNA, resulting in a bright green fluores-
cence. We labeled the wild-type or AompA strains (K-12
MG1655 and BL21(DE3)) from the exponentially growing
phase with SYTOX Green and analyzed the percentage
of SYTOX Green-positive and -negative populations by
flow cytometry. Interestingly, there was almost no detect-
able population for the SYTOX Green-positive bacteria in
AompA strains compared to that of the wild-type strains
(Fig. 3C-F). As SYTOX Green is also a cell viability dye,
we concluded that knocking out ompA in K-12 MG1655
and BL21 (DE3) does not compromise the membrane
intactness in E. coli or affect bacterial viability under the
laboratory culture settings.
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A

Recombination .
Kanamycin selection_.-~

wt

Excision
FLP-FRTsystem

MAGGAGGATATTCATATGG

K-12 MG1655 AompA

649bp
>

. 479bp

Fig.2 Genetic knockout of ompA from the genome of E. coli. A
Tlustration of the genetic knockout of ompA from the E. coli genome.
The process involves using a linear template containing a Kanamycin
resistance cassette flanked by FRT recognition sites, which is ampli-
fied from pKD4. The target gene is then replaced with this linear
template using Lambda red recombination. After recombination, the
antibiotic fragment is removed through the expression of FLP recom-
binase. B Sanger sequencing analysis of the final recombinant is pre-
sented. The highlighted portion illustrates the sequencing of the FRT
fragment. C The deletion of ompA and the final recombinant is vali-
dated through colony PCR using specific primers (S272, S245 and
$273). Sequencing analysis of the final recombinant is also conducted

ompA
mdh=—
sl - 4 2.0e+010
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fabD—
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1 1.0e+010
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1 1
wild-type AompA

to confirm the deletion. In the upper gel image, primers S272 located
upstream of Kan® and $245 in the midsection of Kan® are used. Six
colonies were randomly picked and exhibited the PCR fragment of
649 bp. In the bottom gel image, primers S272 and S273, located
downstream of the FRT site of KanR, are utilized. Four colonies were
randomly picked after deletion, resulting in a PCR product of 479 bp.
D Validation of OmpA protein knockout in the AompA strain by mass
spectrometry. Heat maps of protein levels for the top 50 most abun-
dant genes detected by mass spectrometry in K-12 MG1655 wild-type
and AompA strains. The color in each tile represents the scaled abun-
dance value
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Fig.3 Knocking out OmpA does not affect the growth rates or the
membrane integrity of E. coli without protein induction. Bacterial
growth was monitored for A wild-type and AompA strains in K-12
MG1655 and B wild-type and AompA strains in BL21 (DE3) in LB
broth, with optical density ODg,,, measurements taken at 0, 1, 2, 3,
4,5, 6,7, and 8 h post inoculation. Data represent mean+SEM of
three independent experiments. Flow cytometric analysis of SYTOX
staining for C wild-type and AompA strains in K-12 MG1655, and

Knocking Out OmpA Does Not Change the E. coli
Growth Rates Compared to Wild-Type Strains Under
the Protein Induction Conditions

While knocking out OmpA does not interfere with bacterial
proliferation or membrane integrity, we next examined the
impact on bacterial growth in both wild-type and AompA
strains when induced for protein surface display. We focused
on the OmpA-mIL18 construct due to its recently reported
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D wild-type and AompA strains in BL21 (DE3). Live bacteria are
SYTOX-negative while dead bacteria are SYTOX-positive. As a con-
trol, each strain is subject to boiling at 100 °C for 10 min. A repre-
sentative graph is presented, based on three independent experiments.
E, F Quantification of membrane integrity in both K-12 MG1655 and
BL21 (DE3) expressed as the percentage of SYTOX-negative cells.
Data=mean + SEM, from three independent experiments

therapeutic applications [36, 37]. It was found that induction
of protein production in both wild-type and AompA strains
resulted in a dramatic reduction in bacterial proliferation.
This aligns with our observations and those of others that
protein induction generally imposes a significant metabolic
burden on bacteria. Moreover, overexpression of OMPs can
further induce membrane stress. However, there was no sta-
tistically significant difference in growth between the wild-
type and AompA strains under induction conditions in both



A New Bacterial Chassis for Enhanced Surface Display of Recombinant Proteins

K-12 and BL21 (DE3) backgrounds (Fig. 4). In contrast,
when protein induction was suppressed by the presence of
0.2% glucose, both wild-type and AompA strains carrying
the same construct exhibited faster growth rates compared
to those under rhamnose induction (Fig. 4).

OmpA Knockout Markedly Improves the Surface
Display of Three Representative Recombinant
Proteins

Having established that AompA strains (K-12 MG1655 and
BL21(DE3)) exhibit normal proliferation and membrane
integrity, we next explore the use of AompA strains for bac-
terial surface display. We first chose an OmpA derivative as
an anchor protein since it represents one of the most popular
OMPs for bacterial surface display. Specifically, the OmpA
variant consists of a signal peptide, the first nine residues of
Braun’s lipoprotein (referred to as Lpp), and five of the eight
membrane-spanning segments of the OmpA protein (amino
acid residues 46—159). The OmpA variant is responsible
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Fig.4 Knocking out OmpA does not change the E. coli growth rates
compared to wild-type strains under the protein induction conditions.
Bacterial growth was monitored for A wild-type and AompA strains
in K-12 MG1655 and B wild-type and AompA strains in BL21 (DE3)
in LB broth. Cultures were treated separately with 0.2% glucose to
suppress OmpA-mIL18 expression (control) and with 10 mM Rham-
nose to induce OmpA-mIL18 expression. Optical density (ODgy,m)
measurements were taken at 0, 3, 6, 9, 11, 13, and 24 h. Data repre-
sent the mean=+SEM of three independent experiments. ns refers to
no statistical significance

for targeting proteins of interest to the outer membrane via
genetic fusion at the C-terminus of OmpA [38]. In addition
to OmpA, we also extended our work to another anchor pro-
tein named YiaT. YiaT is a putative OMP in E. coli although
its function has not been fully well characterized. By predict-
ing the outer membrane topology, a previous study by oth-
ers determined that the fifth extracellular loop (at the 232th
amino acid) of YiaT is an ideal target for the C-terminal
fusion with a protein of interest [39]. In our unpublished
works, we have explored the use of OmpA to display a bac-
terial enzyme named CIbS, that is known to antagonize the
DNA damaging effects by colibactin [40, 41], as well as
a recombinant murine cytokine IL-18, which is known to
promote the cytotoxicity of CD8 T cells and natural killer
cells for cancer immunotherapy [36, 37]. Additionally, we
also identified YiaT that can display a camelid-derived nano-
body against Cytotoxic T-lymphocyte associated protein 4
(CTLA4), which is a protein receptor that functions as an
immune checkpoint and downregulates immune responses
[42]. Of note, these three different cargo proteins have dis-
tinct biophysical and biochemical properties as summarized
in Supplemental Table 1, which allow us to test the versa-
tility of our approach. By comparing three proteins from
different species (bacteria, mouse, and camelid) along with
two different anchor proteins (OmpA and YiaT), we aim to
demonstrate the versatility of the AompA strains to enhance
the bacterial surface display (Fig. SA).

Therefore, we sought to comprehensively quantify
and compare the display levels of six different constructs
(OmpA-CIbS, YiaT232-CIbS, OmpA-mIL18, YiaT232-
mlIL18, OmpA-aCTLA4 and YiaT232-aCTLA4) between
the wild-type and AompA strains in both K12 MG1655 and
BL21 (DE3) backgrounds. Of note, all six constructs were
fused with a FLAG epitope to facilitate the detection of pro-
teins on the bacterial surface by flow cytometry. Following
induction with rhamnose at room temperature for 24 h, bac-
teria were harvested, washed and directly stained with anti-
FLAG antibody conjugated with a fluorescent dye. It was
found that the isogenic AompA strains in both K-12 MG1655
and BL21 (DE3) strains markedly increased the percent-
age of bacterial population displaying ClbS, mIL18 or
aCTLA4, compared to their wild-type strains (Fig. 5B, C).
Moreover, by quantifying the mean fluorescence intensity,
we also detected increased levels of display in the AompA
strains over those of the wild-type background (Fig. 5D, E).
Interestingly, when total cell lysates were analyzed by SDS-
PAGE, the levels of total recombinant proteins (aCTLA4,
mlIL18 and CIbS), which combine both intracellular and
extracellular fractions, were comparable between AompA
and wild-type strains (Fig. S3B). Since fusion proteins are
first translated in the cytoplasm followed by translocation
through inner and outer membranes for surface display,
knocking out OmpA protein itself may not change the protein

@ Springer



R.Zhang et al.

A B
e /\ Owild-type A Owild-type
N @ owp o px No display ©® AompA 4 ©® AompA
A K-12 BL21(DE3)
= deH o —]
@ ompa_acTLag | 4 |- —L |-
Protein cargo b *Hl
Induction ¢ / /\ "
OmpA_miL18 ‘ ¥ | ¥ E
4 e
OmpA_CIbS /\ [ Fro E & - E
Antibody staining l 3 Do
0 20 40 60 80 100 | 0 20 40 60 80 100
c Display Level — % of surface display % of surface display
K-12 : BL21(DE3)
A 3 Ao —
YiaT232_aCTLA4 | - = - | — |-
Flow cytometry
OmpA OmpA
L by .\@ : knockout /\ B —
ﬁ be i o C “. YiaT232_miL18 - " | —i
- ( D) .":' = e i AT o
5 YiaT232_ClbS ' N *po - |
, o :
4 a2
0 20 40 60 8 100 0 20 40 60 80 100
A Display Level — % of surface display % of surface display
D E
K-12 K-12 BL21(DE3) BL21(DE3)
S. $a
* © wild-type 108 o wild-type b © wildtype 0% . o wild-type
o e 2« AompA o BompA . . .. ° dompA '_‘ - * AompA
10 — — = T 104 " m N
T e} T 10% T
2 |l e g |f
108 o w % 10°
1034
T e » R
é\? 4*'\ S,\" 6\\? 6‘\7 &\\:‘ '»9\"
O P » ,g:"'? & &
.\\é’b RS NG O&Q P \’;\ <@ BNy

Fig.5 OmpA knockout markedly improves the surface display of
three representative recombinant proteins. A Experimental outline
and schematic for engineering K-12 MG1655 and BL21 (DE3) strains
to display heterologous proteins on the bacterial surface. Each pro-
tein is fused with an OMP (OmpA or YiaT232) along with a FLAG
epitope driven by a rhamnose-inducible promoter. In total, six con-
structs (OmpA-aCTLA4, OmpA-mIL18, OmpA-CIbS, YiaT232-
oaCTLA4, YiaT232-mIL18, and YiaT232-CIbS) were induced with
10 mM L-rhamnose for 24 h at room temperature before staining for

translation efficiency and the total amount of fusion proteins.
Instead, removal of native OmpA proteins from bacterial
surface improved the extracellular fraction of recombinant
proteins likely though increased surface availability. It is
noteworthy that the OmpA-fused proteins displayed a more
significant difference between WT and AompA strains com-
pared to the YiaT232-fused proteins (Fig. 5D, E). In the

@ Springer

the FLAG epitope and flow cytometry. The percentage of wild-type
and AompA E. coli displaying B OmpA or C YiaT fusion constructs
are quantified, and representative flow cytometry histograms are
shown to highlight the increase of surface display in AompA over the
wild-type strains for both K-12 MG1655 and BL21 (DE3). Mean flu-
orescence intensity (MFI) of FLAG signals is quantified to compare
AompA to wild-type strains in D K-12 MG1655 and E BL21 (DE3).
Data=mean +SEM, from three independent experiments, *p <0.05,
*#p <0.01, ¥**p <0.001, unpaired ¢ test

literature, OmpA is a well-characterized protein in E. coli,
whereas YiaT has been studied less extensively regarding
its biophysical and biological functions [39]. Although the
exact reasons are unclear, it is possible that different OMPs
(e.g., OmpA versus YiaT) may be phase-separated into
distinct domains on the outer membrane at the nanoscale
according to a previous fundamental biophysical study [43].
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Knocking out OmpA might favor OmpA chimeric fusion
proteins occupying the same regions where native OmpA
proteins are localized. Conversely, native YiaT and YiaT
chimeric fusion proteins may occupy different regions on
the outer membrane. Additionally, OmpA and YiaT might
utilize slightly different cytoplasmic, inner, and outer mem-
brane machineries to facilitate membrane translocation from
the cytoplasm. Therefore, knocking out OmpA may free
up more proteins such as chaperons to help with the trans-
location of the same protein cargo, such as OmpA fusion
proteins.

Discussion

While a myriad of anchor proteins have been explored to
optimize the bacterial surface display, this work presents
a generic strategy by deleting OmpA, a constitutively
expressed OMP in E. coli. Since OmpA has been estimated
to present at a 10°> copy number per bacterium, removing this
protein could possibly reduce steric hindrance to accommo-
date chimeric OmpA fusion proteins on the outer membrane.
Furthermore, knocking out OmpA may divert the resources
required for protein synthesis and membrane translocation
from making native membrane proteins to the expression
and display of chimeric OMPs. Indeed, we demonstrated that
knocking out OmpA markedly improve the display levels
of three different proteins by two different anchor proteins.
Furthermore, we found that deletion of ompA gene did not
interfere with bacterial growth or induce membrane leakage
at least under the laboratory growth conditions. However,
our work does not rule out the possibilities that knocking
out ompA could affect other physiological processes such as
bacterial adhesion, protein secretion, biofilm formation, vir-
ulence, and stress responses [35]. Additionally, it is possible
that knocking out OmpA may compromise the integrity of
membrane organization and phase separation of OMPs at the
nanoscale based on one previous study [43]. Nevertheless,
we speculate that if the bacterial surface display is primar-
ily employed for directed evolution by displaying libraries
of peptides or protein variants, the ompA knockout strategy
could potentially increase the diversity and size of displayed
libraries for in vitro screening of optimal peptide or protein
sequences. If the bacterial surface display is repurposed for
delivery of protein therapeutics by engineering bacteria as
living therapeutics in vivo, it warrants further characteri-
zation of how the deletion of ompA may contribute to the
colonization or clearance of engineered bacteria in the host.
For example, E. coli strains have been engineered to deliver
immune cytokines or other proteins in tumors by harnessing
their tumor tropism [36, 44]. Therefore, it is important to
examine whether knocking out ompA can reduce the effi-
ciency of the tumor-targeting potential of engineered E. coli.

Notably, even under optimal conditions, at least 20% of
the cells in this study do not exhibit detectable levels of
the protein of interest. The efficiency of bacterial surface
display, defined as the percentage of bacteria positive for
staining, can vary depending on the specific fusion pro-
tein, cargo, or anchor proteins used. For instance, previ-
ous studies have reported a bimodal distribution of posi-
tive and negative populations in bacterial surface display
[45]. Moreover, the presence of a population without any
surface display has also been observed in yeast surface
display platform [46, 47].

One interesting future direction is to develop a strain
with minimal surface proteome, in a manner similar to
the development of a genome-reduced strain that harbors
the minimum number of genes required for replication
[25-27]. Of note, dozens of OMPs have been identified
through biochemical and genetic assays, which presents
an opportunity to further modify the surface of E. coli
by deleting all nonessential OMPs such that maximal
free space is available to present recombinant proteins
on the surface without affecting the viability of bacteria.
Although this approach may appear a tedious task, it pro-
poses an interesting fundamental question with regards to
the minimal proteome of OMPs on the surface of E. coli
necessary to support the growth of E. coli. Previously, four
genes encoding abundant OMPs (OmpA, OmpC, OmpF,
and LamB) were deleted in a series of single, double, tri-
ple, or quadruple knock-outs [22]. While these knockout
strains were used to improve production and purification of
recombinant OMPs, they provide an alternative approach
to improving bacterial surface display by knocking out
additional OMPs such as OmpC, OmpF, and LamB.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s12195-024-00819-w.
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