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SUMMARY Escherichia coli, a Gram-negative bacterium, exhibits resistance to multiple
antibiotics, emphasising the need for novel targets. Autotransporter (AT) proteins, such as
Antigen 43 (Ag43), have emerged as potential targets due to their association with virulence.
Autotransporters are a family of secreted proteins in Gram-negative bacteria, and Ag43, with
its modular structure, plays a prominent role. This study focuses on the secreted passenger
domain of Ag43. Previous research suggested that the autochaperone, a conserved amino acid
sequence located at the C-terminus of many autotransporter passengers, is required for proper
passenger domain folding during secretion. Our goal was to investigate the role of the so
called autochaperone domain in the Ag43 passenger sequence. Our study aimed to create
recombinant plasmids that would enable expression, purification, and refolding of Ag43
passenger domain variants with and without the putative autochaperone region. Using PCR
and standard cloning techniques, we were able to create a plasmid termed pXYZ encoding an
N-terminally tagged Ag43 passenger lacking the autochaperone region (amino acid X to
amino acid Y). We were unable to create a plasmid encoding Ag43 containing the
autochaperone region. Follow-up analyses using SDS PAGE showed that Ag43 (lacking the
autochaperone region) is expressed in the cytosol of E. coli strain BL21. This project lays the
building blocks for investigating the role of the autochaperone region in Ag43 folding and
the effector function of Ag43 in order to characterise the motif as a potential novel
antimicrobial target.

INTRODUCTION

A utotransporters (ATs) are a family of secreted proteins in Gram-negative bacteria such
as Escherichia coli and are frequently correlated with virulence in all E. coli
pathotypes. Autotransporters consist of a single polypeptide which mediates the transport of
the protein across both the inner and outer bacterial membrane (1). A subclass of
autotransporters is the type V secretion system in which all information necessary for crossing
the membrane is included in the protein itself (2). The translocation of type V AT across these
membranes has been implicated with the proteins’ N-terminal passenger domain and C- Published Online: September 2024
terminal translocation domain (3, 4). Based on prior research, we know that, in particular, Citation: Leong, Safaeian, Zhang. 2024.
autochaperone (AC) motifs found at the C-terminal ends of AT passenger domains are critical ~ Construction of a plasmid that expresses an N-
to the correct folding of the passenger region both at the bacterial surface and in vitro (5). terminally 6xHis tagged protein spanning amino
. . . ) acids Gly139 to Pro552 of the passenger domain of

The autochaperone is defined as the functional unit at the C-terminus of the passenger . gycherichia coli autotransporter protein Ag3.
domain of autotransporters, capable of catalysing passenger folding and efficient OM UJEMI 29:1-10
translocation (5). Before the term “autochaperone” was coined, Ohnishi et al. (1994) found Editor: Shruti Sandilya and Ronja Kothe, University of
that the deletion of the junction region between the mature protease and processed COOH-  British Columbia
terminal protein of the Serratia marcescens serine protease (PrtS) resulted in the lack of ~Copyright: © 2024 Undergraduate Journal of
detection of the protein in any fractions of the cells or in the medium, but with the COOH- ﬁt’::::;mal Microbiology and Immunology. All Rights
terminal protein in the outer membrane (6). Oliver et al. then found that a region within the
BrkA passenger was necessary for its folding and suggested that the conservation of the AC
junctions’ conservation would allow similar results to be found in other ATs (7) Since then,
AC regions have been identified in EspP, Tsh, AIDA-I, Hbp, and IcsA (8-15). The AC region
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has been confirmed to be a conserved structure across multiple ATs, specifically with
sequence analysis of 1523 ATs identifying ACs in the majority of self-associating ATs (16)
such as Ag43.

Ag43, also known as Antigen 43, is an AT protein prominently found on the surface of a
majority of E. coli strains (17, 18). Hallmarks of Ag43 include its phase-variable expression,
its three-domain AT structure and its functions associated with biofilm formation,
aggregation, and self-recognizing adhesion to the host cell (19). Specifically, due to the ability
of Ag43 to aggregate, the protein also expresses auto-aggregation or aggregation with itself,
observed as the formation of bacterial clumping and fluffing of the same cells at the bottom
of culture tubes (20, 21). The modular structure of Ag43 consists of a signal peptide which
directs translocation across the cytoplasmic membrane, a passenger domain, an
autochaperone domain, and an outer membrane translocator (Figure 1) (18). It is a self-
associating AT that is synthesised as a 1039 amino acid preprotein (19). Studies have shown
that Ag43 likely possesses a conserved AC region homologous to those found in other ATs
(16). Furthermore, the specific function and importance of the AC region in Ag43 has not
yet been experimentally confirmed.

A) Autotransporter Adhesin Ag43

Signal Peptide Autochaperone (AC) Domain

N-| [ Passenger Domain I T 1 Beta Domain -C

FIG. 1 Domain structure of Ag43. (A) Protein domain map of autotransporter adhesin Ag43 cloned from E.
coli. (B) The folded tertiary structure of E. coli Ag43 adapted from Alphafold (22, 23).

This study establishes building blocks for a proposed study design aiming to determine
the functional importance of the conserved AC region within the passenger domain. Such
building blocks include successfully designing primers for amplification of the Ag43
constructs, choosing restriction endonucleases and designing protocols for restriction,
cleavage and ligation. We constructed a plasmid, pPEEKABOO, which removes the AC region
from the Ag43 plasmid and we lay out the procedures for construction of an additional
plasmid that includes the AC region. Our study can be built upon to potentially provide a
novel antibacterial target for antimicrobial-resistant pathogens.

METHODS AND MATERIALS

Cell culture, strains, and plasmids. The pBAD-Ag43 plasmid bearing the E. coli Ag43 was
obtained from AddGene (22) while the pET-28a(+) destination vector was obtained from the
University of British Columbia’s Department of Microbiology (UBC MBIM). Competent
DH5a E. coli cells were obtained from ThermoFisher© (Cat. #£C0112), and BL21(DE3) E.
coli cultures were obtained from UBC MBIM. Liquid cultures were all grown in Luria Bertani
(LB) medium (23) with the addition of 100 mg/mL ampicillin (for cells carrying pBAD-
Ag43) or 50 mg/mL Kanamycin (for cells bearing a pET-28a based plasmid) as the selection
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marker (24). Plate cultures of cells were grown on the same recipes for LB but with the
addition of 1.5% W/W Agar-Agar (23). Super Optimal Broth (SOC) (25) was used as the
recovery medium following transformations. All growth was at 37°C and a shaker was used
for liquid cultures.

PCR primer design. Custom DNA primers were designed for the desired amplicons (the
passenger region of the Ag43 gene lacking the proposed autochaperone region Slyeine-139 to
Proline-552) yi5ing SnapGene™ (www.snapgene.com). The length of the complementary region
between primers and the template region on pPBAD-Ag43 was adjusted to produce a predicted
melting point around 50-60 °C as per American Society of Microbiology (ASM) suggestions
(26) and HindIII and Xhol restriction enzyme cut sites were integrated into the forward and
reverse primers to make directional insertion into the destination vector possible. A poly-A
tail was added to end of each primer to meet enzyme cut site requirements (27).

PCR and amplicon purification. PCR amplification of the passenger region of the Ag43
gene lacking the proposed autochaperone region was performed using ThermoFisher™
Recombinant Taq Polymerase (Cat #EP0402) as per manufacturer guidelines (28). PCR
products were purified via the QiaQuick PCR Cleanup Kit (Cat. #28104). PCR products were
visualised via gel electrophoresis to confirm specificity of reaction and size.

Nucleic acid purification. Plasmid purification was performed on overnight cultures of
DHS5a E. coli cells using the BioBasic EZ-10 Plasmid Purification MiniPrep kit (Cat. #BS414)
as per manufacturer guidelines for a low copy number plasmid (29). Purification of PCR
products and restriction digest products were done using the Qiagen QiaQuick PCR
Purification Kit (Cat. #28104) as per manufacturer protocol (30).

DNA gel electrophoresis. Purified DNA samples were mixed in a 5:1 ratio with 6x DNA
loading dye from ThermoFisher (Cat. #R0611) and run on a 1% agarose gel made as per the
protocol by Froggabio (31). Gels were run for 1 hour at 120 volts. ThermoFisher GeneRuler
1 kb (Cat. #SM0311) was used as a ladder. Gels were visualised on a Bio-Rad GelDoc©
system (32).

SDS Protein gel electrophoresis and visualisation. Total cell lysate samples were produced
through centrifuging 100 uL of BL21(DE3) cells expressing the desired protein; the
supernatant was removed, and the pellets were resuspended in 100 uL of 2x Laemelli buffer
(Bio-Rad Cat. #1610737) before boiling for 5 minutes ate 95 °C. Mixture was centrifuged
momentarily to pull down condensation. 15 uL of sample was loaded into a 10% BioRad
Mini-PROTEAN TGX pre-cast SDS gel (Cat. #4561036) and run in the BioBasic Mini-
PROTEAN TetraCell (Cat. #1658000) as per manufacturer specifications (33). BioRad
Precision Plus Protein Unstained Standards (Cat. #1610363) was used as a ladder. Gels were
visualised on a Bio-Rad GelDoc© system.

Restriction digestion. The destination vector, pET-28a(+), was purified and digested with
the restriction enzymes, HindIll and Xhol as per double digest protocols listed by New
England Biolabs (NEB) (34). The amplified Ag43 passenger lacking the autochaperone
region was also digested with HindIII and Xhol (34). The digested pET-28a(+) vector was
purified of the excised fragment.

Plasmid construction and selection. The purified digested pET-28a(+) vector and digested
Ag43 passenger minus the autochaperone amplification product were ligated using NEB’s T4
DNA Ligase (Cat #M0202) as per manufacturer instructions (35). Ligation products were
immediately transformed into competent DH5a E. coli cells as per vendor protocols and
plated on 100 mg/mL ampicillin and 50 mg/mL kanamycin plates respectively (36).
Transformants colonies were picked at random from selection plates and grown overnight at
37°C. The pEEKABOO plasmid was purified from the overnight culture and a sample of it
was double digested with HindIII and Xhol. Digestion productions were visualised on an
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agarose gel to check for presence of bands corresponding to the utilised destination vector
(approximately 5.2 kB) and desired DNA insert (approximately 1.3 kB).

Plasmid Sequencing. Whole plasmid sequencing of plasmids isolated from selected
transformants was done through a commercial vendor, Plasmidsaurus™.

Expression of recombinant protein. For protein expression, competent BL21(DE3) E. coli
cells were transformed with pPEEKABOO constructs as per standard protocols from the
Hancock Lab at UBC MBIM (37); recovery medium was switched to SOC. The following
day, 3 transformant colonies was selected and induced with Isopropyl B-D-1-
thiogalactopyranoside (IPTG) to begin expressing ~ recombinant  Ag43
passengerAautochaperone protein as per procedures from Biologics International (38).
Expression was confirmed via SDS gel electrophoresis of total cell protein.

RESULTS

In this study, primers for Ag43 were designed and tested on Snapgene, and restriction
endonucleases for the pET-28a(+) plasmid were selected to amplify two Ag43 constructs:
Ag43passenger and  Ag43passenger  without the  autochaperone  region
(Ag43passengerAautochaperone). Amplification involved a denaturation step and three-step
temperature cycle, which produced successful results of the constructs that were visualised
on a 1% agarose gel (Figure 2).

UJEMI
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g FIG. 2 A 1% agarose gel confirms correct
Forward Primer - + + + + + + + + - ) g. g

PCR amplification of the Ag43 passenger
Passenger+AC = + + = N + + - - - P & P &
Raverss Primss subdomain, with and without the AC
P Reverse Primer S R e R L subdomain using custom primers. Custom

PBAD-Ag43 Plasmid

10,000 bp
8000 bp
6000 bp
5000 bp
4000 bp
3500 bp
3000 bp
2500 bp
2000 bp

1500 bp

1000 bp

750 bp

500 bp

250 bp

The pET-28a(+) plasmid was cleaved with restriction enzymes HindIII-HF and Xhol
for ligation with the Ag43 constructs to create pEEKABOOwWAC (pET28-
Ag43passenger) and pEEKABOO (pET-28Ag43passengerAautochaperone). After the
incubation and ligation, each construct was heat-inactivated and chilled at 4°C for storage.
Transformation into DH5a E. coli cells, which were observed to be circular and even, was
September 2024 Volume 29: 1-10 Undergraduate Research Article * Not refereed
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primers for amplifying the Ag43 passenger
domain sequence, with and without the AC
subdomain, while also integrating cut sites
for the HindIIl and Xhol enzymes at the 5’
and 3’ ends of the amplicon, respectively.
Lanes 1/10 are ladder. Lanes 2/6 both show a
~1700 bp amplification product from using
the primer set for amplifying the whole Ag43
passenger domain, with lanes 3/7 visualising
their negative controls. Lanes 4/8 both show
a ~1300 bp amplification product from using
the primer set for amplifying the Ag43
minus the  autochaperone
subdomain, with lanes 5/9 visualising their
negative controls.
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performed to produce colonies for plasmid extraction. The plasmid extracted products were
double digested with HindIII-HF and Xhol, then visualised via gel electrophoresis (Figure
3). The double digested pPEEKABOOWAC constructs (lanes 3 and 11, Figure 3) were
expected to show bands at ~7000, ~5500, and ~1700 bp, however only a band at ~5200 bp
was observed. The double digested pPEEKABOO constructs (lanes 5 and 13, Figure 3) were
expected to show bands at ~6600 bp, ~5200 bp, and ~1300 bp, however only bands at ~6600
bp and ~5200 bp were visible through the gel. Both the destination vector (lane 7, Figure 3)
and control vector (lane 9, Figure 3) showed their expected bands through the gel.

é) ..oy FIG. 3 Double restriction enzyme
e R S S S B digestion with HindIII and Xhol used to
ramsormant S T T T S S select for the pEEKABOO construct. A)
Desination Veor e A 1% agarose gel was used to visualise the
Comlvectr oo s s s outcome of the double digest. pPEEKABOO
HindIII-HF - - + - + - + - + - + - + - . . . . .

. s is comprised of a ~1.3 kBp insert within a

~5.2 kBp destination vector. B) Graphical
view of the pEEKABOO plasmid as
confirmed via whole plasmid sequencing.
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The pEEKABOOWAC construct selected from Figure 3 was sequenced via
Plasmidsaurus™, validating that our construct precisely matches the planned design.
Specifically, the plasmid contains the segment from glycine-139 to proline-552 of the Ag43
gene inserted between the HindIII and Xhol cut sites in the multiple cloning site (MCS) of
the pET-28a(+) destination vector (Supplemental Figure S1).

The pEEKABOOQO construct was transformed into BL21(DE3) E. coli cells and
induced with IPTG. The pEEKABOO constructs were then grown in LB with 1 mM IPTG
for 3-4 days with a negative control of pPEEKABOO constructs without IPTG. IPTG was used
to allow blocking of the expression inhibition on T7 promoters. In the absence of IPTG, the
lac repressor binds to the lac operator, which inhibits the transcription of downstream genes.
Thus, by inducing our constructs with IPTG, IPTG would alleviate expression inhibition on
the T7 promoters to allow for transcription of downstream genes. These constructs were then
visualised via SDS gel electrophoresis (Figure 4). The results shown in the gel were as
expected, with brighter prominent bands at just under 50 kD with pPEEKABOO grown in
IPTG (lanes 4, 5, 8, 9, 12, and 13, Figure 4). The brighter bands in negative control lanes 3,
7, 11 (Figure 4) are observed due to erroneous artifacting. The brighter banding with the IPTG
induced lanes demonstrates that more of the downstream genes were transcribed in
comparison to the negative control, which was as expected.
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DISCUSSION

In this study, the first steps of the proposed study design aimed at elucidating the effect
of the AC region on secretion and folding are performed, most notably the creation of the
pEEKABOO plasmid lacking the AC region. Primers were chosen to target the Ag43
passenger with and without the autochaperone subdomain (Figure 2), and digestion and
ligation protocols were used to attempt to produce the pPEEKABOOWAC and pPEEKABOO
constructs. A double digest was used to confirm the constructs, with the results for
pEEKABOO nearly mirroring those expected based on SnapGene simulations with the
exception of missing a band at 1300 bp (Figure 3). Whole plasmid sequencing on this
construct confirmed its correctness (Supplementary Figure S2). However, the same was not
able to be attempted with pPEEKABOOwWAC and remains to be done. In further characterising
pEEKABOO, we transformed the plasmid into BL21(DE3) cells and induced the insert’s
expression with IPTG. The results aligned with our expectations, revealing brighter and
prominent bands at ~50 kDa which is consistent with the predicted molecular size of the Ag43
passenger minus the autochaperone subdomain (Figure 4). However, it should be noted that
one of the multiple negative control lanes exhibited an unexpectedly bright band around 50
kDa (Figure 4). This is believed to be due to artifacting given the aggregative properties of
Ag43, technical issues such as uneven gel loading or improper sample preparation, or non-
specific binding (39).
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FIG. 4 BL21(DE3) E. coli transformed
with pEEKABOOwACAautochaperone
can be induced with IPTG to produce
recombinant Ag43 protein passenger
minus the AC subdomain. Competent
BL21(DE3) E. coli were transformed with
pEEKABOOwACAautochaperone  and
grown in LB + 1mM IPTG for 3-4 days
before total cell lysates were visualised on
an SDS gel. Lanes 1/14 are Bio-Rad
Precision Plus  Protein  Unstained
Standards. Lanes 2/3/6/7/11/12 are total
cell lysates from un-induced BL21(DE3)
E. coli cells bearing the
pEEKABOOwACAautochaperone
plasmid. Lanes 4/5/8/9/12/13 are total cell
lysates from BL21(DE3) E. coli cells
bearing the pEEKABOO plasmid that
were induced with IPTG.
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Limitations Chemical transformation of non-commercially competent BL21 E. coli cells
requires BL21 E. coli cells to be suspended on ice for 1-40 hours, with an optimal time of 24
hours. However, due to time constraints, the suspended BL21 E. coli cells were left on ice for
only 40 minutes. This could have led to low transformation efficiency and uptake of the
pEEKABOO construct. Future experiments should follow the optimal measurements and
timing of the CMDR transformation of cells protocol (37). Furthermore, although the
pEEKABOOconstruct was well characterised in this study through double digestion,
transformation, IPTG induction, and gel visualisation, the pPEEKABOOWAC construct has
yet to be characterised. Similar experiments should be performed on the pPEEKABOOwWAC
construct by future groups.

Conclusions In this study, we designed primers, restriction enzymes and appropriate
protocols for the creation of the pPEEKABOO plasmid and then subsequently created said
plasmid. We propose study designs as future directions that build upon this work in order to
characterise the effect of the AC region on Ag43 protein secretion and folding on the outer
membrane of bacterial cells. Our results show successful amplification, cleavage, ligation and
transformation of the desired plasmid and preliminary results showing the successful
production of the Ag43 protein without the AC region. Further future studies building on our
work include characterising AC driven protein folding and assessing the effector function of
the AC and ‘a’ regions of the Ag43 protein on agglutination. Our results provide further
confirmation of the conservation of the autochaperone region and put forth a viable novel
therapeutic target for combating antimicrobial resistance.

Future Directions Our successful amplification protocol design and cleavage-and-ligation
protocols build the groundwork for potential future projects characterising the autochaperone
domain in regards to autotransporter secretion and function. In this study we successfully
constructed the pPEEKABOO construct: a plasmid bearing the Ag43 AT lacking the AC
subdomain under the control of a T7 promoter and observed protein expression. Since AC
regions are important for protein folding (12) we will utilise our pEEKABOO construct to
investigate how the Ag43 AC is associated with protein folding. The current study handles
the design of the PCR primers and restriction endonuclease enzymes for the plasmid pET-
28a(+) destination vector; the PCR amplification; the cleavage and ligation with the
restriction endonuclease enzymes Hind-III and Xhol into the destination vector; and the
culturing and transformation of the constructed plasmids into competent E. coli DH5a and
subsequent BL21 cells. Our proposed study design is a continuation of these completed steps.
The most subsequent course of action would be to proceed with the processing of the
pPEEKABOOWAC construct to produce said construct and confirm its expression with a
protocol similar to that which we performed for pPEEKABOO. Following this would be lysing
the transformed cells and purifying in order to obtain properly folded inclusion bodies from
the strains, done with a nickel column. The 6xHis amino acid tags such as the one within the
construct created in this study are able to bind nickel NTA columns while proteins without
them cannot. Then, the Ag43 gene translated into the inclusion bodies as part of this construct
should be obtained and purified based on the presence of this 6xHis tag. A dialysis would
follow in order to clean or remove any unwanted compounds from the sample and allow
proteins to fold properly. A trypsinization assay would then finally be run to confirm protein
folding and thus the effect of the autochaperone domain. We hypothesise that deletion of the
autochaperone region from the Ag43 passenger domain will inhibit proper folding of the
Ag43 protein passenger region. If the proposed subsequent steps are followed and executed
properly, we expect an eluted mixture containing a purified sample of the 6xHis tagged Ag43
protein upon lysis and purification. If the autochaperone is sufficient for proper passenger
folding, the protein will refold in the dialysis assay. These passenger domains will be cleaved
upon trypsinization, and should present a band of approximately 63 kDa with the
autochaperone region and 47 kDa without.

Additionally, testing a construct that only expresses the non-AC portion of the Ag43
passenger, dubbed the ‘o’ domain, provides a unique opportunity to study Ag43’s effector
function. Therefore, we would assess whether the recombinant form of the Ag43 passenger
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fragment expressed by our construct is sufficient to induce the agglutination of E. coli in
solution. Recent work in this field has shown that the deletion of the tail 358 amino acid
residues from the ‘e’ subdomain of Ag43 (Ag43a) does not negatively impact its effector
functionality and that cells expressing the altered protein still agglutinate when growing in
liquid medium (Mazariegos et al., personal communication). This confirms that E. coli
expressing just the ‘o’ subdomain of Ag43 retain the ability to auto-aggregate (40). In turn,
we believe it is important to study whether the addition of autogenous Ag43a into a liquid
medium can trigger non-agglutinating E. coli strains to do so. The first step to doing this
would be to attempt overexpression of the Ag43a peptide from the Ag43a bearing pET
construct and to isolate the protein using the 6xHis tag and nickel affinity chromatography
(7). From there, liquid cultures of one or more non-agglutinating species of E. coli would be
inoculated with the Ag43a protein at various dilutions to observe changes to bacterial
aggregation and possibly branching from here to further ask whether the protein can induce
the agglutination of gram-negative bacteria beyond E. coli, as characteristics of bacterial cell
walls are widely conserved. The main applications of this research would be in the food and
water treatment industries, where natural and biodegradable flocculants for the removal of
suspended microbial matter are desired to reduce the environmental impact and toxicity
associated with the use of synthetic flocculants (41). Lastly, the growing body of research
into bacteria-derived subunit vaccines in the fight against antibacterial resistance prompts the
question of whether a subunit vaccine displaying Ag43a would be able to impede the
establishment of urinary tract infections by certain uropathogenic E. coli strains that rely on
the activity of Ag43 for virulence (42, 43). This would be through triggering IgA-based
humoral mucosal immunity with antibodies that can neutralise Ag43, similar to the
mechanism of action utilised by Valneva SE’s Dukoral vaccine against gastrointestinal
infection with Vibrio cholerae (44).
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