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SUMMARY The BrkA autotransporter is an important virulence factor in Bordetella
pertussis that confers serum resistance and mediates cell adherence. As it is self-secreting and
only one protein needs to be manipulated, this makes it a relatively simple secretion pathway
that can be exploited to deliver proteins to the surface for applications such as whole-cell
immobilization in fermentation bioreactors. In this context, the chitin-binding domain derived
from Pseudomonas aeruginosa PAOL1 chitinase C emerges as a promising candidate, given
its strong affinity for chitin, an abundant polysaccharide, and its pH-sensitive characteristics
that simplifies the process of retrieving cells after a bioreaction. As such, we aim to exploit
the BrkA autotransporter secretion system to export the chitin-binding domain to the cell
surface. By leveraging the binding properties of the chitin-binding domain to chitin, we also
aim to explore its potential in whole-cell immobilization. In our study, we successfully
engineered a recombinant plasmid (TAAK-A54) by substituting part of the BrkA passenger
domain with the chitin-binding domain. A western blot indicated expression of the
intracellular chitin-binding domain with a molecular weight of 52 kDa, and the extracellular
processed form at 38 kDa. A trypsin accessibility assay confirmed the expression and export
of the chitin-binding domain to the cell surface. Lastly, we observed through microscopy that
Escherichia coli cells expressing the chitin-binding domain can interact with chitin. Samples
had decreased turbidity following incubation with chitin resin, with a maximum 3-fold change
relative to the negative control, suggesting that cells were able to be immobilized by chitin.
This study enhances the understanding of the repertoire of heterologous proteins that the
BrkA autotransporter system can secrete. We demonstrated the feasibility of leveraging the
BrkA secretion system for the external presentation of the chitin-binding domain. Our results
indicate that the chitin-binding domain is worthy of further study for applications in whole-
cell immobilization.
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and the lack of diffusion constraints (3). Engineered cells have the potential to make a large
environmental impact, especially for heavy metal pollution in industrial wastewater, one of
the most critical environmental problems worldwide. Traditional biological treatment
processes poorly remove hazardous compounds due to their toxicity. However, engineered
cells can have a strong resistance to toxic chemicals and can be engineered to selectively bind
to and remove heavy metal species from wastewater. Thus, many fusion tags have been
studied for cell immobilization, such as the cellulose-binding domain, poly-histidine, and
glutathione S-transferase (2). However, a relatively understudied yet promising tag is the
chitin-binding domain (CBD).

Chitin is a long-chain polymer of N-acetylglucosamine, an amide derivative of glucose.
Bacteria synthesize and secrete chitinases that catalyze the hydrolysis of chitin into
chitodextrins. One example is the Pseudomonas aeruginosa PAO1 chitinase C (ChiC), a
secreted chitinolytic enzyme involved in various carbohydrate metabolic processes including
the hydrolysis of O-glycosyl compounds (4). ChiC is predicted to have three domains: a
catalytic domain, a fibronectin-like type III domain, and a 47-amino acid CBD that helps
ChiC bind to and degrade chitin (4). CBD is an appealing target for immobilization due to its
strong affinity and specificity for chitin via hydrophobic interaction (5). Additionally, bound
CBD offers the advantage of pH-dependent release, a simple and efficient method for cell
retrieval post-immobilization. Chitin, being the most abundant natural polysaccharide found
in fungal cell walls and invertebrate exoskeletons, ensures economic feasibility and aligns
with sustainable practices, emphasizing the pragmatic and ecological appeal of CBD-based
immobilization (2). As such, there have been many studies displaying the success of CBD-
based immobilization of different proteins including B-glucosidase, B-galactosidase, and D-
hydantoinase (6-8). Nonetheless, its applications in whole-cell immobilization are relatively
unexplored.

One study showed the effectiveness of CBD in immobilizing Gram-positive bacteria,
such as Lactococcus lactis, when fused with cell wall anchor proteins PrtP and AcmA (9).
Another study engineered the CBD from chitinase A1 to the lipoprotein (Lpp)-OmpA fusion
vehicle for cell immobilization (2). However, there have been no studies testing whole-cell
immobilization using natural Gram-negative secretion systems such as type V
autotransporters. Type V secretion systems are known for their simplicity and efficiency in
surface protein expression because they rely on a single protein, the autotransporter, for self-
secretion and anchoring to the cell surface (10). One example is the serum-resistance-killing
protein A (BrkA) autotransporter, a crucial virulence factor in Bordetella pertussis that
confers serum resistance and contributes to adherence to host cells (11). BrkA has a 42 amino
acid signal peptide for cell membrane localization, a passenger domain responsible for the
protein’s effector functions, and a translocation unit, made of a short linker fused to the [3-
domain, that forms a channel to transport the passenger domain to the cell surface (12).
Previous studies that substituted the passenger domain with various proteins including
biocatalysts and single-chain antibodies have shown considerable success in protein export
and the preservation of enzyme activity (13).

We hypothesize that the BrkA autotransporter can be engineered to secrete CBD to the
cell surface and retain its chitin-binding activity for whole-cell immobilization on chitin. In
this study, we designed a recombinant BrkA-6X histidine (6XHis)-CBD plasmid, confirmed
CBD expression and export, and tested CBD-based whole-cell immobilization.

METHODS AND MATERIALS

Gene block design. A gene block was designed using SnapGene and the sequence was sent
to Integrated DNA Technologies (IDT) for construction. The CBD region was based on the
NCBI sequence of ChiC in P. aeruginosa PAO1 (NC_002516.2, 2530289 - 2531840) (4)
from amino acids 436 to 482 (14). A GGGGS linker sequence was added to both sides of the
CBD gene to maintain the post-translation functionality of the protein (15). A 6XHis tag was
added to the 5’ end of the CBD gene before the linker to detect BrkA-CBD recombinant
protein expression and surface display through western blot analysis. Flanking the 6XHis-
CBD gene sequence are homologous regions to the KAXSA plasmid 20 base pairs (bp)
upstream and downstream of the Stul restriction site. KAXS5A was generously provided by
Rachel Fernandez (14). Two cytosines were added to the end of the 5’ homologous region,
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and a single guanidine was added to the beginning of the 3° homologous region to ensure in-
frame insertion. Excluding the homologous regions, codons were modified throughout the
gene block sequence to remove the Stul restriction site and to comply with IDT™ gene block
GC content criteria by eliminating homopolymeric runs of six or more Gs and Cs, which
effectively reduced the G/C content.

Overnight culture preparation. DH5a E. coli cells containing KAX5A or TAAK-A54
plasmid were grown in Luria Broth (LB) supplemented with ampicillin (100 pg/mL)
overnight in a 37°C shaking incubator. Cultures were collected when optical densities at 600
nm (ODggo) reached 1.0 for plasmid isolation and incubation with chitin resin, and 1.5-2.0 for
trypsin assay and protein extraction (Ultrospec 3000 Spectrophotometer).

KAXSA plasmid isolation. KAX5A plasmid from an overnight culture of DH5a E. coli cells
containing the KAXS5A plasmid (ODgoo = 0.5-1.0) was isolated and purified using the EZ-10
Spin Column Plasmid DNA Miniprep Kit (Bio Basic) as per manufacturer instructions.
Plasmid concentration was determined using the NanoDrop™ 2000. The purified plasmid
was stored at -20°C.

Restriction Digestion of KAXSA. Restriction digest of KAXS5SA was performed with Stul
according to GeneArt™ Gibson Assembly EX Cloning Kit (Invitrogen) manufacturer
recommendation and ThermoFisher Scientific Eco1471 product protocol. 30 units (U) of Stul
were used to digest 2 pg of purified KAXS5A plasmids in a 100 pL reaction. To verify
digestion, restriction digest products were visualized on a 1% agarose gel stained with 1X
SYBR Safe DNA gel stain (100V for 60 minutes) using the Bio-Rad® ChemiDoc™. The
linearized KAXS5A was used as the vector in Gibson assembly.

Gibson assembly of 6XHis-CBD gene block and KAXSA plasmid. Gibson assembly of
6XHis-CBD gene block and KAX5A plasmid vector was performed using the GeneArt™
Gibson Assembly EX Cloning Kit (Invitrogen) based on manufacturer protocol. The 10 pL
reaction consisted of 1.19 uL of KAXS5A plasmid vector (111.5 ng/uL), 1.24 pL of 6xHis-
CBD gene block insert (5 ng/puL), 2.57 pl of deionized water, and 5 pLL of Master Mix A. The
reaction was incubated in the thermocycler with the following conditions: 37°C for 5 minutes,
75°C for 20 minutes, a decrease of 0.1°C/second until the temperature reached 60°C, 60°C
for 30 minutes, and finally a decrease of 0.1°C/second until the temperature reached 4°C.
Next, 10 uL of Master Mix B was added and the reaction was incubated at 45°C for 15
minutes. The final Gibson assembly product was subjected to Stul (Thermofisher Scientific)
restriction digestion. The 45 pL reaction consisted of 2 pug Gibson assembly product, 5 pL
10X buffer B, 50 U of Stul, and 16 uL of nuclease-free water and was incubated at 37°C for
one hour.

Transformation of DHSa E. coli cells. The final Gibson assembly product was transformed
into commercially competent DH5a E. coli cells (Invitrogen) by the heat shock method
described previously  (http://cmdr.ubc.ca/bobh/method/cacl2-transformation-of-e-coli/).
Transformed cells were plated on Luria agar supplemented with ampicillin (100 pg/mL) to
select recombinant colonies. Overnight cultures of transformed cells were prepared with
methods described previously.

TAAK-AS54 Sequencing. TAAK-AS54 plasmid from overnight culture of DH5a E. coli cells
containing TAAK-A54 (ODgoo = 1.0) was isolated and purified using the EZ-10 Spin Column
Plasmid DNA Miniprep Kit (Bio Basic). The purified plasmid (59.4 ng/uL) was diluted to 30
ng/uL. 15 puL of the dilution was sent to Plasmidsaurus for sequencing.

Trypsin Accessibility Assay. Cells from overnight cultures (ODgoo = 1.5-2.0) were harvested
by centrifugation (12000 RPM for 2 minutes) and resuspended in 200 pL of phosphate-
buffered saline (PBS). 4 puL of trypsin (10 mg/mL) was added to each tube and incubated for
different time periods (10 minutes, 30 minutes, and 60 minutes) in the 37°C shaking
incubator. Cells were further harvested and washed 4 times with 1X PBS. 100 pL of 2X
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Laemmli sample buffer (Bio-Rad) and 5% p-mercaptoethanol (BME) were added to
deactivate trypsin in TAAK-A54 and KAXS5A samples and 5 pL was added to ChiC. Trypsin
accessibility experiments were adopted and modified from (14).

Protein Extraction. Cells from overnight cultures (ODgoo = 1.5-2.0) were harvested by
centrifugation (12000 RPM for 2 minutes). Harvested cells were lysed in 100 pL of 2X
Laemmli sample buffer (Bio-Rad) containing 5% BME and incubated at 95°C for 5 minutes.
Proteins were isolated from cell lysates through centrifugation at 4°C for 30 minutes at 15000
RPM.

Western blotting. Isolated protein samples were subjected to Sodium dodecyl-sulfate
polyacrylamide gel electrophoresis (SDS PAGE), transferred onto a nitrocellulose membrane
(Bio-Rad), and stained with Ponceau S to verify equal loading and proper transfer. The
membrane was blocked with 5% skim milk powder in 1% Tris-buffered saline with 0.1%
Tween® 20 detergent (TBS-T) (10 mL) overnight at 4°C on an orbital shaker. This was
followed by incubation with anti-histidine antibody (Invitrogen) (10 mL, 1:1000 dilution in
1% TBS-T) for one hour at room temperature and then incubation with HRP-conjugated goat
anti-mouse IgG antibody (Invitrogen) (10 mL, 1:10000 dilution in 1% TBS-T) for one hour
at room temperature. Chemiluminescence detection reagents (Bio-Rad Clarity Max Western
ECL Substrate) were used 1:1 to detect protein bands with the ChemiDoc MP Imaging System
(Bio-Rad).

ODgoo assay of chitin beads and DHSa E. coli cells. 2 mL of chitin resin (NEB #S6651)
was allowed to settle until a pellet was formed. The supernatant was then aspirated. The chitin
bead bed was washed with 2 mL of 1X PBS and harvested by centrifugation (5000 RPM, 30
seconds) three times. The supernatant was aspirated, and the chitin bead bed was equilibrated
in 2 mL LB supplemented with ampicillin (100 pg/mL). Overnight cell cultures were
standardized to ODggo of approximately 1.00 and allotted to five 50 mL conical tubes. For
each 2 mL of culture, 0 pL, 10 pL, 20 pL, 50 pL and 100 pL of washed chitin resin were
added to each culture aliquot respectively. The mixture was incubated on a rotary orbiter at
150 RPM for 15 minutes at 4°C. Afterwards, mixtures were transferred to cuvettes (n = 1),
and allowed to settle at 4°C for 15 hours. Images of cuvettes were captured with a digital
camera before and after the incubation. Autoaggregation experiments were adopted and
modified from (16).

Staining of chitin beads and DHSa E. coli cells. Att=22 h, 1 mL of cell culture and chitin
resin mixture was pipetted into a microfuge tube. Chitin was allowed to settle until the chitin
beads were pelleted, and the supernatant was removed. The remaining chitin bed volume was
washed with 500 pL of 1X PBS and harvested by centrifugation (5000 RPM for 30 seconds)
three times. Chitin was resuspended in 200 puL of 1X PBS and was allowed to settle until the
chitin beads pelletted. 20 pL of settled chitin resin was pipetted onto a microscope slide and
stained with 0.2 pL of Crystal Violet dye (17). The slide was visualized under a brightfield
microscope with a 40X objective lens. Images were captured digitally.

RESULTS

The TAAK-AS54 recombinant plasmid was engineered by inserting the CBD and a
6XHis tag into the KAXSA plasmid (Fig. 1A). The TAAK-A54 plasmid (Fig S1) was
assembled through Gibson assembly. Insertion of the CBD and histidine tag occurred at the
Stul restriction site located at alanine 54 of BrkA in the KAXS5A plasmid. Nanopore
sequencing was performed to confirm the proper assembly of the recombinant plasmid.
Considering the type Va autotransporter secretion pathway mechanism (18) utilized by BrkA
and the TAAK-AS54 plasmid construct, the theoretical size of the BrkA-CBD recombinant
protein located in the cytoplasm without modifications is 56.6 kDa (Fig 1B, S2). The
intracellular protein located within the periplasm, post-N-terminal signal peptide cleavage, is
predicted to be 52.0 kDa (Fig 1B, S2). The extracellular surface display protein, after both N-
terminal signal peptide cleavage and B-domain cleavage, is predicted to be 21.5 kDa (Fig 1B,
S2).
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Chitin-binding domain was expressed and exported to the cell surface. To determine
if CBD can be expressed, we conducted an anti-6XHis tag western blot on E. coli DH5a cells
(Fig. 2). To determine if CBD can be processed and exported to the cell surface, we performed
a trypsin accessibility assay in varying incubation times and concentrations. The expected 52
kDa intracellular CBD was observed in the presence and absence of trypsin. However, there
was a slight double band in all samples, especially in the trypsin conditions. There was a 38
kDa band which was exported to the cell surface as shown by the disappearance of the band
in all trypsin samples. Thus, this is likely the extracellular CBD. Time and concentration-
dependent effects were not observed for the trypsin accessibility assay. No clear band with a
molecular weight corresponding to the expected 21.5 kDa extracellular CBD was observed.
Several bands below 35 kDa were observed in the negative control suggesting that they are
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FIG. 1 TAAK-A54 plasmid design. A
6XHis tag and the CBD were inserted
into the KAXS5A plasmid. (A) Map of
TAAK-A54 plasmid generated using
Snapgene 6.2. (B) Protein domain map
of recombinant BrkA-CBD. Domains
are colour coded according to the
plasmid map. The molecular weight of
the entire protein (56.6 kDa),
intracellular (52.0 kDa), and
extracellular (21.5 kDa) conformations
are highlighted.

FIG. 2 BrkA-CBD is expressed and
exported to the cell surface. Anti-
6XHis-Tag Western blot against E. coli
DH5a whole protein lysates was probed
with anti-6XHis mouse and detected
using goat anti-mouse horseradish
peroxidase. Cells were processed in the
presence (+) or absence (-) of trypsin as
described in the methods. KAXS5A is the
wild-type BrkA vector negative control.
Purified chitinase C from P. aeruginosa
PAO1 was the positive control. The ruler
used was PageRuler™ Plus Prestained
Protein Ladder. 52 kDa is the
unprocessed intracellular chitin-binding
domain (U). 38 kDa is the processed
extracellular CBD (*).
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background signals. Based on these results, CBD can be expressed on TAAK-A54 and
exported to the cell surface.

CBD-expressing cells can be immobilized by chitin beads. To study if CBD-expressing
cells can be immobilized by chitin, we analyzed the settling profiles of cell cultures incubated
with different concentrations of washed chitin resin by comparing ODgg readings before and
after a 15-hour incubation period (Fig. 3). Given the higher densities of chitin beads compared
to bacterial cells, the binding of suspended cells to these beads would result in reduced
turbidity and ODgoo readings. The ODgoo of all cultures was normalized to 1.0 before chitin
was added. As expected, the TAAK-AS54 cultures exhibited lower turbidity after incubation
with chitin resins than the KAXSA cultures, which do not express extracellular CBD (Fig.
3A). ODggo readings of the chitin-treated TAAK-A54 cultures also decreased more than that
of their KAX5A counterparts (Fig. 3B). Furthermore, the change in ODgg readings of TAAK-
A54 appeared to be dose-dependent, where higher concentrations of chitin resulted in
increased bacterial aggregation (Fig. 3B). No statistical analysis was performed, as this
experiment was performed with one replicate. Subsequent repeats of the experiment did not
yield consistent results (Fig. S4). To visualize the interaction of CBD-expressing cells to
chitin beads, chitin beads that had been incubated with cell culture for 22 hours were stained
and viewed under a brightfield microscope at 400X magnification. Cultures were stained with
crystal violet to ease visualization. Microscopic images revealed clusters of purple specks
surrounding the chitin beads incubated with TAAK-A54, while far fewer purple specks were
localized to the surface of the chitin beads incubated with KAXSA (Fig. 3C). Chitin beads
(20 to 100 pum in diameter) are 20 to 100 times larger than bacterial cells, suggesting that the
clusters of purple specks surrounding the chitin beads that had been incubated with TAAK-
A54 cultures correspond to CBD-expressing cells bound to the chitin bead surface (Fig. 3C).
Collectively, these results primarily suggest that CBD-expressing cells can bind to chitin.
However, technical replicates should be performed in order to validate the efficacy of the
ODgoo readings of TAAK-AS54 being dose-dependent.
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FIG. 3 BrkA-CBD-expressing cells
bind to chitin beads. E. coli
transformed with KAXSA (negative
control) and TAAK-A54 (BrkA-CBD)
plasmids were incubated with chitin
resin (n= 1) at 4°C for 15 hours. Before
incubation, ODeoo of all samples were
normalized to 1. (A) Representative
image of 100 pL of chitin resin
incubated in 2 mL of culture. (B) ODsoo
reading of cultures incubated with 0,
20, 75, and 100 pLs of chitin. (C)
Microscope images of post-incubation
cells (T = 22 hours) with chitin resins
were stained with crystal violet and
viewed under a bright-field microscope
at 400X magnification.
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DISCUSSION

Our study aimed to design a recombinant BrkA-CBD protein to determine whether BrkA
can export CBD to the cell surface. We also assessed the potential of BrkA-CBD for whole-
cell immobilization by testing the interaction between chitin and CBD-expressing cells. To
achieve these aims, we designed the recombinant plasmid with Gibson assembly and
confirmed the presence of the CBD insert via Nanopore sequencing. Then, we tested CBD
expression and export with an anti-6XHis Western blot. Finally, we generated data that
suggest that the CBD can immobilize whole cells with chitin resin.

The TAAK-A54 recombinant plasmid was engineered by designing a custom gene block
comprising the CBD and a histidine tag and inserting it into the KAX5A plasmid within the
autochaperone region of BrkA (Fig. 1). The KAXSA plasmid was selected as the vector
because it is a modified form of BrkA, where the autochaperone region (Glu601-Ala692) is
retained while most of the passenger domain is removed (Ala52-Phe600). The Stul restriction
site, located within the autochaperone region, was selected as it was the only site closest to
the BrkA N-terminal signal peptide sequence. However, this insertion could potentially
impact protein export and folding because this region is necessary for proper protein folding
(14). Our data indicate that this was not a major issue, although future studies can optimize
for high cell-surface expression of CBD-BrkA by moving the CBD insertion site.

CBD was expressed in the TAAK-AS54 plasmid (Fig. 2). In all TAAK-A54 samples, there
was a band at 52 kDa that corresponds to our expected size of intracellular CBD. The
persistence of these bands in the presence of trypsin confirms that it is an intracellular protein.
There was a slight multiple-band effect observed for the 52 kDa bands in all samples. This
may be attributed to excess protein content loaded onto the gel as our Ponceau stain indicated
highly concentrated samples (Fig. S3). The effect is more prominent in the trypsin samples
because they may have a relatively higher protein concentration since protein lysate volumes
were not standardized. We relied on the Ponceau stain to assess equal protein loading;
however, it provides only a rough estimation. Furthermore, the trypsin accessibility assay did
not reveal a time or concentration-dependent effect. All TAAK-AS54 samples incubated with
trypsin exhibited a complete disappearance of the 38 kDa band. This suggests that a 10-
minute incubation with 10 mg/mL of trypsin was likely more than sufficient to digest all
extracellular proteins. Notably, the ChiC positive control showed a residual signal after
trypsin digestion. As a secreted protein, ChiC is stable extracellularly, potentially concealing
some protease sites (19). Moreover, the standard trypsin-to-protein ratio is 1:20 w/w (20).
The positive control likely contained a higher protein concentration compared to the TAAK-
A54 samples. Therefore, the incomplete digestion of the positive control was likely due to
excess protein content and protein structure. While we were able to identify CBD signals in
TAAK-AS54 lanes, numerous non-specific background bands were observed in the Western
blot (Fig. 2). Reducing the concentration of protein lysates or antibodies may alleviate non-
specific binding, as demonstrated in previous studies (21). Given the high protein content in
our experiment, this adjustment may yield improved results (Fig. S3).

Trypsin-digested samples indicate that the 38 kDa band likely corresponds to
extracellular CBD (Fig. 2). The expected size for the processed and exported CBD is 21.5
kDa. We speculate that the observed size difference is due to the structure of CBD which may
be preventing it from migrating at the same rate as the ladder. The presence of prolines, known
to introduce kinks in proteins and slow down SDS-PAGE migration, could explain this
phenomenon (22). The 22 prolines in ChiC would explain why the purified protein ran higher
than expected. The expected size is 55 kDa but it is approximately 65 kDa compared to the
ladder. Given that the CBD was derived from ChiC and it contains 4 prolines, there may be
structural abnormalities in the processed CBD that cause it to migrate slower than the ladder
thus, giving a higher molecular weight than expected. This possibility is supported by the
example of the B. pertussis virulence factor pertactin. Due to its proline-rich regions, it can
form a kink that is stable even in the presence of SDS and BME causing it to migrate higher
than its expected size (11). Despite deviating from the expected size, we believe that the 38
kDa band is very likely to be extracellular CBD for various reasons. First, it is the only known
protein with a histidine tag in the TAAK-AS54 plasmid. Second, the absence of this band in
the KAX5A negative control which has high background signals suggests its exclusive
presence in our TAAK-AS54 plasmid. Lastly, our functional assays suggest that cells were
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able to bind to chitin resin, which would only be possible if CBD was exported to the cell
surface.

All TAAK-AS54 cultures that had incubated with different volumes of chitin resin had
lower ODgg readings compared to their KAXS5A counterparts, including the cultures without
chitin (Fig. 3B). The ODggo of TAAK-AS54 cultures also decreased as volumes of incubated
chitin resin increased, suggesting that TAAK-AS54 cells have bound to and settled with chitin
beads (Fig. 3B). Apart from the dense chitin beads that had readily settled, a clear top layer
had also separated from the turbid bottom layer in liquid cultures over time due to gravity.
All TAAK-AS54 cultures had similar portions of the cleared layer, regardless of the added
chitin resin volume, but a significant ODggo drop was observed at higher chitin concentrations
(Fig. 3B). This suggests that the depth of the cleared portion is not indicative of the chitin-
binding ability of TAAK-A54 cells. Thus, we measured ODgoo of our samples. To confirm
that the decrease in ODgo Was the result of CBD-expressing cells interacting with chitin beads
rather than the intrinsic higher rate of TAAK-A54 settlement, the incubated cultures and
chitin beads were stained to visualize the interaction. Many cells, stained purple, were
observed around chitin beads incubated with TAAK-A54 but there were few stained cells
around chitin beads incubated with KAXS5A (Fig. 3¢). The same results were observed after
both samples were rinsed two extra times with PBS (data not shown). The results observed
in these microscopic images resemble scanning electron microscopy (SEM) images which
expressed the CBD with the Lpp-OmpA system for whole-cell immobilization (2). In both
experiments, CBD-expressing cells were observed to have bound to the chitin beads (2).
These data suggest that BrkA-CBD-expressing cells are capable of being bound to chitin
through the CBD’s interaction. Nonetheless, this experiment should be repeated with
technical replicates for statistical analysis and reproducibility.

Although both KAX5A and TAAK-A54 plasmids were transformed into DHS5a E. coli
strains, cells transformed with TAAK-A54 settled faster than cells transformed with KAXSA
(Fig. S5). Cell cultures with TAAK-A54 transformants also had a lower ODggo reading
compared to KAXS5A after a 15-hour incubation at 4°C (Fig. 3B). Given that the only
differences between KAXSA and TAAK-AS54 cultures are the plasmid and proteins that they
are expressing, these observations suggest that TAAK-A54’s expression of CBD is likely
altering the settling rate of DH5a E. coli strains when left to sit. Previous studies found that
the BrkA autochaperone region at Glu601-Ala692 mediates the proper folding of the BrkA
passenger domain (14). The deletion of these amino acid residues may lead to aberrant protein
misfolding, resulting in proteasomal degradation (14). Additionally, the OmpT protease,
found at the cell surface, has been found to alter recombinant proteins (23). As our CBD was
inserted within the autochaperone region of BrkA, this may have resulted in a partial
denaturation of extracellular BrkA-CBD mediated by OmpT. This likely resulted in the non-
uniform decrease in ODggo readings after TAAK-A54 cultures incubated with increasing
volume of chitin (Fig. 3B). It is additionally possible that cell-surface BrkA-CBD could
mediate intercellular interactions, which would cause the slight increase in aggregation of the
TAAK-AS54 cultures (14). If cells aggregate, these aggregate densities would increase and
settle more rapidly than non-aggregated cells, and form cell clusters. This is likely what
happened to our CBD-expressing cell cultures, as we observed clusters of CBD-expressing
cells around chitin beads (Fig. 3C). Although the cultures were incubated at 4°C to minimize
cell growth, cells would still replicate over time and cause turbidity and ODggo to increase.
Since the two sets of cultures were transformed with different plasmids, these cultures might
be replicating at different rates. If TAAK-AS54 cells replicate slower than KAXSA cells,
chitin-free TAAK-A54 will have a lower ODggo than chitin-free KAXSA after both cultures
were left to sit — which parallels with the result of our experiment (Fig. 3B). As a result, all
TAAK-AS54 cultures had larger clear layer portions (Fig. 3A) and the chitin-free TAAK-A54
culture also had lower final ODgg readings compared to KAXS5A (Fig. 3B).

In addition, cell-surface protein antigens can impact the expression of cell-surface
proteins after subculturing (24). Overnight TAAK-A54 cultures used in the initial experiment
(Fig. 3) were prepared from the initial plate and those in the subsequent experiment (Fig. S4)
were prepared from a subculture of the initial plate. It is likely that subculturing had
introduced surface protein modifications to TAAK-A54 cells, altered the structure of cell
surface proteins, including BrkA-CBD, and prevented TAAK-A54 cells from binding to
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chitin beads. Collectively, surface protein modifications mediated by OmpT and cell-surface
protein antigens could have possibly introduced the inability to obtain significant results when
the experiment was done in triplicates (Fig. 4S).

Nonetheless, we observed interactions between CBD-expressing cells and chitin beads
(Fig. 3C). To ensure that the TAAK-AS54 cells were actually interacting with the chitin beads,
we washed the chitin beads after the 15-hour incubation two extra times and re-examined
them. Even after these washes, the TAAK-A54 cells remained bound to the beads, suggesting
an interaction facilitated by the CBD. These images reveal stained cells concentrated around
the circumference of the bead (Fig. 3C) and dispersed along the bead surface. The limitation
of the depth of focus of the light microscope may have prevented us from capturing the entire
spherical surface of the chitin beads in a single focal plane. Although our observations
suggested that chitin beads were covered with CBD-expressing cells, representative images
could not be obtained due to microscope limitations.

Limitations One issue that arose was obtaining accurate results with the spectrophotometer
due to fluctuating ODggo readings. To combat this problem, we increased the culture volume
so that the laser could pass through our samples better and measured at multiple incubation
time points, but the issue was not resolved. For improved accuracy in obtaining ODggo
readings, future researchers can compare ODgo by fractionation. Fractions of cultures
incubated with washed chitin resin can be extracted in equal amounts from top to bottom and
transferred to a 96-well plate for ODgoo measurements. This method is based on subcellular
fractionation but uses gravity and time rather than separation based on molecular identity or
centrifugation (26). Furthermore, the chitin assay experiments can be improved by
transforming plasmids to UT5600 E. coli strain, which lacks outer membrane proteases such
as OmpT and OmpP (23). Research suggests that the outer membrane proteases could lead to
proteolysis of genetically modified passenger domains (14). Thus, the UT5600 strain may
help maintain the cell-surface expression of BrkA-CBD. Due to inventory limitations, we
were only able to access dyes to visualize the interaction between CBD-expressing cells and
chitin. As Purple Violet dye is basic, this may introduce external factors that alter the
interaction between CBD and chitin. An alternative way of visualizing CBD-expressing cell
distribution on the surface of chitin beads is to co-transform bacterial cells with TAAK-A54
and a GFP-marker to facilitate fluorescence microscopy examination. This is a more gentle
treatment on cells and may provide more stable environments for consistent interactions over
time. Lastly, we were limited to using brightfield microscopy to visualize whole-cell
immobilization. To capture more detailed images of chitin beads covered with CBD-
expressing cells, scanning electron microscopy may be another option.

Conclusions In this study, a BrkA-6XHis-CBD recombinant plasmid (TAAK-A54) was
designed via Gibson assembly to investigate the export of CBD protein via the BrkA
autotransporter and the chitin-binding ability of CBD-expressing cells. Western blot analysis
confirmed the presence of an expected intracellular CBD band at 52 kDa and an unexpected
extracellular CBD at 38 kDa. Subsequent ODgoo functional assays and microscopic
examinations demonstrated the affinity of CBD-expressing cells for chitin, evident from their
ability to bind and be pulled down by chitin. The results observed in cell immobilization
through the BrkA autotransporter for CBD protein export preliminarily suggest the possibility
of immobilizing other bacteria of interest or exporting various other proteins. Further tests
should be conducted to justify the dose-dependency of the ODgo readings of TAAK-A54.

Future Directions In a broader context, bacteria immobilization can have an important role
in water treatment and fermentation bioreactors. In untreated water, bacteria can utilize
organic and inorganic matter as growth substrates. This enhances biological stability and
lowers levels of micropollutants in water (25). One example is the removal of heavy metals
by biosorption which can effectively remove a variety of heavy metals from aqueous solutions
(26). If CBD is exported to the cell surface successfully in the correct conformation, chitin
can be used to immobilize contaminated cells through its interaction with CBD. Bacteria
adsorb to metals via the electrostatic and chemical association of metals with the organic
functional groups on their cell surfaces (27). As a result, contaminated bacterial cells can be
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removed from water using chitin. Since chitin binding is reversible, the same batch of bacteria
can be reused to reduce cost and waste production. In fermentation bioreactors, immobilized
cell systems have performance advantages over freely suspended cultures due to easy
separation of biomass from the liquid and easy product recovery. The interaction of protein
exported with type V secretion system and chitin provides a simpler way to immobilize cells,
which offers an alternative to the current immobilization methods of non-specific adsorption
and entrapment (28).
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