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SUMMARY   Historically, the chitin-binding domain (CBD) of the PA01 strain of 
Pseudomonas aeruginosa, Chitinase C (ChiC), has been employed as a protein tag in 
purification processes. However, there remains a need for CBD tags with new properties, 
such as increased temperature stability or binding affinity. The CBD of PAO1 ChiC is a novel 
CBD showing promise for purification assays as it could have the aforementioned properties. 
This study aimed to design a gene block of the PAO1 ChiC CBD and insert it into an 
expression vector to confirm CBD functionality separate from its native protein and its 
potential as a tag. This gene block was also designed for cloning into a BioBrick® vector, a 
standardised vector for interchangeable parts. Insertion into a BioBrick® would allow a 
standardised protocol for tagging proteins with a CBD, through different combinations of 
BioBrick® parts. Furthermore, because the cysteine residues within the CBDs of other 
organisms have been critical to proper domain folding, the functional relevance of the sole 
ChiC CBD cysteine in PAO1 was also explored. To do this, a second gene block was designed 
with the substitution of alanine for cysteine. This study describes the experimental design for 
cloning a CBD-encoded gene block into a pET-28a(+) plasmid, evaluating its functional 
activity using a chitin-binding assay and then cloning the gene block upon functional activity 
verification into a BioBrick®. In this study, we were able to design these gene constructs and 
experimentally showed two primers that could amplify the gene construct. These findings 
have promising implications for the future as the gene constructs could be inserted into a 
vector. There are then implications for researchers to use this CBD in the assembly of unique 
protein sequences which could have applications in producing chitin-based materials for use 
in biomedicine and agriculture.  
 
INTRODUCTION 

hitinases are enzymes produced by certain bacteria that hydrolyze chitin, a protein found 
in insect exoskeletons, algae cell walls, and fungi, into usable condensed forms of 

carbon and nitrogen species (1). Pseudomonas aeruginosa PAO1 Chitinase C (ChiC) is a 55 
kDa chitin-hydrolyzing enzyme, 483 amino acids long (2). Through homology screening, 
three ChiC domains were identified: the fibronectin type-III domain (structural domain), the 
glycoside hydrolase family 18 domain (catalytic domain) and the chitin-binding domain 
(CBD) (2). The CBDs of chitinases originating from other species have been previously 
cloned, determined to have functional independence from the native protein, and been used 
for protein-tagging purposes in chitin-binding assays (3–5). 
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 Additionally, it has been shown the CBD of PAO1 ChiC contains one cysteine residue 
(6). The CBD of PAO1 ChiC has yet to be functionally characterized independent of its native 
protein, and the cysteine residue in PAO1 ChiC CBD has also yet to be functionally 
characterized.  

Protein cysteine residues are important for creating disulphide bonds in tertiary structures 
and forming intermolecular bonds between other proteins (6). In the CBDs of other 
organisms, some cysteine residues have been shown to play a role in domain folding, which 
ultimately dictates chitin-binding function (7). The PAO1 ChiC CBD includes a cysteine 
residue, but it is unknown whether this cysteine plays a role in maintaining CBD structure 
such that chitin-binding activity is maintained (7). Exploring the importance of this cysteine 
residue to the CBD function may have implications for protein tagging.  

 It has been shown that CBD domains from various species have different properties, such 
as thermostability (8,9,10). As such, it is possible that the PAO1 CBD may have improved 
properties, such as thermostability, that would allow it to act as a more ideal protein tag for 
certain future projects. This remains to be explored and is a potential future direction of the 
project described in this paper.   

It is unknown if the CBD of PAO1 is functional when isolated or if the cysteine residue 
plays a role in PAO1 CBD structure and function. Furthermore, CBD of PAO1 has not yet 
been cloned independently into a plasmid. This suggests the need for a functional BioBrick® 
part containing the PAO1 CBD of ChiC. This study addresses this gap by designing PAO1 
CBD gene blocks that are insertable both into expression vectors and BioBrick® vectors and 
attempting to clone the PAO1 CBD gene blocks into the pET-28a(+) expression vector.  

To address this gap, this paper proposes a study design where two gene blocks would be 
constructed containing only the PAO1 CBD: one wildtype (WT) and the other a C30A amino 
acid substitution (Fig. 1). We propose inserting these constructs into either a pET-28a(+) or 
TOPO TA vector. The insertion of the PAO1 ChiC CBD into an expression vector is novel 
and could provide insight into whether the domain can function independently of the native 
protein, along with potentially providing a new CBD that could be used in similar chitin-
binding assays. This study would also provide information about the role of cysteine within 
the CBD regarding the chitin-binding activity. This research is intended to answer the 
following two research questions:  1) what is the role of cysteine in the PAO1 ChiC CBD? 
and 2) is it possible to clone a PAO1 ChiC CBD into a BioBrick® part for use in the 
BioBrick® Assembly method? (8,9,10). Overall, our study emphasises the significance of 
successfully creating a gene construct that contains a functional CBD of PAO1 ChiC. It would 
allow future researchers to generate distinct protein sequences pertinent to their investigations 
through the utilization of the BioBrick® Assembly Method. A BioBrick® is a standard vector 
used for interchangeable parts (11). The purpose of the BioBrick® is to create biological 
systems in living cells and is composable, therefore allowing for the insertion of many genes 
into the vector (11).  As the CBDs of chitinases originating from other species have been used 
for protein-tagging purposes, it is important to consider the future implications for designing 
the PAO1 ChiC CBD for insertion into a BioBrick® vector. There has not yet been a PAO1 
CBD from ChiC submitted to the BioBrick® database. Adding the PAO1 ChiC CBD to the 
BioBrick® database could allow users to order various parts to compose their own BioBrick® 
plasmids and tag their protein of interest with a C-terminal CBD for use in a chitin-binding 
assay if fused with a cleavable tag.  If the PAO1 CBD is proved to have improved properties 
in the future (such as ligand affinity or thermostability), this BioBrick® component could be 
an asset in protein tagging. 

We hypothesize that the designed PAO1 CBD gene block could be cloned into other 
BioBrick® vectors as the BioBrick® prefix and suffix were designed into the construct. In 
addition to presenting a study design (Fig. 1), this paper details the generation of two gene 
blocks and their amplification using two different sets of primers, specifically targeting the 
PAO1 CBD. This construct’s digestion, ligation and transformation was attempted into the 
pET-28a(+) vector, but none of these procedures worked (Fig. S1), this paper discusses the 
limitations and potential issues with our methodology. This paper presents our proposed 
explanations for the observed results and directions for future researchers to build upon, as 
depicted in Fig. 1. 
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FIG. 1 There are two potentially 
valuable projects to explore the 
cloning of the CBD gene construct of 
ChiC into a plasmid and 
downstream testing.  Steps labelled 
[A] were complete in this project, 
steps labelled [B] were unsuccessfully 
attempted in this project, and steps 
labelled [C] are future directions that 
are promising in testing a CBD 
independent of the ChiC protein. 
Figure created using 
https://www.biorender.com/ and 
BioBrick® image obtained from 
https://parts.igem.org/Help:An_Introd
uction_to_BioBricks  
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Overall, this project brings us closer to producing recombinant proteins with chitin-
binding ability from PAO1 ChiC. The creation of a functional BioBrick® would allow the 
exploration of applications of a potentially improved PAO1 CBD of ChiC. If the CBD of 
PAO1ChiC is incorporated into a BioBrick®, it could be fused with recombinant proteins and 
used in protein purification. The PAO1 CBD construct could be used as a tag in protein 
purification and may provide different characteristics compared to existing CBD tags, 
including increased thermostability or ligand affinity (8, 9). Therefore, this study holds great 
promise for the development of novel tools for recombinant protein purification. 
 
METHODS AND MATERIALS 

Gene block design. A gene block was constructed using the deoxyribonucleic acid (DNA) 
sequence for the PAO1 ChiC CBD (pCbd) manually selected based on an Alpha-fold model 
of the recombinant PAO1 ChiC annotated by Lim et al. (13). The sequence was copied 
halfway through the linker domain connecting the fibronectin type-III domain and CBD 
(Table S1). The selected sequence was copied into SnapGene® (v6.2.1) and altered using the 
Design Synthetic Construct tool (14). A 5’ start codon was not included, so that the 6X 
Histidine (His) and T7 tags would be translated 5’ to the CBD. The CBD’s stop codon was 
retained to prevent translation of the BioBrick® suffix and the 3’ 6X His tag encoded upon 
insertions into the pET-28a(+) plasmid. Necessary 5’ and 3’ restriction sites that meet 
BioBrick® prefix and suffix requirements and an additional 3’ HindIII-High-Fidelity® 
(HF®) restriction enzyme site for directional restriction digest cloning into pET-28a(+) were 
added to the pCbd sequence. The DNA sequence was altered to eliminate any restriction sites 
within the pCbd sequence used in the BioBrick® prefix and suffix, including EcoRI, NotI, 
XBaI, SpeI, or PstI. Alterations in DNA sequence were ensured to retain the amino acid 
sequence of the original PAO1 ChiC CBD by checking that the DNA translation would not 
change. Therefore, a gene block encoding the PAO1 ChiC CBD was designed to be 
compatible with BioBrick® vectors and for easy cloning into pET-28a(+).  
 
Gene block GC content optimization. For the constructed gene block to meet the Integrated 
DNA Technologies™ (IDT™) gene block requirements, the guanine and cytosine (GC) 
content of the DNA sequence was altered to decrease the GC percentage. The GC content 
was decreased by using degenerate codon sequences with lower GC content that encode the 
same amino acids. Codons were altered manually and often switched to alternative codon 
codes that are naturally more frequently used in Escherichia coli. Therefore, the GC content 
was optimised without changing the amino acid sequence. 
 
In silico restriction digest cloning. Using the SnapGene® (v6.2.1) Restriction and Insertion 
Cloning action, an in silico restriction digest and ligation were simulated. For cloning into 
pET-28a(+), restriction sites EcoRI-HF in the BioBrick® prefix and HindIII-HF were used 
as cut sites for both the pCbd gene block and pET-28a(+). These cut sites were used to 
replicate previous cloning experiments with the PAO1 ChiC into pET-28(+) (15). The 
plasmid sequence was reversed to account for sticky-end compatibility. The pCbd gene 
blocks and a BioBrick® vector were digested in silico to predict whether the gene block had 
the correct BioBrick® prefix and suffix for use as a BioBrick® part.  
 
pCbd 3D structure prediction. The three-dimensional structures of WT pCbd and C30A 
pCbd were predicted using ColabFold v1.5.2: AlphaFold2 using MMseqs2 (16). Upon 
inputting the protein sequences, no other parameters were altered before running the script 
and downloading the resulting files. The protein data bank (pdb) files of the predicted 3D 
models were then annotated using the PyMol Molecular Graphics System by Schrödinger© 
(17).  
 
Primer design targeting gene blocks. Primer set designs were designed using the 
polymerase chain reaction (PCR) action in SnapGene® V6.2.1. before using the IDT 
OligoAnalyzerTM tool to assess the degree of primer dimerization and secondary structure 
formation (15, 18). To reduce the potential of primer dimerization and secondary structure 
formation, short 15-base forward and reverse primer sequences were designed (Table S2). 
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Another set of longer 21-base primers were also designed based on an arbitrary number (Table 
S2).  
 
Amplification of gene blocks. Primers were resuspended to a final concentration of 100 µM 
(18, 19), and gene blocks were also resuspended to a final concentration of 10 ng/uL using 
nuclease-free water (20). Gene block resuspension also required an incubation at 50°C for 
15–20 min to ensure full solvation. The gene blocks were also further diluted 1/10, 1/100, 
and 1/1000 with nuclease-free water before use in PCR. The final concentrations of primers 
and gene blocks were verified using the Thermo Scientific™ NanoDrop™ 2000. 

A PCR reaction mix with Thermo Scientific™ Phusion Green High-Fidelity DNA 
Polymerase was prepared to amplify gene blocks, as described in Table S4. The Phusion 
Green GC buffer was used for amplification due to the high GC content of gene blocks, and 
dimethyl sulfoxide (3% v/v) was added to aid in primer binding (6). A PCR reaction mix was 
prepared with Thermo Scientific™ Maxima™ Hot Start Taq polymerase as described in 
Table S4 to prepare gene blocks (diluted 1/1000) for insertion into the pCR™4-TOPO™ TA 
vector (21). The templates in both PCRs included the WT pCbd gene block, the C30A pCbd 
gene block, nuclease-free water (negative control), and pUC19 (positive control). The 
reaction mix was pipetted up and down gently, then briefly spun down. Thick-walled tubes 
were placed in the thermocycler with the cycling conditions described in Table S4. The 
annealing temperature was initially determined using the primers and an online calculator 
(22), but was later optimized using gradient PCR. 
 
DNA Purification for gene block PCR products. PCR products were purified using the 
Invitrogen™ PureLink™ PCR Purification Kit, which is based on the selective binding of 
double-stranded DNA to the silica-based membrane in the presence of chaotropic salts (23). 
Product was purified following the PureLink™ Spin Column proprietary protocol using 
buffer B2 (23). The final concentration of PCR products was found using the NanoDrop™ 
2000. 
 
Gel Electrophoresis. To visualize the size of the PCR or digest products, a 1% agarose gel 
was used. The 1% agarose gel was made by adding 0.5 g of agarose powder to 50 mL of 1X 
tris-acetate ethylenediaminetetraacetic acid (TAE) buffer in a flask. The flask was then heated 
and mixed such that the power dissolved. Once the agarose mixture cooled to 50-60°C, 
Invitrogen™ SYBR™ Safe DNA gel stain was added to a final concentration of 1X. The 
mixture was then poured into a gel electrophoresis apparatus and let to solidify for 30 minutes. 
PCR products were prepared for loading by adding 5 µL of PCR product to 2 µL of NEB® 
Gel Loading Dye, Purple (6X). Ladder preparation was identical to the sample preparation. 
Once samples were loaded into the gel using a pipette, the gel was run at 100 V for 30 minutes, 
then visualized using the Bio-Rad® ChemiDoc™. 
 
pET-28a(+) plasmid isolation. Isolation of the pET-28a(+) plasmid from E. coli DH5α+ was 
achieved using the Bio Basic® EZ-10 Spin Column Plasmid DNA Miniprep Kit (20). Firstly, 
E. coli DH5α+ pET-28a(+) were grown overnight at 37°C in a shaking incubator in 7 mL of 
LB media with 25 μL/mL. The proprietary EZ-10 Spin Column Plasmid DNA Miniprep Kit 
protocol was followed (24). The plasmid concentration was determined using the 
NanoDrop™ 2000. The purified plasmid was then stored at -20°C. 
 
Restriction and insertion cloning of amplified gene blocks. Restriction digestion was 
performed according to the NEB® Restriction Enzyme Double Digest protocol (25). Around 
100-300 ng of pCbd gene block insert DNA was used, instead of 1 µg as recommended, due 
to low PCR yield. As high pET-28a(+) plasmid concentrations could be obtained, 1 µg of 
plasmid was digested in each reaction. Because the restriction enzymes, HindIII-HF and 
EcoRI-HF, qualified as Time-Saver™ enzymes, reactions were only incubated at 37°C for 15 
mins and then heat deactivated at 80°C. Digest products, including the plasmid and inserts, 
were then visualized with a gel to confirm the correct size and estimate the concentration of 
each sample. The estimated concentrations were then considered when calculating volumes 
necessary for arbitrarily-decided ligase reaction molar ratios. 
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Ligation cloning was attempted using the NEB® T4 DNA Ligase (M0202) protocol (26). 
Three insert-to-plasmid molar ratios were attempted, 3:1, 15:1 and 20:1. The 
NEBioCalculator® was used to calculate the molar ratios based on the number of base pairs 
(bp) in the insert (208 bp) and plasmid (5346 bp). Various controls were employed to check 
the functionality of different components of the ligation reaction. Doubly digested plasmid 
without ligase added was used as a negative control to ensure the double digestion succeeded. 
Singly digested plasmid with EcoRI-HF or HindIII-HF and without ligase tested the 
individual activity of the restriction enzymes. The control with a singly digested plasmid with 
EcoRI-HF or HindIII-HF and ligase added was performed to determine ligation efficiency 
compared to competent DH5α cells transformed with undigested plasmid.  
 
Transformation of amplified gene blocks.  For each reaction, 2 µL of DNA was added to 
50 µL of Subcloning Efficiency™ DH5α Competent Cells (Invitrogen™, Thermo Fisher 
Scientific). The transformation protocol was performed as described by the American 
Microbiology Society (27). To confirm the results of the transformation of pET-28a(+) into 
competent DH5α cells, we plated the transformed cells on selective kanamycin (50 µg/mL) 
LB plates (Table 1). 
 
TABLE. 1 Transformation results suggest low transformation efficiency and potential 
ligation challenges. Competent DH5α cells were transformed with the recombinant pET-
28a(+) plasmids containing the WT pCbd and C30A pCbd gene blocks. Transformed DH5α 
cells were plated onto LB Kanamycin (50 µg/mL) and number of resulting colonies were 
counted. 

Insert/Vector Restriction Enzymes  Ligase (+/-) Colony Numbers 
WT pCbd/ pET-28a(+) EcoRI & HindIII  + No colonies 

C30A pCbd/ pET-28a(+) EcoRI & HindIII  + No colonies 
pET-28a(+) EcoRI & HindIII          - No colonies 
pET-28a(+) HindIII + 3-10 colonies 
pET-28a(+) HindIII - 3-10 colonies 
pET-28a(+) EcoRI + 3-10 colonies 
pET-28a(+) EcoRI - 3-10 colonies 
pET-28a(+)  N/A - >300 colonies 

 
Sequencing. Samples were prepared for sequencing following GeneWiz®’s 
recommendations for “purified PCR products” (28). To each tube being sequenced 10 ng of 
DNA, 5 μl forward (fw_pCbd) or reverse (rv_pCbd) primer and ddH2O up to a total reaction 
volume of 20 µl was added (Table S2). Samples were sequenced by GeneWiz® using the 
Sanger sequencing method. 
 

RESULTS 

A gene construct with the wildtype (WT) and C30A CBD of PAO1 ChiC was 
designed. Two gene constructs were designed identically, except for the sulfhydryl (SH)-
containing cysteine residue in the 30th amino acid position (Figure 3, Table S1). This was 
mutated to a hydrophobic alanine residue to test the importance of cysteine in future studies. 
To meet IDT™ gene block GC content requirements, as described in the Methods section, 
the DNA sequence of the pCbd gene block construct was altered without changing the amino 
acid sequence. The gene block GC content decreased from 68% to 50% upon converting 
codons to lower GC alternatives (See Table S1 for sequences). The GC content was also 
reduced to minimise complications with high GC sequences when amplifying the sequence 
and translation in the E. coli expression system. However, the 5’ and 3’ ends of the gene block 
GC content remained high since these contained restriction sites that could not be altered.  

In silico restriction digest cloning predicts an in-frame insertion. To test whether the 
pCbd gene blocks were capable of restriction and insertion cloning into pET-28a(+) and 
BioBrick® vectors, an in silico experiment with SnapGene® was performed (Fig. 2). Upon 
cutting both pCbd gene blocks and pET-28a(+) plasmid with EcoRI-HF and HindIII-HF, an  
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in-frame insertion with the 6xHis and T7 tags was predicted. This was important for ensuring 
the correct translation of the pCbd. We expect a 94-residue recombinant pCbd to be translated 
from the resulting plasmid based on the resulting in silico cloning product. An in-frame 
translation of the pCbd in a BioBrick® vector could not be tested due to the inability to find 
a BioBrick® part or vector pre-encoding a start codon.  

pCbd 3D structure predicts a similarly folded pCbd in all models pCbd 3D structures 
were predicted using AlphaFold to determine the resulting structure of the 6X His and T7 
tagged pCbd (Fig. 4). Generated models of the pCbd across all three structures, the WT pCbd, 
C30A pCbd, and native protein pCbd appeared similar. The 5’ 6X His and T7 tags’ predicted 
structure appeared as intrinsically disordered regions (IDRs) rather than structured regions 
interacting with the pCbds.  

Dilution of gene block templates in PCR successfully amplifies the WT and C30A 
construct.  To find the optimal amount of PCR template for our reactions, several dilutions 
of gene blocks were tested at 1/10, 1/100, and 1/1000. The WT and C30A pCbd gene 
construct were amplified using the 0.1 ng template per PCR (1/10 template dilution) and 
C30A pCbd gene construct was amplified using the 0.01 ng template per PCR (1/100 template 
dilution). The 1% agarose gel of these PCR samples showed a band at ~208 bp, where we  

FIG. 2 Overview of experimental steps of the study design explored within this paper. A gene block containing the CBD 
was constructed using SnapGene ® (v6.2.1), PCR was carried out to amplify the gene blocks, the gene blocks underwent 
restriction/ligation at HindIII and EcoRI sites for insertion into the pET-28a(+) plasmid, and finally transformation into DH5a E. 
coli cells. The gene construct was successfully amplified. These last steps of digestion, ligation and transformation failed. Figure 
created using https://www.biorender.com/  
 
 

FIG. 3 The two gene blocks were designed and an in silico restriction insertion cloning of WT pCbd gene block into pET-
28a(+) was simulated. The HindIII (173) to EcoRI (192) of pET-28a(+) was replaced with an EcoRI (4) to HindIII (208) 
restricted and flipped WT pCbd insert. Simulation was done using SnapGene ®.  
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would expect to see the amplified pCdb gene constructs (Fig. 5). Since these gene constructs 
showed bands at the expected sizes in the gel, the template was diluted in all subsequent 
PCRs. Sequencing was performed after obtaining this gel to confirm the identity of the 
constructs.  

 

Primer length was critical for consistent amplification of WT and C30A constructs. 
Primers were optimised by extending their length from 15 to 21 bases due to inconsistent 
gene block detection, Therefore, primer length was crucial to whether the gene block was 
detected or not. Longer primers likely increased specificity and stable binding. An annealing 
temperature gradient from 58.9 to 68.9 °C showed a band at ~208 bp for the C30A pCbd gene 
construct (Fig. 6B), and the WT pCdb gene construct (Fig. S2B). Although the PCR with 15- 

FIG. 4 CBD structure appears similar across all 
predicted 3D models. Predicted 3D models of the 
native PAO1 ChiC protein (A) , the WT pCbd (B), and 
the C30A pCbd (C). Annotations include the 
arbitrarily-decided N-terminus (blue), the glycoside 
hydrolase family 18 (GH18) 401 domain (red), the 
fibronectin type-III domain (orange), and each 
model’s respective the chitin-binding domain (CBD, 
pink) and 6X His tag (red). Models were generated 
using ColabFold v1.5.2: AlphaFold2 and annotated 
with PyMol Molecular Graphics System. 
 

FIG. 5 A 1% Agarose gel of PCR mix with diluted WT and C30A pCbds templates reveals expected 
band size (200bp). 1% Agarose gel includes a ladder, WT pCbd and C30A pCbd PCR products that include 
templates at different dilutions (1/10, 1/10², 1/10³, 1/10⁴), negative controls (NC) that used nuclease free water 
as the template with (+) and without (-) the addition of primers, along with a pUC19 positive control (PC). 
Though negative control with primer shows smearing which suggests the primers are not ideal, the positive 
control exhibits a band at 2686 bp, as expected. 
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bp primers (Forward and Reverse primer Set #1, Table S2) to detect the gene construct at 
annealing temperatures 58.9 to 62.7 °C, amplification of the product was significantly worse 
compared to longer primer PCR bands at all temperatures for the C30A pCbd gene construct 
(Fig. 6A), and the WT pCbd gene construct (Fig. S2). Though not shown, 1% agarose gel of 
the gradient PCR of WT pCdb gene construct showed the same results as the C30A pCdb 
gene construct shown in Figure 7 and S1.  

Sequencing data confirmed the identities of the WT and C30A gene blocks. To 
determine if the Phusion Green amplified and purified pCbd gene blocks were unmutated in 
the amplification process, Sanger sequencing via GeneWiz® and analysis of sequencing 
results with Unipro UGENE V40.1 was conducted from the diluted samples seen in Fig. 4 
(29) (Table S2). Sequencing results showed that most of the first ca. 30 and the last ca. 10 
bases of each read could not be called (i.e., N). The remaining 140 bases were sequenced and 
aligned to the corresponding gene block sequence without any deviations.  

Expected sized bands observed in double digest of WT pCbd, C30A pCbd and pET-
28a(+).   Gel electrophoresis of the doubly digested WT and C30A pCbd gene blocks and 
pET-28a(+) products was conducted to estimate molar ratios for ligation and assess enzyme 
efficiency. A band around 208 bp was seen in the WT and C30A pCbd construct digests (208 
bp), and a band around 5354 bp was seen for the pET-29a(+) digest (5354 bp) as expected 
(Fig. 6).  

Transformation results reveal low transformation efficiency and potential ligation 
challenges. The DH5α cells transformed with an undigested and unligated pET-28a(+) vector  

FIG. 6 1% agarose gel of C30A pCdb PCR products shows amplification successful with 21 base primers. 0.001 ng 
(1/1000 dilution) of C30A pCbd template was amplified using 15 base primers and exhibited a weak band at ~200 
bp for 58.9-63.2°C annealing temperature (A). Meanwhile, the C30A pCbd gene block amplified using 21 base primers 
exhibited strong bands at around 208 bp for all annealing temperatures tested (B). Primer sequences were designed with the 
only difference being the addition of six bases in the longer primers (C). Negative control that included nuclease free water 
as the template showed no bands, and pUC19 positive control exhibited band at around 2686 bp as expected (not shown). 
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showed >300 colonies. The DH5α cells transformed with pET-28a(+) vector digested with 
either EcoRI-HF or HindIII-HF and ligated showed 3-10 colonies. The DH5α cells 
transformed with singly digested pET-28a(+) (EcoRI-HF or HindIII-HF), but not ligated, 
showed no colonies as expected. No colonies were observed for the DH5α cells transformed 
with doubly digested pET-28a(+). Finally, the DH5α cells transformed with the test reactions, 
containing doubly digested pCbd gene constructs and the pET-28a(+) ligase, showed no 
colonies. 

 
DISCUSSION 

Dilution of the template and longer primers allow the amplification of both WT and C30A 
gene blocks. To optimise PCR conditions, various template dilutions of the WT and C30A 
pCbd gene blocks and different primer lengths 15-base and 21-base primers were tested (Fig. 
5, 6, S2). Since gel electrophoresis and sequencing results confirmed gene block amplification 
using the 1/10 and 1/100 template dilutions in PCR, it was proposed that the smearing 
observed in gel electrophoresis results of PCR products was due to high levels of template. 
Potentially, the high GC-rich ends of the template formed complex structures with each other, 
resulting in variably high molecular weight products. The presence of these complex 
structures would explain the high molecular weight smear observed in several gel 
electrophoresis PCR results. This smearing could have also been attributed to the low 
annealing temperature, primer concentration, or template quality. However, a gradient PCR 
confirmed the ideal annealing temperature for primers, the template quality was likely high 
as gene blocks were ordered from IDT then diluted in nuclease-free water, and new primer 
dilutions were made to confirm the correct concentration and eliminate potential 
contamination. As a result, 0.1-0.001 ng of template per PCR was used subsequently.  

While primer lengths were initially minimised to prevent secondary structures and primer 
dimerization due to high GC content, inadequate base-stacking may have resulted from this 
design, leading to inconsistent PCR results. Base-stacking is important to creating a strong 

FIG. 6 Doubly digested WT pCbd, C30A 
pCbd, and pET-28a(+) products migrated 
to expected sizes. The pET-28a(+) plasmid 
and gene blocks were digested with NEB 
EcoRI-HF and HindIII-HF and then separated 
with a 1% agarose gel alongside a 1 kb Plus 
Ladder. 
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bond needed for primers to bind and extend, and therefore was considered when designing 
new primers (30). Longer primers have been previously shown to aid in stronger interaction 
and therefore increase base-stacking, supporting the findings of this experiment (31). PCRs 
using the longer primers yielded consistent and increased amplification of gene blocks across 
all annealing temperatures with Hot Start Taq polymerase.  

Sanger sequencing results of the Phusion polymerase amplified and purified pCbd gene 
blocks revealed no mutations compared to the gene block templates. Where the Sanger 
sequencing results of the gene blocks differed from the reference, chromatograms visualised 
with UGENE showed either phantom peaks, unclear bases, or the reverse read did not 
corroborate the mutation. The first ca. 30 and last ca. 10 bases per read were low quality or 
undefined (N), likely due to primer binding occluding the polymerase at the start of 
sequencing and high GC content at the end of the gene block resulting in increased sequencing 
challenges (Table S3). This left only around 140 quality bases with 100% alignment to the 
reference. Therefore, the gene block sequence encoded the correct sequence. 

Low transformation efficiency and possible challenges in ligation The restriction 
digestion of the pCbd gene blocks and pET-28a(+) was confirmed through a 1% agarose gel 
which showed the digest reactions migrated to the expected band sizes at around 208 bp and 
5354 bp, respectively (Fig. 6). This gel electrophoresis confirmed the activity of the restriction 
enzymes as the plasmid migrated as a single band to its expected linearized size rather than 
as a series of complex plasmid structures.  

The transformation of pET-28a(+) into competent DH5α E. coli was confirmed by plating 
the transformed cells on selective kanamycin (+) LB plates (Table 1). The results of the DH5α 
transformation with singly digested pET-28a(+) (EcoRI-HF or HindIII-HF), but not ligated, 
supported that the HindIII-HF and EcoRI-HF enzymes were active as well. Knowing that the 
restriction enzymes were active, the results of the DH5α transformation with singly digested 
and ligated pET-28a(+) suggested that the T4 ligase was also active. However, the 
significantly low number of colonies (3-10) compared to the DH5α E. coli transformation 
reaction with undigested pET-28a(+) indicated low transformation efficiency.  Based on the 
experimental controls suggesting that the transformation could be successful, though with 
low efficiency, the no colonies may be due to low transformation efficiency or challenges 
with the ligation itself. 
 
Future Directions   Amplification of gene constructs sets up a promising potential project 
for future cloning into vectors. In this study, we designed two ChiC pCbd gene constructs 
which were synthesized as gene blocks and amplified using PCR. We then attempted 
digestion and ligation followed by transformation into pET-28a(+), along with amplification 
using TOPO TA polymerase but obtained no clones. We created study designs for two 
possible routes for future projects stemming from the findings of this study (Fig. 1) Firstly, 
we suggest ligation into pET-28a(+) through transformation into DH5α cells competent cells 
followed by plating of competent cells and colony PCR and Sanger sequencing to confirm 
transformation success. E. coli DH5α cells could then be induced with IPTG to produce 
recombinant CBD, followed by purification using a nickel column and testing the two 
recombinant CBDs for activity using a chitinase binding column.  

The purified CBD could also be ligated into a BioBrick® plasmid to create a BioBrick® 
part. This potential BioBrick® would allow future researchers to assemble unique protein 
sequences possessing the cloned CBD from P. aeruginosa, which could act as a chitin-binding 
tag that could be further developed to have properties distinct from the existing ones. This 
novel CBD from ChiC could aid in protein purification. Also, a novel CBD tag could be used 
to colocalize a series of proteins. It is to be noted that current BioBricks® are not available 
with an upstream start site to where the gene block would be inserted, as it is typically 
included within the BioBrick® part. If a BioBrick® part cannot be found with a start site, a 
nesting PCR strategy of the gene block may be employed to amend this. A primer that would 
anneal to the 5’ end of the pCbd gene with a 5’ ATG overhang and the 21 base reverse primer 
could add the start site. Following this, another PCR with a new primer to re-add the 
BioBrick® prefix may be used. Secondly, we suggest an alternative route to transformation 
using the topoisomerase cloning system, though we suggest future steps remain similar. 
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Based on this study’s findings, these future study designs outline how our goals of testing 
cysteine residue function in the ChiC CBD and cloning it into a BioBrick® could be achieved. 
 
Conclusions  In this study, we proposed an experiment to clone our designed pCbd gene 
block into the pET-28a(+) plasmid and to examine its chitin-binding function through a 
chitin-binding assay.   We designed two gene block constructs containing the P. aeruginosa 
chiC chitin-binding domain, followed by PCR amplification using two sets of primers of 
varying lengths. Our results showed the 21 base primers amplified the gene blocks were more 
consistently amplified than the 15 base primers. Therefore, the use of longer primers is 
recommended for future trials. Our results also revealed difficulties in cloning the PAO1 
ChiC CBD into the pET-28a(+) plasmid, with low efficiency and possible issues with ligation. 
These findings provide valuable insights for future researchers to further develop and 
optimise the cloning of these gene constructs into a vector such as the TOPO TA cloning 
system or pET-28a(+) plasmid, with the ultimate goal of creating a BioBrick® component 
that could be applied in future research.  
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