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Abstract: Salmonella can cause acute and chronic infections in humans. Salmonella species are known to cause 
food poisoning and other diseases in developing countries. Their role in the pathogenesis of these diseases 
has received increased international attention. Despite numerous advances in sanitation, they still can infect 
humans and cause outbreaks in developed countries. For example, Salmonella causes about 1.2 million ill-
nesses in the US each year with over 450 deaths. Additionally, Salmonella outbreaks cause significant losses 
to chicken producers globally. The Salmonella species is also prone to acquiring resistance to various classes 
of antibiotics. Hence, the need for a paradigm shift from antibiotics to bacteriophages to manage, control and 
treat bacterial infections. The ɛ34 phage belongs to Podoviruses and categorized into the P22-like phages. 
The P22-like phages include ɛ34, ES18, P22, ST104, and ST64T. In this work, we investigated the antibacterial 
property of ɛ34 phage tailspike protein against Salmonella newington (S. newington). We demonstrate here 
that, the phage’s tailspike protein enzymatic property as a LPS hydrolase synergizes with Vero Cell culture 
supernatant in killing S. newington.  Using decellularized cartilage scaffold as an ex vivo tissue model, the 
ɛ34 TSP protected the scaffold from S. newington biofilm formation. Computational analysis of the ɛ34 TSP 
interaction with membrane proteins of S. newington demonstrated a higher probability (0.7318) of binding to 
ompA of S. newington, and when docked to ompA extracellular component, it produced a high free energy 
of -11.3kcal/mol. We also demonstrate the resistance/sensitivity of the tailspike to the digestive enzyme tryp-
sin. The data obtained in this work indicates that the trypsin resistant tailspike protein of Ɛ34 phage can be 
formulated as a novel antibacterial agent against S. newington. 
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1. Introduction 

Resistance to antibiotics is common among pathogenic bacteria [1-4]. In a study, Lopatkin et al. discovered that 
mutations in key metabolic genes can affect microbial metabolism and evolve resistance [5]. Antibiotic re-
sistance explains why most treatments fails with antibiotics [6-8], and most bacterial resistance are often initi-
ated by acquiring a genetic mutation that limits the ability of an antibiotic to attack its target [9,10]. This re-
sistance can also be triggered by various cellular factors, such as the presence of a certain type of gene or the 
transfer of another gene [11]. More so, antibiotic resistance mutation can appear in many ways, for instance, it 
can modify an antibiotic's ability to interact with a particular cell or its promoter regions [12]. For example, the 
antibiotic resistance alleles, such as genes encoding β-lactamases, commonly appear in mobile genetic elements 
and can become exchanged by horizontal gene transfer [13,14].  
Salmonella can cause acute and chronic infections in humans. Their role in the pathogenesis of these diseases 
has received increased international attention. Salmonella causes about 1.2 million illnesses in the US each year. 
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Around 450 individuals die due to this illness. It is considered a life-threatening illness [15]. Additionally, Sal-
monella outbreaks cause significant losses for chicken producers globally [16]. Salmonella species are known 
to cause food poisoning and other diseases in developing countries. Despite numerous advances in sanitation, 
they still can infect humans and cause outbreaks in developed countries. The Salmonella species is also prone 
to acquiring resistance to various classes of antibiotics. Hence, the new paradigm is the shift from antibiotics to 
bacteriophages to manage, control and treat bacterial infections. The potential of bacterial viruses as antibacte-
rial agents was widely recognized during the first century [17]. Their use as therapeutics has declined due to 
the emergence and success of antibiotics, however, in current times, there is renewed interest in phages as a 
biocontrol strategy and their molecular components offers a broad perspective on how to combat bacterial in-
fections [18]. 
Several bacteriophages specific to Salmonella have been isolated and categorized into five groupings (P27-like, 
P2-like, lambdoid, P22-like, and T7-like) and three outliers (ɛ15, KS7, and Felix O1). While the P27 group in-
cludes ST64B; Fels-2, SopEφ, and PSP3 represents the P2 group; the lambdoid Salmonella phages include Gifsy-
1, Gifsy-2, and Fels-1. The P22-like phages include ɛ34, ES18, P22, ST104, and ST64T. SP6 forms the lone member 
of the T7-like group [19]. Ɛ34 phage belongs to the P22-like phages [20-22]. The tailspike protein of Ɛ34 phage 
possesses similar functionality and structural stability as the P22 phage tailspike protein, and it is the functional 
component used in the phage’s adsorption to its host [23]. The unique predicted structure of this protein con-
sists of a globular head binding domain, a solenoid-shape parallel beta-helix domain required in LPS binding, 
and a beta-prism domain uncharacteristically identical to the well-known P22 tailspike protein. 
In cell culture, cells produce several antimicrobial agents that are release into the media as defense tactic against 
pathogens. For instance, cell-mediated immunity against bacteria involves the production of cytokine, chemo-
kines, pro-inflammatory cytokines, anti-inflammatory cytokines etc. [24].  A special example is the expression 
of interleukin-12, a crucial signal of the innate immune system, when toll-like receptors (TLRs) of macrophages 
are stimulated by bacterial lipoproteins [25].  Another set of important antimicrobial agents released into cell 
culture media are nitric oxide and host defense proteins. Nitric oxide has been demonstrated to possess strong 
bactericidal property [26], whereas host defense proteins are natural molecules that fight against pathogens. 
Host defense proteins have been demonstrated to be found in all living organisms to possess some varying 
degree of antimicrobial properties [27,28]. These naturally occurring peptides consist of amino acids that can 
vary in size from 12 to 50, mainly cationic due to the presence of arginine and excess lysine [29]. Host defense 
Peptides are cationic and can interact with the net negative charged bacteria membranes and penetrate the 
membranes [30,31].  Their direct antimicrobial actions against bacteria often involve multiple targets, for in-
stance, they can affect bacterial membrane integrity, block the activity of enzymes and chaperones, inhibit cell 
wall peptidoglycan biosynthesis, block cell division, inhibit cytosolic RNA, protein, or DNA synthesis, etc. 
[32,33]. For example, human μ-defensin-3, hBD-3, has a potent antimicrobial activity against multi-drug re-
sistant S. aureus and vancomycin-resistant Enterococcus faecium via cell wall perforation [34]. 

Phages or phage derived components can complement host cell defense against bacteria [35]. Using com-
putational analysis, Roach et al., 2017 demonstrated that successful phage therapy requires at least 20% immune 
responses in a healthy individual to eliminate phage-sensitive bacterial population in the lungs, whereas 50% 
was required to eradicate phage resistance ones [36].   

In this work, we investigated the antibacterial property of ɛ34 phage tailspike against S. newington. We 
demonstrate here that, the phage’s tailspike enzymatic property as LPS hydrolase synergizes with Vero Cell 
culture supernatant in killing S. newington.  Using computational analysis, we showed that the tailspike protein 
of Ɛ34 phage strongly binds to the outer membrane protein A (ompA) of S. newington, thus mediating the bac-
terial cell lysis via membrane function/integrity disruption. Testing the ability of the tailspike protein to prevent 
the formation of biofilm on an animal tissue by S. newington, we employed decellularized cartilage tissue as an 
ex vivo model. Pre-treating this scaffold with the tailspike protein prevented biofilm formation on the scaffold. 
We also demonstrate the resistance of the tailspike to trypsin. Thus, the data obtained in this work indicates 
that the trypsin resistant tailspike protein of Ɛ34 phage that also shows antimicrobial and antibiofilm formation 
potency can be an effective and novel therapeutic agent against S. newington. 

2. Materials and Methods 
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The cloning, PCR identification, sequence confirmation, protein expression, antibody probing, and the thermal 
characterization have been documented elsewhere [37]. 
2.1. Ɛ34 Phage antibacterial assay 

S. newington cultures in 96 well plates at an OD of 0.2 were infected with Ɛ34 phages at MOIs of 10, 1, 0.1 
and 0.01 and the growth kinetics of S. newington monitored for 12 h. Growth inhibition kinetics of S. newington 
was assessed by measuring the absorbance at 600 nm with SpectraMax ABS Plus microplate reader (Molecular 
Devices, Thermo Fisher, USA) at an hourly interval for 12 h at 37 °C. The absorbance values were averaged 
from 3 replicates and values used to plot graphs. Triplicate experiments were carried out and absorbance read-
ing at 600 nm averaged for each replicate.  
2.2.  EƐ34 tailspike protein antibacterial assay  

S. newington cultures in 96 well plates at an OD of 0.2 were treated to EƐ34 tailspike protein at concentra-
tions of 390 μg/ml EƐ34 TSP, 39 μg/ml EƐ34 TSP, 3.9 μg/ml EƐ34 TSP and 0.39 μg/ml EƐ34 TSP and the growth 
kinetics of S. newington monitored for 12 h. EƐ34 TSP was diluted using 1X PBS. Growth inhibition kinetics of 
S. newington was assessed by measuring the absorbance at 600 nm with SpectraMax ABS Plus Microplate Reader 
(Molecular Devices, Thermo Fisher, USA) at an hourly interval for 12 h at 37 °C. The absorbance values were 
averaged from 3 replicates and values used to plot graphs.  
2.3.  Ɛ34 Phage tailspike protein and Vero cell culture supernatant combination bacteria killing assay  

Vero cells were cultured with DMEM media (ATCC, Manassas) containing 10% FBS (ATCC, Manassas) for 
two days. Afterward, cell culture supernatant was pipetted into a 15 mL tubes and centrifuged at 400 rpm for 
5 min and the pellet discarded. The centrifuged supernatant was then aliquot into a fresh sterile 15 mL tube and 
stored at -20 °C for subsequent use in bacterial study. To investigate the potential of EƐ34 TSP in combination 
with Vero cell culture supernatant as an efficacious phage therapy combination, we diluted EƐ34 TSP stock 
sample with Vero cell culture supernatant to achieve a concentrations of 390 μg/ml EƐ34 TSP, 39 μg/ml EƐ34 
TSP, 3.9 μg/ml EƐ34 TSP and 0.39 μg/ml EƐ34 TSP in Vero cell culture supernatant. S. newington cultures in 96 
well plates at an OD of 0.2 were treated with these concentrations and the growth kinetics of S. newington mon-
itored for 14 h. Growth inhibition kinetics of S. newington was assessed by measuring the absorbance at 600 nm 
with SpectraMax ABS Plus Microplate Reader (Molecular Devices, Thermo Fisher, USA) at an hourly interval 
for 12 h at 37 °C. The absorbance values were averaged from 3 replicates and values used to plot graphs. 
2.4.  Ɛ34 Phage and Vero cell culture supernatant combination bacteria killing assay  

To investigate the antibacterial potential of Ɛ34 phage in combination with Vero cell culture supernatant, 
we diluted Ɛ34 TSP stock sample with Vero cell culture supernatant to achieve phage MOIs of 10, 1, 0.1 and 
0.01. S. newington cultures in 96 well plates at an OD of 0.2 were infected with these concentrations and the 
growth kinetics of S. newington monitored for 12 h. Experiments were repeated three times and the readings of 
each replicate averaged. Growth inhibition kinetics of S. newington was assessed by measuring the absorbance 
at 600 nm with SpectraMax ABS Plus Microplate Reader (Molecular Devices, Thermo Fisher, USA) at an hourly 
interval for 14 h at 37 °C. The absorbance values were averaged from 3 replicates and values used to plot graphs. 
2.5.  Agar Spot Test for antibacterial properties of EƐ34 TSP or Ɛ34 phage with Vero cell culture super-
natant.  

The antibacterial activity of EƐ34 TSP or Ɛ34 phage or their combination with Vero cell medias against S. 
newington was tested as previously described [38,39] with slight modification. In summary, a 10 μl aliquot from 
S. newington suspension at OD of 0.5 in LB broth was spotted on the surface of LB agar and quickly followed 
with same volume of EƐ34 TSP or Ɛ34 phage solution or their combination with Vero cell culture supernatant. 
Agar plates were incubated for 12 and 36 h at 37 °C. The antibacterial activity was determined by the presence 
or absence of colony forming unit formed after 12 and 36 h time points. 
2.6.  Enzyme sensitivity test under non-denaturing conditions 

1 mg/ml of EƐ34 TSP samples or recombinant enterokinase (rEK) digested samples (also termed matured 
Ɛ34 TSP (MƐ34 TSP)) of the same protein were initially dialyzed against a buffer consisting of 50 mg/ml tris-
HCl, pH 7.4, then mixed with trypsin and incubated at 37 °C in a pre-set water bath, then quenched after 6 h of 
incubation. Quenching was achieved via the addition of trypsin inhibitor and samples analyzed via 7.5% Na-
tive-PAGE and visualized by Coommasie blue staining. Samples were run at 100 volts for 60 min under non-
denaturing conditions.   
2.7.  Enzyme sensitivity test under 2% SDS at physiological temperature 
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To investigate the structural dynamics of our protein under slightly denaturing conditions, we deployed 
the use of the denaturing detergent, sodium dodecyl sulfate (SDS) denaturation for 6 h. A sample of 0.5 mg/ml 
of EƐ34 and MƐ34 TSP were dialyzed against neutral buffer consisting of 50 mg/ml tris-HCl, pH 7.4, this was 
followed by mixing with 2% SDS then treated with the respective enzyme at 1:20 w/w of enzyme to protein 
sample. The treated samples were then incubated in a water bath at 37 °C for 6 h. Afterward, the proteolytic 
reactions were stopped by the addition of protease inhibitor at a 10 μg/ml final concentration and the samples 
electrophoretically analyzed using 10% native polyacrylamide gel.  Placebos received buffer instead of the en-
zyme and heated controls samples also received no treatment at all except heating of these samples in 2% SDS 
loading buffer at 100 °C for 5 min. Samples were run at 100 volts for 250 min under non-denaturing running 
buffer conditions. Gels were then visualized via Coomassie blue staining, and the gels photographed using 
ChemiDoc XRS installed with Quantity One. 
2.8.  Enzyme sensitivity test under increasing concentrations of enzyme 

Concentration dependent tryptic proteolysis of EƐ34 TSP at 37 °C via a dose dependent treatment of our 
TSP to trypsin was carried out. In this work; we measured the ability of the enzyme to digest EƐ34 TSP in 
increasing concentrations of the enzyme (trypsin). 1 mg/ml of EƐ34 TSP samples were initially dialyzed against 
buffer consisting of 50 mg/ml tris-HCl, pH 7.4 to remove protease inhibitors then mixed with trypsin in differing 
ratios. A final concentration of 100 μg, 200 μg, 300 μg, 400 μg and 500 μg of trypsin were used to treat 1 mg of 
EƐ34 TSP. Thus, a protein to enzyme ratio of 100:1, 100:2, 100:3, 100:4, 100:5 respectively for each treatment 
sample were achieved. Then samples were incubated for 6 h under 37 °C. Afterwards samples were run in 7.5% 
polyacrylamide gel and the gels photographed using ChemiDoc XRS installed with Quantity One. Experiments 
were repeated thrice and the densitometric values of the resulting gels were recorded via Image J 1.52 software 
and values plotted into graphs.   
2.9.  Structural stability test via protease-heat combination 

To learn of the unfolding kinetics of our protein and the structural stabilities of the various subunit do-
mains that constitute the protein, we subjected samples of the protein to heat at 70 °C, or 80 °C in the absence of 
denaturants, and aliquots withdrawn and quenched at specified time points (0, 2.5, 5, 10, 15, 20, 30 and 60 min).  
A 1:20 w/w ratio of enzyme to EƐ34 TSP sample was used for the proteolytic process, enzyme digestion was 
allowed for 30 min, and quenching was achieved via mixing reaction samples with a protease inhibitor followed 
by the addition of SDS-free gel loading buffer consisting of 50 mM Tris-HCl, 25% glycerol, and 0.01% bromo-
phenol blue, and SDS free running buffer consisting of 25 mM Tris-HCl, and 0.2 M glycine. Samples of triplicate 
experiments were electrophoresed for 60 min and stained with Coommasie blue, and then intensities of the 
bands generated recorded. The densitometric values were compiled from the three replicate experiments and 
averaged. The mean densitometric values for the 80 °C heating experiment were plotted against time of heating.  
2.10. Decellularization of Avian articular cartilage as scaffold (DACS) 

Thin sections of avian articular cartilages (500 μm) were treated with 0.1 mg/mL DNase, 0.05 mg/mL RNase 
final concentrations for 1 h, then the specimen decellularized using 1% SDS for 36 h. Cartilage tissue samples 
were microtomed to a thickness of 500 μm using HM315 Rotary Microtome (microm, Germany). Decellulariza-
tion was carried out on a rocking platform (Variable Rocker, MIDSCI) under maximum rocking at room tem-
perature.  After decellularization, the cartilage specimens were washed 5 times with distilled water and then 
sterilized in 70% ethanol. Finally, the sterilant was removed.  
2.11. Quantification of Biofilm formation 

To investigate biofilm formation on the decellularized avian cartilage samples, we adopted a similar 
method as described by Li et al., 2010, and Li et al., 2021 [40,41] with few modifications. In summary, 400 μl of 
S. newington at an OD600 value of 0.2 was transferred to the well of a 24-well plate containing decellularized 
avian cartilage. After inoculation, samples were incubated at 37 °C for 36 h in MaxQ 4450 incubator (Thermo 
Scientific) without shaking, samples were washed with 1X PBS thrice, fixed in 10% formaldehyde, incubated 
with 0.2% SDS for permealization for 1 h and stained with Propidium Iodide (PI) Ready Flow™ Reagen (Ther-
moFisher Scientific, USA) at room temperature for 10 min. Afterwards, samples were washed under mild water 
flow and careful dried. Stained biofilms were dissolved in 25% acetic acid, and the absorbance was read using 
Evolution 350 UV-Vis spectrophotometer (Thermo Scientific). The experiment was repeated thrice. The repli-
cate readings were averaged. Statistical analyses were carried out using student’s t test, and p values of less 
than 0.05 were considered significant. 
2.12. Immunofluorescent imaging of Biofilm formation 
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Specimen containing S. newington biofilm were washed with 1X PBS thrice fixed and permeabilized, then 
followed with incubation of specimen in 4’, 6-diamidino-2-phenylindole (DAPI) (ThermoFisher Scientific) so-
lution and PI for 2 h at room temperature. Then, dye washed off with 1X PBS thrice and specimen imaged using 
EVOS FLC microscope (Life Technologies). 
2.13. Scanning Electron Microscopy (SEM) 

Sample preparation for SEM was carried out as described by Li et al., 2021 [41] with few modifications. In 
short, the specimens for SEM were fixed with 10% formaldehyde solution at room temperature for 10 min, 
washed with PBS solution thrice, and dehydrated serially in 50%, 70%, and 95% absolute ethanol solutions for 
10 min each. Finally, the specimens were dried in a vacuum, and sprayed with gold using EMS Quorum (EMS 
150R ES) ion-sputtering instrument and observed through Analytical Scanning Electron Microscope (SEM) 
(JEOL JSM-6010LA, Japan) installed with IntouchScope software.  
2.14. Homology modeling of S. newington outer member protein A (ompA) 

The ompA (GenBank ID: QIN18792.1) sequence was extracted from the NCBI website and subjected to 
homology modeling using the Swiss-Modeler (http://swiss-model.expasy.org/) program [42-44]. The E. coli 
outer membrane protein (PDB ID: 1bxw.1.A) [45] that share 91.18% amino acid sequence similarity to ompA 
was used as a template. The modeled structure is shown in Figure 12.  To evaluate the model, it was subjected 
to Ramachandran plot analysis. The analysis showed a molprobity of 2.43 a clash score of 2.32, 86.63% Rama-
chandran favored structure, 6.98% Ramachandran outliers, 11.11% rotamer outliers and 1 bad bond out of 1377 
bonds. The model scored a global quality estimate (QMEAN Global) of 0.66 ±0.07 (See supplementary Figure 
1). 

 
2.15.  The complex contact prediction of Ɛ34 TSP to ompA, ompX and MIaD of S. newington 

 
The interfacial contacts between two potentially interaction molecules can be predicted [46-49]. The Com-

plexContact (http://raptorx2.uchicago.edu/ComplexContact/) web server was used for the sequence-based in-
terfacial residue-residue contact prediction for the putative protein complex between Ɛ34 TSP and ompA of S. 
newington thus allowing full grasp of the Ɛ34 TSP-ompA interaction at residue level. The program work by 
searching for the sequence homologs between the two proteins and then creates paired multiple sequence align-
ments (MSA), then followed by applying co-evolution analysis and CASP-winning deep learning method to 
predict contacts [50]. The predicted contacts are visualized as an image with darkened spot showing higher 
contact probability and lighter regions showing lower interfacial contact probability [51]. Amino acid sequences 
of Ɛ34 TSP (GenBank ID: 7353089), ompX (GenBank ID: QQJ27848.1), MIaD (GenBank ID: QQJ25883.1) and 
ompA (GenBank ID: QIN18792.1) in FASTA formats were submitted to the ComplexContact prediction tool of 
RAPTOR X program. Results consisting of the probabilities of interfacial contacts also indicated as darkened 
spots on an image were obtained. The residues of the two molecules that produced the highest probability in 
the complex contact prediction was picked as the interacting motifs and their probabilities averaged. The aver-
aged values were exported to Excel (Microsoft, 2016) and plotted as a graph. The highest average probability 
(0.7381) corresponded with Ɛ34 TSP-ompA interaction at residue site G29-D39 (GKIYIGKIDTD) of Ɛ34 TSP and 
residues P132, G133, D141, F148 and I152 of ompA. The Ɛ34 TSP-MIaD contactcomplex prediction produced an 
averaged lower probability of 0.3065 whereas the Ɛ34 TSP-ompX recorded the lowest of 0.1984.  
2.16.  Molecular Docking analysis of Ɛ34 TSP- ompA of S. newington 

The crystal structure of ompA of S. newington has yet to be determine as of date, hence the modeled struc-
ture of ompA of S. newington as described in section above was used for the docking analysis.  The modeled 
3D structure of ompA was docked to Ɛ34 TSP peptide G29-D39 (GKIYIGKIDTD) using PyRx (an open-source 
software for performing virtual screening that combines AutoDock Vina, AutoDock 4.2, Mayavi, Open Babel 
etc.) [52-54]. The modeled structure of ompA served as the receptor molecule. The receptor was prepared using 
AutoDock Vina wizard, whereas the short peptide ligand (G29-D39 (GKIYIGKIDTD)) of Ɛ34 TSP was extracted 
using Biovia Discovery Studio software (version; 21.1.0.278) and prepared for docking using the Open Babel 
tool described similarly by our previous work [55]. Subsequently, the ligand structure was minimized and con-
verted to a pdbqt format before uploading as a ligand.  In the case of the ompA receptor, the bond orders were 
assigned, and charged hydrogen atoms added to the protein. The ompA receptor structure was also minimized 
using the AutoDock Vina wizard. The receptor grid box was generated in PyRx using the build-in Vina Wizard 
module, the grid box consisted of Vina search space of X: 6.03, Y: 28.60, Z: 32.70. The dimensions of the grid box 
were X: 35.12 Å, Y: 47.86Å, and Z: 45.93Å. AutoDocking of Ɛ34 TSP peptide to the ompA receptor was made by 
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using the AutoDock wizard in-built in PyRx program with an exhaustiveness of 8. The best ompA-Ɛ34 TSP 
peptide docked complex with highest relative free binding energy was saved as a pdb file and exported into 
Biovia Discovery Studio software for specific atomic-atomic interaction analysis between the ligand and the 
receptor.  

Statistical analyses 
For all statistical data, values were derived from multiple measurements (from replicates of 3 or 5 experi-

ments) and averaged, the standard deviations were evaluated using P-values of Student's t-test (two-tailed, two 
samples of unequal variance, significance level α ≥ 0.05). 

3. Results 

3.1.  Antibacterial effects of E34 phage, EE34 TSP and Vero cell culture supernatant  

The antibacterial property of Ɛ34 phage, EƐ34 TSP and their combinations with Vero cell culture superna-
tant were investigated. As shown in Figure 1A, treatment of S. newington to EƐ34 TSP significantly reduced the 
growth of S. newington in all time points, however, the combination treatment of S. newington to EƐ34 TSP and 
V. Sup (Figure 1C) seems to demonstrate a complete elimination of the bacteria with increasing culturing time 
points. There were observed growth of S. newington with time for cells treated with Ɛ34 phage only (Figure 1D), 
or with Ɛ34 phage dilutions, however, in a combination treatment for which S. newington was treated with both 
Ɛ34 phage and V. Sup, there was drastic reduction in bacterial cell growth (Figure 1B).   

Figure 1. Growth kinetics of S. newington treated with EƐ34 TSP (A), Ɛ34 phage –Vero cell culture super-
natant (B), EƐ34 TSP–Vero cell culture supernatant (C), and Ɛ34 phage (D).  

 

 
 
(A) Ɛ34 TSP_SN denotes EƐ34 TSP (390 μl/ml) treated S. newington. Ɛ34 TSP_SN_D1 denotes S. newington 

treated to dilution 1 of EƐ34 TSP (39.00 μg/ml). Ɛ34 TSP_SN_D2 denotes S. newington treated to dilution 2 of 
EƐ34 TSP (3.90 μg/ml). Ɛ34 TSP_SN_D3 denotes S. newington treated to dilution 3 of EƐ34 TSP (0.39 μg/ml). 
Ɛ34 TSP_SN_D2 denotes S. newington treated to dilution 2 of Ɛ34 TSP (3.9 μg/ml).  

(B) Ɛ34 phage_SN denotes S. newington infected with Ɛ34 phage (MOI of 10). V. Sup denotes Vero cell 
culture supernatant only for which S. newington was not inoculated. SN _V. Sup denotes S. newington treated to 
V. cell culture supernatant. SN_Ɛ34 phage_V. Sup denotes a combination treatment of S. newington to Ɛ34 phage 
(MOI of 10) and Vero cell culture supernatant.  

(C) Ɛ34 TSP_SN denotes the treatment of S. newington to EƐ34 TSP (390 μg/ml). V. Sup denotes Vero cell 
culture supernatant only for which S. newington was not inoculated. SN_Ɛ34 TSP_V. Sup denotes a combination 
treatment of S. newington to EƐ34 TSP (390 μg/ml) and Vero cell culture supernatant. 

(D) Ɛ34 phage_SN denotes S. newington infected with Ɛ34 phage (MOI of 10). Ɛ34 phage_SN_D1 denotes 
treatment of S. newington to dilution 1 of Ɛ34 phage (MOI of 1). Ɛ34 phage_SN_D2 denotes treatment of S. 
newington to dilution 2 of Ɛ34 phage (MOI of 0.1). 
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Figure 2. Antibacterial potential of Ɛ34 phage and EƐ34 TSP (A) Comparative analysis of the EƐ34 TSP and 
Ɛ34 phages as antibacterial agents (B) Comparative analysis of the EƐ34 TSP-Vero cell supernatant and Ɛ34 
phages –Vero cell supernatant as antibacterial agents. 

 

 
(A) Comparison of Ɛ34 phage and EƐ34 TSP treatment to S. newington in different time points. The optical 

densities readings were recorded at 600 nm for 3 replicates, and averages used to plot graph. 
(B) Comparison of Ɛ34 phage –Vero cell culture supernatant combination treatment to S. newington against 

Ɛ34 TSP – Vero cell culture supernatant treatment to S. newington in different time points. The optical densities 
readings were recorded at 600 nm for 3 replicates, and averages used to plot graph. 

 
As shown Figure 2A, an initial starting culture of 0.2 OD showed varied S. newington growth kinetics with 

increasing time points. While the control (1x PBS) and Ɛ34 phage (Ɛ34 phage_SN_D1) at MOI of 1 both showed 
steady growth kinetics, the Ɛ34 TSP (39 μl/ml) treated to S. newington (Ɛ34 TSP_SN_D1) showed lower growth 
kinetics compared to the phage treated samples.  Ɛ34 phage (MO1 = 10) showed lower growths at the first 9 h 
time point of culture, but interestingly showed higher growth than Ɛ34 phage at MOI of 1 at the 12 h time point. 
The S. newington treated to Ɛ34 TSP at concentration of 390 μl/ml showed the lowest growth in all culturing 
time points.   

As shown in Figure 2B, an initial starting culture of approximately 0.23 OD showed varied S. newington 
growth kinetics with increasing time points. While the control (1x PBS) and Ɛ34 phage (Ɛ34 phage_SN) at MOI 
of 10 both showed steady growth kinetics, the Ɛ34 TSP (390 μl/ml) treated to S. newington (Ɛ34 TSP_SN) showed 
very low growth in all time points. The slowest growth kinetics was observed to the combination treatment of 
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S. newington to Ɛ34 TSP (390 μl/ml) and Vero cell culture supernatant (V. Sup). Comparatively, the phage (MOI 
= 10) and V. Sup treated samples also recorded lower ODs in all culturing time points.   

 
Figure 3. Spot test of antibacterial potency of EƐ34 TSP, Ɛ34 Phage, EƐ34 TSP-Vero cell culture supernatant 

(V. Sup), and Ɛ34 phage -V. Sup on S. newington 

 
 
As shown in Figure 3, 10 μl aliquot from S. newington suspension at OD of 0.5 in LB broth was spotted on 

the surface of LB agar and quickly followed with same volume of EƐ34 TSP (390 μg/ml) or Ɛ34 phage solution 
(MOI = 1) or their combination with Vero cell culture supernatant. Agar plates were incubated for 12 and 24 h 
at 37 °C. The antibacterial activity was determined by the presence or absence of colony forming units formed 
after 12 h and 36 h time points. As shown, 12 SN/PBS which depicts S. newington in 1X PBS served as control, 
and spot showed growth of colonies at both 12 h and 36 h time points. SN/Ɛ34 TSP which depicts S. newington 
treatment to EƐ34 TSP showed growth in both, similar observation was recorded for S. newington treated with 
Ɛ34 phage (SN/Ɛ34 phage), however, when S. newington was treated to Ɛ34 TSP and Vero cell culture superna-
tant (SN/Ɛ34 TSP/V. Sup), there was no growth at 12 h time point, however an observed average of 7.33 colony 
forming units (CFUs) were recorded at the 36 h time point.  Similarly, when S. newington was treated to Ɛ34 
phage and Vero cell culture supernatant combination (SN/Ɛ34 phage/V. Sup), there was no observed growth at 
12 h time point, but recorded few CFUs (14.00) at the 36 h time point.  
3.2.  EƐ34 TSP sensitivity to trypsin under non-denaturing conditions 

Our data as shown in Figure 3A indicate that EƐ34 tsp untreated samples migrated as a blurry band in the 
native gel electrophoresis, which is a characteristic feature we have observed in all experiments with native 
electrophoretic analysis of EƐ34 TSP. The rEK digested samples (MƐ34) has been demonstrated to be resistant 
to trypsin as indicated on lane 3 Figure 3A. EƐ34 TSP treated to trypsin as shown in lanes 4 has these species 
migrating at the same level as the rEK cut samples (Figure 3A, lane 3), more so, they also seem to be exhibiting 
indistinguishable band pattern similarly to the rEK digested EƐ34 TSP. These two features observed seems to 
show the possibility of EƐ34 TSP sensitivity to trypsin via the 43 amino acid fusion peptides only. The undi-
gested and untreated samples of the protein can be differentiated from the rEK digested as well as the trypsin 
treated EƐ34 TSP by their electrophoretic mobility. This indicates that the wild-type Ɛ34 TSP is resistant to tryp-
sin, however, the fusion peptide placed n-terminally to the protein during the cloning process is sensitive to the 
enzyme.  

Figure 3. Trypsin treatment of EƐ34 TSP and Matured Eɛ34 tsp at physiological temperature (A) EƐ34 TSP 
treated to trypsin without SDS (B) EƐ34 TSP treated to trypsin in 2% SDS.  
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As shown in Figure 3A, trypsin treatment of EƐ34 TSP and Matured EƐ34 TSP (MƐ34) (same as recombi-

nant enterokinase digested EƐ34 TSP) at physiological temperature for 6 h. Samples were treated with trypsin 
and quenched after 6 h incubation in a 37 °C set water bath. Quenching was achieved via the addition of trypsin 
inhibitor and samples analyzed via 7.5% Native-PAGE and visualized by Coommasie blue staining. The MƐ34 
TSP migrated at the same molecular size as the EƐ34 TSP treated to trypsin, this might indicate that trypsin 
digestion only removed the 43 amino acid fusion peptide. Heated samples as in lane 4 and 6 showed no bands, 
indicative of complete proteolysis.   

As shown in Figure 3B, 0.5 mg/ml of EƐ34 TSP and MƐ34 TSP were dialyzed, then mixed with 0.2% SDS 
followed by treatment to trypsin at 1:20 w/w of enzyme to protein. The treated samples were then incubated in 
water bath at 37 °C for 6 h. Proteolytic reactions were stopped by the addition of protease inhibitor 10 μg/ml 
final concentration, then electrophoretically analyzed using 10% polyacrylamide gel.   
3.3.  EƐ34 TSP sensitivity to Enzymes (trypsin or PK) under 2% SDS at physiological temperature 
3.3.1. Partial sensitivity of EƐ34 TSP in 2% SDS to trypsin 

In this study, EƐ34 TSP showed partial susceptibility to trypsin in similar fashion to that of TSP3 of Green-
field et al., 2019 [56]. Treating extended Ɛ34 TSP (EƐ34 TSP) in 2% SDS to trypsin at 37 °C for 6 h yielded four 
protein products (Figure 3B, lane EETUH) labeled 123, 85, 78 and 70 KDa respectively. The 123 KDa fragment 
corresponded to the size of the MƐ34 TSP (that is when EƐ34 TSP has the extra 43 amino acid cleaved by recom-
binant Enterokinase (rEK)). And while the 85, 78 and 70 KDa fragments might indicate proteolytic cleavage of 
our protein at sites other than the fusion peptide. As a control, MƐ34 TSP (rEK digested EƐ34 TSP) was treated 
to trypsin for same period and loaded onto a 7.5% polyacrylamide gel and electrophoresed. Three protein frag-
ments were recorded, the first corresponding to the normal size of the trimeric native Ɛ34 TSP of 123 KDa on 
the gel (but a 196.5KDa in actual calculated molecular weight), the two other fragments migrated at 102 and 85 
KDa respectively (Figure 3B, lane METUH). P22 TSP was also treated with trypsin in the presence of 2% SDS, 
migrated at 126 KDa size, which corresponds to 215 KDa size of the P22 TSP trimer in actual calculated molec-
ular weight. Similar reports of migration characteristics of the trimeric protein of P22 in a 7.5% polyacrylamide 
gel has been published by X. Carbonell and A. Villaverde, indicating a 126±3 KDa migration in gel but an actual 
size of 215 KDa [57]. As depicted in Figure 3B, EEUTUH (the extended Ɛ34 TSP untreated and unheated) rec-
orded the trimeric species migrating at blurry consistency at averagely 161 KDa. The untreated but heated 
(EEUTH) sample as in third lane recorded a single band as expected and migrated at 72 KDa indicative of 
complete unfolding to monomers after heating. As shown in the fourth lane of Figure 3B, four protein fragments 
bands were recorded when EƐ34 TSP in 2% SDS was treated with trypsin for the 6 h time period. The first band 
was recorded at 123 KDa, the three other fragments migrated at 85 KDa, 78 KDa and 70 KDa respectively. In 
the firth lane, the EƐ34 TSP samples which received treatment to trypsin for 6 h were then subjected to unfolding 
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via heat at 100 °C for 5 min, these treated and heated (EETH) samples produced two bands, a larger fragment 
migrating at 65 KDa, and a smaller one migrating at 25 KDa. MƐ34 TSP treated to trypsin in the presence of 2% 
SDS for 6 h produced three fragments, the first fragment was observed at the 123 KDa size, indicating no pro-
teolysis, the two other fragments migrated at 102 KDa, and 82 KDa, indicative of sensitivity of some of the 
species of the MƐ34 TSP to the enzyme.  P22 TSP was also treated with trypsin as shown in eighth lane of same 
Figure 3B. A single band was observed at 126 KDa, which corresponds to 215 KDa size of the P22 TSP trimer 
in actual calculated molecular weight similar to reports by Carbonell and Villaverde [58].  

A comparison of the migration between MƐ34, the trypsin treated EƐ34 TSP hints a positive correlation in 
molecular weights, with both species migrating at 123 KDa in the 7.5% polyacrylamide gel corresponding to 
196.5 KDa in calculated molecular weight. The untreated EƐ34 TSP, however, in its trimeric state migrated as a 
blurry band (averaging 161 KDa size). The theoretical molecular weight of the EƐ34 TSP is calculated to be 214 
KDa, which represents a homotrimer made from the three monomers (each monomer is made of 649 amino 
acids) (that is, the native protein which consist of 606 amino acids and the 43 amino acids coming from the 
fusion peptide). When the trypsin treated EƐ34 TSP samples were heat denatured to reveal the monomeric size 
of the proteolytic products, two bands were observed on the 7.5% gel. Of these two bands, one band migrated 
at 65KDa, and the second fragment band migrated at the 25 KDa size.   

Even though it is insufficient to draw any strong generalization, notwithstanding, it is worth noting that 
the calculated molecular weight of MƐ34 TSP monomer without the fusion peptide is 65.5KDa, hinting a similar 
size as the proteolytic fragment at the 65 KDa migration monomer recorded as in the fifth lane of Figure 3B. 
The 25 KDa fragment observed might represent the unfolded state of the proteolytic fragments of the 85, 78 and 
70 KDa proteins (Figure 3B; EETUH). The three other protein fragment bands which migrated at 85, 78 and 70 
KDa respectively, might have migrated differently due to sterical differences in conformation after proteolysis 
or due to cleavages at several different sites by trypsin. These findings suggest that tryptic digest of EƐ34 TSP 
in the presence of 2% SDS might have cleaved the fusion peptide at the N-terminal region leaving the native 
Ɛ34 TSP fully intact at first, however extended time of incubation in the denaturing condition partially unfolded 
the protein to cause trypsin to bind to and cleave previously solvent inaccessible regions.  

 
Figure 4. (A) Enzymatic digestion of EƐ34 TSP in varying concentrations of Trypsin (B) Diagrammatical 

illustration of the possible pattern of proteolysis with heat unfolding of protein followed with enzyme treat-
ment. 

 

 
 
EƐ34 TSP digestion under varying concentration of trypsin. Samples were run in 7.5% Native PAGE. As 

shown in Figure 4A, 1 mg/ml of EƐ34 TSP each were subjected to varying concentration of trypsin digest for 6 
h under 37 °C. There was no observed difference between different concentrations of trypsin treatment.  Lane 
1, Ladder (Prestained Precision Protein Standard). Lane 2, EƐ34 TSP; unheated and untreated. Lane 3, EƐ34 TSP; 
treated with 100 μg of trypsin. Lane 4, EƐ34 TSP treated with 200 μg of trypsin. Lane 5, EƐ34 TSP treated with 
300 μg of trypsin. Lane 6, EƐ34 TSP treated with 400 μg of trypsin, Lane 7, EƐ34 TSP; treated with 500 μg of 
trypsin. Lane 8, EƐ34 TSP heated and untreated. Lane 9, EƐ34 TSP heated and untreated. Lane 10, blank.  
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Figure 4B. Cartooned representation of structural changes due to heat, and proteolytic events due to pro-
tease treatment. At room temperature, under non-denaturing buffer conditions and neutral pH, the majority of 
EƐ34 TSP species exist in solution as native trimers. However, when temperature is increased to unfold the 
protein, previously buried hydrophobic regions are exposed and easily attacked by protease hence leading to 
the degradation of the protein.    
3.3.2.  Enzymatic digestion of EƐ34 TSP to increasing concentration of trypsin (Qualitative) 

Dose dependent tryptic proteolysis of EƐ34 TSP at 37 °C of EƐ34 TSP to trypsin as shown in Figure 4A, 
generated two bands each, representing two fragments produced from the proteolytic cleavage of the protein 
with trypsin; an upper denser band that migrates slightly below the native trimer of the EƐ34 TSP and a lower 
fainter band as seen in lanes 3 to 7 (Figure 4A). These upper bands match the 123 KDa migration as previously 
recorded (Figure 3A, lanes 3 and 4). This seems to point at a proteolytic digest of the 43 amino acid fusion 
peptide and leaving the full matured TSP intact. Another noticeable observation was the absence of any increase 
or decrease in band intensities in all concentrations of trypsin treatments.  The second fragment band migrated 
at 77 KDa, whilst the first fragment band migrated at 123 KDa. We infer that the 123 KDa arouse from a prote-
olytic event that degraded the 43 amino acid whereas the 77 KDa fragment might come from less stable species 
of EƐ34 TSP that possibly had the last 70-60 amino acid of their C-termini truncated along with the 43 amino 
acid fusion peptide. We hypothesized that the second fragment bands might have been produced due to the 
long exposure of the protein to trypsin (6 h) hence rendering less stable species in the samples to unfold slightly, 
thereby enabling trypsin to bind and cleave them. 
3.3.3.  Probing the structural stability using heat-protease combination 

In native state, most enzymes sites of the protein are shielded and inaccessible, thereby imparting re-
sistance, however, if there exist structural domains that are flexible, or linker regions that are solvent accessible, 
these areas can easily be attacked by the enzymes leading to specific cleavages and production of truncated 
products with unique electrophoretic mobility. Our approach here was to unfold the native EƐ34 TSP while 
exposing it to trypsin. The EƐ34 TSP was subjected to gradual denaturation via heating at 70 °C and 80 °C for 
specified time points and aliquots withdrawn at these time points and treated with trypsin for 30 min. Thus, 
higher structure information such as thermostable domains could be deciphered and their stability against heat 
as well as unfolding rates of the truncated products revealed. This method also possesses the discretionary 
ability to detect from the onset species that were less stable and existing in non-native conformation. 
3.3.4.  EƐ34 TSP digestion at 70 °C using trypsin 

As depicted in Figure 6A, the unfolding kinetics of EƐ34 TSP heated at 70 °C with the concomitant treat-
ment of the heated protein to trypsin after briefly cooling to room temperature, showed similar band intensities 
for all treated samples from the 0 min to the 30 min. All treated samples migrated as single band in contrast to 
the blurry pattern recorded for the untreated samples (lane 2, Figure 6A). The data further suggests that EƐ34 
TSP is resistant to trypsin even after heating at 70 °C.   

 

 
 
Figure 6. Treating EƐ34 TSP to trypsin after heating at high temperatures. (A) Treating EƐ34 TSP to trypsin 

after heating at 70 °C. (B) Treating EƐ34 TSP to trypsin after heating at 80 °C.  
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Figure 6 A. 0.5 mg/ml of EƐ34 TSP samples were heated at 70 °C. Heating of samples were done without 
the addition of SDS. Samples were withdrawn at set time points 0, 2.5, 5, 10, 15, 20, 30 and 60 min, then cooled 
briefly and subjected to tryptic digest. A ratio of 1:20 w/w of enzyme to EƐ34 TSP sample was used and the 
proteolytic reaction allowed to proceed for 6 h under 37 °C. Afterward, samples were electrophoretically ana-
lyzed in a 10% polyacrylamide gel under non denaturing conditions. Figure 6A:  Lane 1, Ladder (Prestained 
Precision Protein Standard). Lane 2, EƐ34 TSP; unheated and untreated (EƐ34UHUT). Lane 3 to lane 9 received 
treatments from the 0, 2.5, 5, 10, 20, 30, and 60 min time points treatment samples of EƐ34 TSP respectively. 
Figure 6B. The same treatment process and lane labeling was repeated except an increase in temperature to 80 
°C.  
3.4.2 EƐ34 TSP digestion at 80 °C using trypsin 

The proteolytic fragments as shown in lanes 0 to 60 min (Figure 6B) migrated at 123 KDa which represents 
the trimeric state of the protein. Observable also is the continual decrease in intensities of these bands with time. 
As can be seen, lane 0 is shown to possess higher band intensity than the fragment band in lane 2.5, and this 
disappearance of band intensities continued until nothing can be seen at lane 20, 30 and 60 (Figure 6B).   
3.4.3 Quantitative assessment of unfolding kinetics of EƐ34 tsp at 80 °C via trypsin treatment 

P22 TSP is shown to be highly resistant to heat, even at elevated temperatures, with Tm of 88 °C [59], in 
this study, we investigated the thermo-stability and protease resistance of EƐ34 TSP at 80 °C. The structural 
elements of EƐ34 TSP share huge similarities to P22 TSP, for instance, both trimeric proteins possess a known 
highly stable parallel beta-helix domain [60]. With these similarities, could the two proteins possess similar 
unfolding kinetics at elevated temperatures? To answer this, we quantitatively assessed the unfolding rate of 
EƐ34 TSP by measuring the densitometric values of EƐ34 TSP bands after heating at 80 °C then followed with 
tryptic digest. Triplicate experiments were averaged, and values plotted on a graph as shown in Figure 7. The 
averages of the densitometric values recorded showed that, at time point 0, 99.63 densitometric mean value was 
recorded; after 2.5 min, a drop of approximately 9 points was observed as the densitometric value registered 
90.87. A continued downward trajectory of densitometric mean values were observed for 5, 10, 20, 30 and 60 
min, registering densitometric mean values of 65.61, 49.32, 34.44, 18.27 and 1.16 respectively.  These data fitted 
a regression curve with the equation; [ft] = [f0]e(-kt) Where [ft] = fragment band intensity at time t, which could 
possibly also equate to the concentration of species of EƐ34 TSP still maintaining their trimeric states after t time 
of heating at 80 °C. [f0] = fragment band intensity produced after treatment with trypsin at the 0-time point; the 
time point at which no heat has been applied to the protein. e = mathematical constant = 2.72, k = 0.072, the rate 
of proteolytic degradation of EƐ34 TSP, which is positively correlated to the rate of unfolding of the TSP.  The 
unfolding rate of EƐ34 TSP shown here is several folds higher than the unfolding rates observed in the P22 
system, although with a slightly difference methods [61-63].  

 

 
 
Figure 7. Quantitative assessment of unfolding kinetics of EƐ34 TSP at 80 °C via trypsin treatment 
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0.5 mg/ml of EƐ34 TSP samples were heated at 80 °C (Figure 7). Heating of samples were done without the 
addition of any denaturant. Samples were withdrawn at set time points 0, 2.5, 5, 10, 15, 20, 30 and 60 min, then 
cooled briefly and subjected to tryptic digest. A ratio of 1:20 w/w of enzyme to EƐ34 TSP sample was used and 
the proteolytic reaction allowed to proceed for 60 min under 37 °C. Afterward, samples were electrophoretically 
analyzed in a 10% polyacrylamide gel under non denaturing conditions. Gels were photographed (ChemiDoc 
XRS) and the densitometric values were acquired using Quantity one software. Triplicate experimental values 
were averaged and used to plot the chart. Data presented as mean ± SEM.  
3.5 Biofilm inhibition 

Biofilm-derived antibiotic tolerance of pathogenic bacteria remain a serious health issue [64,65]. Research 
into finding agents that inhibit biofilm formation is crucial. This can be accomplished by preventing the initial 
step of biofilm formation process, which is bacteria adhesion [66]. Secondly, bacteria depend majorly on 
quorum sensing in establishing biofilm, hence the ability to disrupt their quorum-sensing system will signifi-
cantly enhance biofilm inhibition [67,68]. Chemical agents that directly degrade biofilms have been investigated 
[69], these agents can degrade or disrupt biofilm formation, however, most of these agents are not biocompati-
ble. The application of phage therapy in biofilm prevention and control [70] are innovative alternatives that are 
also biocompatible. While the phage-host interaction usually determines the interaction of phages and host 
biofilm [71], there are certain phages that directly degrades biofilm matrices [72,73]. Tkhilaishvili et al, 2018 
showed that Sb-1 phage degrades the MRSA biofilm by digesting the exopolysaccharide component of the ma-
trix. They also indicated that Sb-1 kills persisters either directly or by a Trojan horse effect [74]. The exposure of 
gram-negative bacteria to human or animal serum have been demonstrated to cause bactericidal activity [75]. 
The killing process is known to be orchestrated by the insertion into the bacterial envelope the activated com-
plement components that attack the bacterial envelope via the membrane attack complex, which is activated 
via either the classical or the alternative pathway [76,77]. Other bacterial killing methods are the presence of 
antibacterial peptides in serum [78]. Yet again, bacteria have developed resistance to serum killing. Bacterial 
development of resistance against animal serum has been blamed on attainment of specific resistant genes, for 
instance, the ability of E. coli to survive exposure to 50% normal rabbit serum was found to correlate with the 
traT gene (80% of the serum resistant isolates were traT+) [79]. In this work, we investigated the ability of Vero 
cell supernatant to synergistically kill S. newington when combined with Ɛ34 phage or the fusion protein derived 
from this phage (EƐ34 TSP) (Figure 1). We also investigated this combined treatment method against S. newing-
ton biofilm formation (Figure 8 and 9). It was found that combinational treatment of S. newington with either 
phage and Vero cell culture supernatant, or the EƐ34 TSP and Vero cell culture supernatant significantly erad-
icated S. newington or its biofilm (Figure 1, 8 and 9). Employing scanning electron microscopy, we verified that 
decellularized avian cartilage treated to EƐ34 TSP and Vero cell culture combination, followed by inoculation 
of S. newington did not form significant amount of biofilm, whereas the untreated controls surfaces were cov-
ered by biofilm in 36 h time period (Figure 10).  
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Figure 8. Immunostaining of biofilm formation on decellularized avian cartilage scaffold. Ɛ34 phage and 

Vero cell culture supernatant (Phage_V. sup) or EƐ34 TSP and Vero cell culture supernatant (TSP_V. sup) com-
bination treatment significantly reduced the amount of biofilm formed by S. newington on decellularized avian 
cartilage. Control group showed the highest amount of biofilm formed as depicted by the high PI stain. TSP_V. 
sup and phage_V. sup showed the lowest PI stain indicative of less accumulation of biofilm.  The DAPI stain 
in blue also corroborate with the findings of the PI staining. Scale bar = 500 μm. 
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Figure 9. Biofilm inhibition by Ɛ34 phage and EƐ34 TSP in combination with Vero cell culture supernatant.  
*, **, ***, ****, *****, ******p values = 0.01, 0.01, 0.05, 0.01, 0.05 and 0.1 respectively.  
The ability of Ɛ34 phage, Ɛ34 phage_V. sup, EƐ34 TSP, or EƐ34 TSP_V. Sup to inhibit the formation of 

biofilm on decellularized avian scaffold was studied. 400 μl of S. newington at an OD600 value of 0.2 was trans-
ferred to the well of a 24-well plate containing decellularized avian cartilage. Samples were incubated at 37 °C 
for 36 h in MaxQ 4450 incubator (Thermo Scientific) without shaking, samples were washed with 1X PBS thrice, 
fixed in 10% formaldehyde, incubated with 0.2% SDS for permealization for 1 h and stained with Propidium 
Iodide (PI) Ready Flow™ Reagent (ThermoFisher Scientific, USA) at room temperature for 10 min. Afterwards, 
samples were washed under mild water flow and careful dried. Stained biofilms were dissolved in 25% acetic 
acid, and the absorbance was read at 617 nm using Evolution 350 UV-Vis spectrophotometer (Thermo Scien-
tific). The experiment was repeated thrice. The reading replicates were averaged. Statistical analyses were car-
ried out using Student’s t test, and p values of less than 0.05 were considered significant. 

 

 
 
Figure 10. SEM images of biofilm formation on untreated control and Ɛ34 TSP and Vero cell culture super-

natant combination treated decellularized avian cartilage scaffolds. Scale bar = 20 μm. 
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The decellularizing process removes chondrocytes from the cartilage tissue leaving behind an intact extra-
cellular matrix with empty pores as shown in N/A column and most of the images of the TSP_V. sup row. 
However, upon S. newington inoculation and incubation, biofilm is formed, covering the surface of the control 
samples, whereas the TSP_V. sup samples remains mostly unaffected. Insignificant amount of biofilm deposits 
however can be seen on the TSP_V. sup samples as indicated by the black arrows on both 36 and 48 h time 
points. The washing process before fixing removed planktonic bacteria leaving the intact pores still visible, 
whereas the washing process in the control had no effect in removing the biofilm established by S. newington.  

 

 
 
Figure 11. The outer membrane proteins of S. newington and their putative interactions. (A) STITCH Net-

work of ompA. As shown, Salmonella ompA interacts directly with ompC, ompN, ompX and lamb. Networks 
derived by automated computational analysis using Cytoscape 3.8,2. (B) Complexcontact probabilities of 
ompX, MIaD and ompA with Ɛ34 TSP. Complexcontact probabilities values were acquired from ComplexCon-
tact (a web server for inter-protein contact prediction using deep learning) [80]. 

As shown in Figure 11A, ompA interacts with ompX, ompN, ompC and lamB. OmpX is the outer mem-
brane protease and is has been shown to be involved in cell adhesion. Its structure is an eight-stranded antipar-
allel beta-barrel that projects from the cell surface. Studies have shown that mutating this gene increase cell-
surface contact in fimbriated strains but decrease contact in nonfimbriated strains [81-84]. OmpA is the outer 
membrane protein A [85-87] which is a porin, responsible for diffusion of nonspecific small solutes across the 
outer membrane. In E. coli, this integral protein is implicated in phage adsorption, it is also a mediator of F-
factor dependent conjugation. It is shown to be important in maintaining the structural shape of the outer mem-
brane.  The ompN also known as ompS2 is a Porin [88]; which is allows ions and hydrophilic solutes to cross 
the outer membrane. MiaD is a member of the porin LamB family, it is a maltose-inducible porin which is 
involved in the transport of maltose and maltodextrins [89-93]. OmpC is the outer membrane protein C, which 
belongs to the Gram-negative porin family [94]. 
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Figure 12. Molecular interaction of putative ompA with the N-terminal domain of Ɛ34 TSP. (A) Modeled 

structure of S. newington ompA (grey) (3D structure modeled using Swiss modeler web tool). (B) Side view of 
N-terminal epitope of Ɛ34 TSP (yellow), G29-D39, (GKIYIGKIDTD) in complex with the extracellular domain 
of ompA of S. newington. (C) Top view of the N-terminal epitope of Ɛ34 TSP in complex with the extracellular 
domain of ompA of S. newington. (D) Close up top view of N-terminal epitope in complex with the extracellular 
domain of ompA of S. newington (Docking analysis was carried out using PyRx molecular docking software).  
The short peptide of the Ɛ34 TSP bonded with ompA via the following residues; ILE36 of the peptide formed a 
hydrogen bond with ASP141 of ompA with a bond distance of 3.05Å. LYS35 of the peptide bonded with ILE178 
of ompA (bond distance; 2.28Å). ASP39 of the peptide bonded with ASP139 (bond distance; 2.70Å). ASP37 
bonded with ASN171 (bond distance; 2.89Å). ASN176 bonded with LYS35 (bond distance; 2.433Å). Finally, 
ASN171 bonded with ASP37 (bond distance; 2.44Å). The bonds were record as hydrogen bonds, thus producing 
a high affinity with relative free energy of -11.3 kcal/mol. Such free energy almost doubled the amount recorded 
in our previous docking analysis of Ɛ34 TSP interaction with the LPS of S. newington (which recorded -
6.4kcal/mol).  

Discussion 
The antibacterial property of Ɛ34 phage, EƐ34 TSP and their combinations with Vero cell culture superna-

tant were investigated. While the phage employs the lytic process in killing S. newington, the mode of killing of 
S. newington mediated by EƐ34 TSP is currently unknown. As shown in Figure 1A, treatment of S. newington to 
EƐ34 TSP significantly reduced the growth of S. newington in all time points. Additionally, the combination 
treatment of S. newington to EƐ34 TSP and V. Sup (Figure 1C) seems to demonstrate a complete elimination of 
the bacteria with increasing culturing time points. There were observed growth of S. newington with time for 
cells treated with Ɛ34 phage only (Figure 1D), or with Ɛ34 phage dilutions, however, in a combination treatment 
for which S. newington was treated with both Ɛ34 phage and V. Sup, there was drastic reduction in bacterial cell 
growth (Figure 1B). We hypothesize that EƐ34 interacts and binds the ompA with its free N-terminal domain 
(serving as a “latch”). Whereas the receptor binding domain (RBD) recognizes and binds to LPS of S. newington. 
The binding and processivity of the RBD might provide the “tugging” force to pull and disrupt the ompA 
receptor. This argument seems to corroborate with our in silico analysis that shows that the RBD of Ɛ34 TSP 
bindings to ompA with a high probability of 0.7318 (Figure 10) and a relative free binding energy of -
11.3kcal/mol. Additionally, the proteolytic digestion of the LPS of the bacteria by the EƐ34 TSP results in a 
“naked” S. newington, which are much sensitive to antimicrobial agents. This phenomenon might be the cause 
of the bacteria killing observed by the combination treatment of EƐ34 TSP and V. sup as well as the combination 
treatment observed in Ɛ34 phage and V. sup. Cell culture supernatants are known to contain antimicrobial 
peptides [95], activated complement proteins [96] which mediate killing of bacteria by membrane attack. The 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 21 October 2021                   doi:10.20944/preprints202110.0308.v1

https://doi.org/10.20944/preprints202110.0308.v1


 18 of 28 
 

 

antimicrobial peptides found in cell culture supernatant effect their antibacterial activity through membrane 
integrity disruption [97]. Majority of these peptides are positively charged peptides and they interact with the 
negative charges found in the LPS of the S. newington. Most resistance mechanism against antibacterial peptides 
such as found in serum or cell culture supernatant include fatty acid additions, acetylation of the O-antigen, 
and hydroxylation of fatty acids of the LPS. These modifications play significant role in immune evasion, and 
maintenance of the bacteria virulent phenotypes [98,99]. Lyses of the bacteria through lytic cycle of the phage 
will inhibits the bacteria growth (Figure 1B). However, this phage can also undergo lysogeny, which interest-
ingly is a maneuver used to block superinfection after lysogenization [100]. This is to ensure the survival of its 
host and hence prolonged incubation in the phage usually can lead to growth of the bacteria (Figure 1B). In the 
presence of Vero cell culture supernatant however, the results seem to indicate that lysogenized S. newington 
cells even if they could block superinfection, yet they are less resistant to Vero cell culture supernatant killing. 
This might have been mediated by the antimicrobial peptide present in the V. sup which are encountering 
“naked” bacteria.   

After testing the sensitivity of EƐ34 TSP to trypsin in the absence of denaturing conditions, and in the 
presence of sodium dodecyl sulfate at physiological temperature, we observed that EƐ34 TSP showed resistance 
to the protease except a proteolytic cleavage of the fusion peptide. Nonetheless, partial sensitivity of both un-
digested and rEK digested samples to trypsin was observed when samples were subjected to long exposure to 
high SDS concentrations (Figure 3B). The molecular weights of the large fragments produced after EƐ34 TSP 
treatment with trypsin was determined to be 65 KDa by heat unfolding of the resulting fragments. The 65 KDa 
size monomer is the approximate size of the wild-type Ɛ34 TSP monomer or the size of MƐ34 monomer. We 
infer that these monomers arose from the largest fragment of EƐ34 TSP (the 123 KDa fragment as in lane 4 
(Figure 3B) after trypsin treatment that migrated at equivalent weight to the rEK digest samples. In contrast, 
the lower fragment species were either fully proteolysed within quenching and reheating process or are those 
species that registered a band at the 25KDa size as indicated in Figure 3B, lane 5.  The data illustrate that EƐ34 
TSP is susceptible to trypsin via the 43 amino acid fusion peptide only at physiological temperatures even after 
prolonged incubation time of 6 h (Figure 3A), however in the same condition, when SDS was added as depicted 
in Figure 3B, lane 4, we observed a number of fragments (123, 85, 78 and 70 KDa) in contrast to the single 
fragment (123 KDa) observed as in SDS free experiments Figure 3A lane 4. This indicates that the presence of 
SDS was able to de-stabilize some of the EƐ34 TSP species to a degree that made them solvent and enzyme 
accessible and therefore susceptible to trypsin digestion in sites interior to the protein other than only the 43-
amino acid fusion peptide. Another important observation worth mentioning is the shift from blurry band as 
observed in untreated unheated samples to complete discreet single bands of the EƐ34 TSP after tryptic digest 
(Figure 3A), a similar phenomenon is observed when the protein is digested with rEK only. An exhaustive 
review by Peter R. Weigele and Co. suggested a general sturdy nature of the β-helix domain in all TSPs and 
other proteins that have this motif in their constitution [101]. Published findings concerning the robust nature 
of the β -barrel motif that they are usually protease, heat and detergent resistant [102-104]. As a control, P22 
TSP and matured Ɛ34 TSPs were also treated with trypsin. While it was obvious from the band migration that 
MƐ34 TSP was resistant to trypsin (Figure 3A) similar to P22 TSP, the EƐ34 TSP showed sensitivity at the N-
terminally fused peptide.  The tailspike protein of Ɛ34 phage possesses similar functionality and may likewise 
have structural stability approximating that of the P22 phage TSP. Although, most structures that mediate viral 
adhesion and therefore infection do vary, a broad generalization of similarities is shared in their elongated β-
sheet topologies. They possess a unique repetitive fold that consists of β-helix domain. Several bacterial and 
fungal protein motifs that are implicated in human infectious disease such as those of toxins, virulence factors, 
adhesins, and surface proteins of Chlamydia, Helicobacteria, Bordetella, Leishmania, Borrelia, Rickettsia, Neisseria, 
and Bacillus anthracis are known to contain similar parallel β-helix folds [105-107]. Some tailspike proteins of 
other viruses similar to that of Ɛ34 and P22 are also shown to demonstrate protease resistance and stability in 
the presence of detergents at room temperature. These characteristics are indicative of the role of TSPs as exte-
rior virion structures that must withstand harsh environmental conditions [108]. Most β-sheet proteins have 
been well studied; the first to appear in literature was the pectate lysates from the Erwinia species whose motif 
is utilized for the infection of plant cells [109,110]. Beta-sheet proteins similar to that in Ɛ34 TSP are known for 
their solenoid-shaped or elongated coil structure, typically having the β-strands running orthogonally to the 
long axis. Most of the P22-like phages such as P22, SF6, and E15 have been shown to possess this motif, which 
functions dually as a host receptor recognition structure and a LPS attachment and cleavage mechanism [111-
113]. To engineer an antibacterial peptide or protein, there is the need to consider the physiological conditions 
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as well as the gut conditions if the drug has to be taken orally. Among some of the important factors to consider 
is proteases e.g. trypsin. Our evaluation of EƐ34 TSP performance against trypsin indicates that it is resistant to 
the protease and can be formulated as an oral agent to control Salmonella colonization of the human gut.  

Another major concern is the formation of biofilm on implants [114], transplants scaffold biomaterials [115] 
and on clinical instruments such as catheters etc. [116-118]. There is an extensive failure of antibiotic treatment 
to eradicate biofilm-associated infections [119-122]. This warrants research into biofilm prevention strategies. 
Currently, majority of biofilm control strategies include prevention of contamination, reducing the ability of 
bacterial attachment, use of antibiotics or agents that can penetrate and remove biofilm matrix [123,124]. The 
use of phages to fight biofilm accumulation has been investigated [125]. Cerca et al., 2007 used phage K to 
reduce Staph. epidermidis biofilm biomass [126], Kelly et al., 2012 reported the inhibition of Staphylococcus 
aureus biofilm formation using phage K and modified derivatives [127]. Using a broad lytic Salmonella phage 
to control biofilm accumulation in food matrices have also been investigated [128].  In this work (Figures 8 and 
9), we investigated the ability of Ɛ34 phage, EƐ34 TSP, or their combination with Vero cell culture supernatant 
to prevent S. newington biofilm formation and accumulation on decellularized avian cartilage construct over 48 
h period.  While the control showed high accumulation of S. newington biofilm in 36 h time point (Figures 8 
and 9), the Ɛ34 phage and EƐ34 TSP and their Vero cell culture combination treatment significantly reduced S. 
newington biofilm accumulation on decellularized avian cartilage scaffolds in both 36 h time point (Figures 8 
and 9). Additionally, via DAPI and propidium iodide staining analysis of the biofilm formation indicated sig-
nificantly less biofilm accumulation in the decellularized scaffolds treated to EƐ34 TSP and Vero cell culture 
supernatant than all other treatment groups (Figure 8). The performance of Ɛ34 phage and Vero cell culture 
supernatant combination showed similar results as the EƐ34 TSP and Vero cell culture supernatant combina-
tion, a fascinating result that indicate that Vero cell culture supernatant produces synergetic biofilm inhibition 
ability to both Ɛ34 phage and EƐ34 TSP. Ɛ34 phage possess the O-antigen hydrolase [129] which is the tailspike 
protein (TSP) which binds to the LPS of S. newington initiate infection. Lyses of the bacteria through lytic cycle 
of the phage will reduce the bacterial survival and hence prevent biofilm accumulation. However, this phage 
can also undergo lysogeny, which interestingly is a maneuver used to block superinfection after lysogenization 
[130]. This is to ensure the survival of its host. In the presence of Vero cell culture supernatant however, the 
results seem to indicate that lysogenized S. newington cells even if they could block superinfection, yet they are 
less resistant to Vero cell culture supernatant killing. 

The use of SEM to study biofilms has been very instrumental in understanding the morphological details 
[131,132]. In this study (Figure 10), the morphology of the biofilm formed by S. newington showed a large and 
smooth sheath of covering of the decellularized avian cartilage scaffold surface in 36 and 48 h time period for 
the untreated control samples. In the samples treated with EƐ34 TSP and Vero cell culture combination, we 
observed an insignificant amount of biofilm accumulation using the SEM. These observations corroborate with 
our PI staining results.  
4 Conclusion  

EE34 TSP, a fusion protein engineered using the E34 tailspike gene was demonstrated to possess antibac-
terial activity against S. newington bacterial cells. When combined treatment of the TSP and Vero cell culture 
supernatant was administered to S. newington, the results showed a complete eradication of the bacteria. Also, 
when decellularized avian scaffold was pretreated with EE34 TSP, or EE34 TSP in Vero cell culture supernatant 
it inhibited S. newington’s biofilm formation. Computational analysis of the putative receptor-E34 TSP interac-
tion showed that E34 TSP binds to ompA of the bacterial cell membrane with high probability and affinity.  

The engineered trypsin resistant protein therefore can be made into an orally administered antibacterial 
agent for the control of Salmonella in both animals and humans. For this reason we considered the effects the 
digestive enzyme trypsin (a component of gut environment) on the protein.  Our evaluation of EƐ34 TSP per-
formance against trypsin indicates that it is resistant to the protease and can be formulated as an oral agent to 
control Salmonella colonization of the human gut.  
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Supplementary data 

 

Figure 1. Structure quality assessment and validation of ompA model. 

 

 

(A) Ramachandran plot analysis of homologue model of ompA of S. newington. The analysis showed a molprobity of 2.43 a 

clash score of 2.32, 86.63% Ramachandran favored structure, 6.98% Ramachandran outliers, 11.11% rotamer outliers and 1 

bad bond out of 1377 bonds.  

(B) Global quality estimate (QMEANDisCO Global) of 0.66 ±0.07.  

(C) Local quality estimate (QMEANDisco Local) depicting residues similarity of the ompA model to target structure.  

(D) Comparison of model with non-redundant set of PDB structures, showing that the ompA model score was high as indicated 

by the red mark. 

(E) The QMEAN Z-score of ompA that estimate the absolute quality of the ompA model with reference to solved X-ray crys-

tallographic structures on PDB.  
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