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Abstract

Virus-like particles (VLPs) have the potential to be used as display platforms to develop vaccines 

against infectious and non-infectious agents. However, most VLPs used as vaccine display 

platforms are derived from viruses that infect humans; unfortunately, most humans already have 

pre-existing antibodies against these platforms and thus, the immunogenicity of these vaccines 

may be compromised. VLP platforms derived from viruses that infect bacteria (bacteriophages), 

especially bacteriophages that infect bacteria, which do not colonize humans are less likely to 

have pre-existing antibodies against the platforms in the human population. In this study, we 

assessed whether two putative coat proteins (ORF13 and OFR14) derived from a thermophilic 

bacteriophage (ΦIN93) can be expressed and purified from a mesophilic bacterium such as E. coli. 
We also assessed whether expressed coat proteins can assemble to form VLPs. Truncated versions 

of ORF13 and OFR14 were successfully co-expressed in bacteria; the co-expressed truncated 

proteins formed oval structures that look like VLPs, but their sizes were less than those of an 

authentic ΦIN93 virus.
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1. Introduction

The genomes of viruses code for structural and non-structural proteins. Non-structural 

proteins are enzymes required for viral replication while structural proteins are protein 

components (e.g. capsid or coat protein, envelope protein, membrane protein), which 

assemble around the viral genome to form a virus particle (virion) [1]. Some of these 

structural proteins, by themselves or together, can also assemble naturally during the 

life cycle of a virion, without the viral genome, to form structures known as virus-like 

particles (VLPs) (reviewed in [2]). VLPs are therefore empty viral shells without the viral 

genome; thus, they cannot replicate. VLPs can also be generated in the lab by cloning and 

expression of the coat protein(s) or envelope proteins in a suitable host cell. Overexpression 

of coat proteins or envelope proteins in a host cell allows the proteins to spontaneously 

self-assemble into VLPs [3, 4].

VLPs can be derived from animal viruses, plant viruses, human viruses, and even from 

bacterial viruses (bacteriophages). VLPs have so many applications in science and in 

medicine; they have been used in pre-clinical studies to deliver drugs/cargo to specific 

cancer cells, to develop armored RNA (positive controls for diagnostic tests for infectious 

diseases), and for in vivo imaging (VLPs loaded with fluorophores) [5–7]. VLPs also have 

so many features that make them suitable for vaccine design. For example, they resemble 

viruses in terms of size, coat proteins on VLPs are arrangement in a multivalent manner, 

and VLPs are very immunogenic [8]; thus, VLPs have gained a lot of attention within the 

last two decades as an excellent approach to develop vaccines [9, 10]. Five VLP-based 
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vaccines, derived from human papillomaviruses (HPVs) and hepatitis B virus (HBV), have 

been approved by the Food and Drug Administration (FDA) to protect against HPVs [11, 

12] and HBV [2] infections, respectively; other VLP-based vaccines against viruses are 

under development or in clinical trials [13, 14].

VLPs cannot only be used to develop vaccines against the viruses from which the structural 

proteins were derived from but they can also be used as display platforms to develop 

chimeric VLP vaccines displaying heterologous antigens from other viruses [15–19], 

bacteria [20], parasites [21, 22] and even tumor-associated antigens [23]. The goal of 

chimeric VLPs is to elicit immune responses against the heterologous antigens displayed 

on the platform and not necessarily the platform. Thus, VLPs have been used to develop 

candidate vaccines against both microbial and non-microbial diseases [24] ranging from 

allergy, hypotension, cholesterol [25], to cancer [23].

Despite the success of using VLPs as platforms to develop candidate vaccines, there 

have been some challenges associated with current VLP platforms. For example, most 

VLP platforms used for heterologous peptide display (chimeric VLPs) including viral 

vector vaccine platforms, are derived from viruses that infect humans and/or humans had 

previously been immunized with VLPs or antigens derived from those viruses. Thus, 

pre-existing neutralizing antibodies against the VLP-display platforms already exist in the 

general population and hence, they may compromise the immunogenicity of the display 

platforms and ultimately the immunogenicity of heterologous antigens displayed on the 

platforms [26–28]. To address some of these challenges, we assessed whether coat proteins 

derived from a thermophilic bacteriophage, ΦIN93, can be used to develop new vaccine 

platforms; i.e., we assessed whether the coat proteins from ΦIN93 can assemble into VLPs.

Bacteriophage ΦIN93 was isolated from a thermophilic bacterium, Thermus aquaticus, with 

an optimum growth temperature of 75°C [29]. The bacteriophage is a double-stranded 

circular DNA virus with a genome size of ~19.4kbp. Two proteins, open reading frame 

(ORF) 13 and ORF14, have been identified in the bacteriophage genome as putative coat 

proteins based on sequence homology with two major coat proteins (VP16 and VP17) from 

another thermophilic bacteriophage, P23–77 [30]. ORF13 and ORF14 is 80% and 73% 

identical (in amino acid) to VP16 and VP17 of P23–77, respectively (Figure 1). A recent 

study has shown that a mixture of VP16, VP17, and VP11 (a minor capsid protein) --which 

were expressed and purified separately -- can lead to the formation of complexes in vitro 
[31]; coat protein complexes are a prelude to viral assembly/formation of VLPs. However, 

no studies have ever assessed the expression of ORF13 and ORF14 from bacteriophage 

ΦIN93 or assessed the ability of these coat proteins to form complexes/assemble into VLPs. 

Here, we assessed for the first time, the expression of ORF13 and ORF14 in a mesophilic 

bacterial expression system, E. coli. We further assessed whether the coat proteins can 

assemble into VLPs.

Zhai et al. Page 3

Protein Expr Purif. Author manuscript; available in PMC 2022 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2. Materials and Methods

2.1 Generation of expression vectors

The genes encoding putative coat proteins (ORF13 and ORF14) of bacteriophage ΦIN93 

were codon-optimized for high-level protein expression in C41 E. coli bacteria and they 

were synthesized by Epoch Life Science. The complete sequence of each synthesized gene 

was separately amplified by polymerase chain reaction (PCR) and cloned into pET28a 

plasmid (Kanamycin resistance) and pET15b plasmid (Ampicillin resistance) using NcoI 

and BamHI restriction sites; this gave rise to four plasmids, namely: pET15b-ORF13, 

pET15b-ORF14, pET28a-ORF13, and pET28a-ORF14.

In addition to cloning the complete sequences of ORF13 and OFR14, we also generated 

truncated versions of each of the two genes. To generate truncated ORF13 and ORF14 

genes, DNA sequences representing amino acids (aa) 21–165 and aa 46–271, respectively, 

were separately amplified by PCR and each truncated gene was cloned into pET28a and 

pET15b using the same restriction sites above; this gave rise to four additional plasmids, 

namely: pET15b-ORF13-trunc with aa 21–165, and pET15b-ORF14-trunc with aa 46–271, 

pET28a-ORF13-trunc with aa 21–165, and pET28a-ORF14-trunc with aa 46–271. In all 

cases, the genes in each of the constructs were sequenced across restriction sites to confirm 

the cloning.

2.2 Coat protein expression and purification

For coat protein expression, C41 E. coli cells were transformed separately with each plasmid 

and single colonies were screened for protein expression as follows. Bacterial cultures 

from colonies were grown in Luria-Bertani (LB) medium with appropriate antibiotics at 

37°C until the cultures reached an optical density (OD)600 of 0.6. Coat protein expression 

was induced with 0.5mM Isopropyl β-D-1-thiogalactopyranoside (IPTG) overnight at the 

same temperature. For co-expression of ORF13 and ORF14 in the same bacterial cells, 

equal concentrations of pET15b-ORF13 and pET28a-ORF14, pET15b-ORF14 and pET28a­

ORF13, pET15b-ORF13-trunc and pET28a-ORF14-trunc or pET15b-ORF14-trunc and 

pET28a-ORF13-trunc were mixed and used to transform C41 cells. Transformed cells were 

grown in LB medium with 30 mg/ml of kanamycin plus 50mg/ml of ampicillin at 37°C until 

the culture reached an OD600 of 0.6. Coat protein expression was induced with 1mM IPTG 

under the same conditions and time as above. To screen for coat protein expression, bacterial 

cells were pelleted, resuspended in 8M urea, sonicated and resolved on SDS PAGE gels.

Cultures, which showed protein expression, were used to grow large volume cultures (100 

ml or 250 ml) for large-scale protein expression and purification. The cultures were grown 

and induced as above. Cell pellets were then lysed using 0.2% lysozyme solution (with 100 

mM NaCl, 10 mM EDTA, 50 mM Tris-HCl pH 8.5, plus 0.05% deoxycholate) and sonicated 

to help lyse the bacteria. Two ng/ul of DNase and 2 mM of MgCl2 were added to the 

lysates and the lysates were incubated for 1 hour at 37°C. Lysates were spun at 3,700 rpm 

(4°C) for 30 minutes and the supernatants collected and resuspended in 50% ammonium 

sulfate to precipitate coat proteins. The supernatants with precipitated coat proteins were 

spun at 10,000 rpm (4°C) for 10 minutes. The pellets were resuspended in sepharose column 

Zhai et al. Page 4

Protein Expr Purif. Author manuscript; available in PMC 2022 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



buffer (SCB: 10 mM Tris-HCl pH 7.4, 100 mM NaCl, 0.1 mM MgSO4), spun at the same 

time and conditions. Supernatants were then loaded on sepharose CL-4B column connected 

to SCB buffer and fractions were collected and analyzed for coat proteins. Fractionation 

tubes containing coat proteins were combined and the SCB was exchanged with PBS 

(1x phosphate buffered saline) using Millipore Amicon™ Ultra-4 Centrifugal Filter Units 

(100K MWCO). Coat proteins were evaluable for assembly into VLPs under a transmission 

electron microscope as described below.

2.3 Transmission electron microscopy (TEM)

To assess the potential of coat proteins to assemble into VLPs, TEM was conducted as 

follows. Purified coat proteins of bacteriophage ΦIN93 or the virus (a gift from Dr. Isao 

Matsushita) were loaded onto glow-discharged carbon grids for 2 minutes and the grids were 

stained with 2% uranyl acetate for 2 minutes. Samples were visualized using a FEI 200kV 

Titan Themis Scanning Transmission Electron Microscope (STEM) or a JEOL JEM-2010 

TEM.

2.4 Generation of sera for immunoassays

To generate sera that can react with both ORF13 and ORF14, we expressed ORF13 

and ORF14 in pET28a as a recombinant protein with three amino acids linker sequence, 

glycineserine-serine, in-between the two proteins. Expression and purification were done as 

described above. To generate sera, 3–4-week-old female Balb/c mice were immunized three 

times, intramuscularly, each with 10 μg of purified recombinant protein (ORF13+ORF14); 

all immunizations were done at two-week intervals in the presence of alum adjuvant. Two 

weeks after the last immunization, whole blood were collected and sera from the blood were 

used for Western blots (described below) against ORF13 and ORF14 coat proteins. Animal 

work was conducted in accordance with Michigan Tech Institutional Animal Care and Use 

Committee (IACUC) guidelines.

2.5 Western blots

One hundred ng of purified ΦIN93 coat proteins, bacteriophage ΦIN93, or control MS2 

coat proteins were resolved on an SDS PAGE gel and transferred to polyvinylidene 

fluoride membranes. The membranes were then blocked overnight with 5% non-fat milk 

followed by the addition of 1:1,000 dilution of ORF13+ORF14 serum antibodies. The 

membranes were incubated for 2 hours at room temperature, washed, and 1:5,000 dilution 

of horseradish peroxide-conjugated goat anti-mouse IgG antibodies were added for 1 hour 

at the same temperature. The membranes were then washed, developed with enhanced 

chemiluminescent substrate, and scanned using Luminescent Image Analyzer (LAS-4000).

2.6 Immunolabeling with gold nanoparticles

Immuno-gold labelling was conducted following reported procedures [32]. In brief, purified 

coat protein samples were loaded onto discharged copper grids and incubated for 5 minutes. 

Samples were then fixed with 2.5% glutaraldehyde and washed twice with 1X PBS. The 

fixed samples were blocked with 2% BSA (bovine serum albumin) in PBS for 1 hour and 

ORF13+ORF14 recombinant sera were added (1:500 dilution) as primary antibody at room 
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temperature for 1 hour. The grids were washed with PBS and gold-conjugated anti-mouse 

IgG secondary antibodies were added (1:30 dilution) for 1 hour. The grids were washed 

with deionized water. Finally, negative staining with uranyl acetate was conducted and the 

samples were observed under the TEM as above.

3. Results

3.1 ORF13 and ORF14 can be successfully expressed in E. coli

To assess whether ORF13 and ORF14 coat proteins from a thermophilic bacteriophage 

can be expressed in a mesophilic bacterium, E. coli, we first generated expression vectors, 

pET15b-ORF14 and pET28a-ORF13, each with complete sequences of ORF14 and ORF13, 

respectively (Figure 2A, top). As shown in Figure 2A (bottom), the coat proteins were 

successfully expressed in C41 E. coli cells. However, the expression level of ORF13 in 

pET28a seemed to be higher compared to that of ORF14 in pET15b. To assess if the 

difference in expression level was due to the expression vectors used or the genes cloned 

to the expression vectors, we swapped the genes in the expression vectors by cloning 

ORF13 gene into pET15b and ORF14 gene into pET28a (Figure 2B). The expression level 

of ORF14 from pET28a vector was still low compared to that of ORF13 from pET15b 

vector (Figure 2B, bottom), suggesting that the genes and not the expression vectors may be 

associated with the differences in expression levels.

To assess whether ORF13 and ORF14 coat proteins can be expressed in the same 

bacterium, on the assumption that the two are required for assembly into VLPs, we 

co-transformed C41 cells with two different combinations of expression vectors, pET15b­

ORF14 and pET28a-ORF13 or pET15b-ORF13 and pET28a-ORF14. Both proteins were 

successfully co-expressed in bacteria regardless of the combinations used (Figure 3A). 

In pET15b-ORF14 and pET28a-ORF13 combination, ORF14 was expressed at low levels 

compared to ORF13; the results were similar to those obtained following expression of 

the proteins, individually (Figure 2A). In pET15b-ORF13 and pET28a-ORF14 combination, 

both proteins seemed to be expressed at similar levels (Figure 3A).

ORF13 and ORF14 (single- or co-expressed) coat proteins were purified by gel filtration 

and the coat proteins were confirmed by western blot using recombinant ORF13+ORF14 

antibodies. As shown in Figure 3B, single-expressed ORF13 reacted strongly with the 

antibodies while single-expressed ORF14 reacted weakly. Similarly, when the two coat 

proteins were co-expressed, only ORF13 coat protein and not ORF14 was visible, 

suggesting that the ORF14 may be expressed at low levels (similar to our Coomassie 

blue data). The result was similar when authentic ΦIN93 virus was used as a positive 

control to probe for ORF14; ORF14 reacted weakly while ORF13 reacted very strongly. 

To assess whether the expressed coat proteins can assemble into virus-like particles, TEM 

analyses were conducted using purified coat proteins. Unfortunately, none of the coat 

proteins, single- or co-expressed (pET28a-ORF13 and pET15b-ORF14 or pET28a-ORF14 

and pET15b-ORF13), assembled into VLPs (data not shown).
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3.2 Truncated ORF13 and ORF14 coat proteins form structures that resemble VLPs

As mentioned above, ORF13 and ORF14 are 80% and 73% identical (in terms of amino 

acids) to VP16 and VP17 of bacteriophage P23–77, respectively. The 3D structure of 

VP16–VP17 complex has previously been predicted [33]; VP16 forms a homodimer in the 

complex and VP17 coat protein interacts with at least one monomer of VP16 in the complex. 

Given this information, we decided to predict the 3D structure of ORF13–ORF14 complex 

based on the structure of VP16–VP17 complex, using SWISS-MODEL and Cn3D [34, 

35]. As shown in Figure 4, the 3D structure of ORF13–ORF14 complex is similar to that 

of VP16–VP17; nevertheless, the software predicted the structure using only amino acids 

number 21–165 from ORF13 and amino acids 46–271 from ORF14 (the same amino acids 

range in VP16–VP17 complex; Figure 1). Because the structure was predicted using only 

amino acids 21–165 and 46–271 but not the complete sequences, we generated truncated 

versions of ORF13 (aa 21–165) and ORF14 (aa 46–271) and assessed the potential of 

the coat proteins to assemble into VLPs. ORF13-trunc and ORF14-trunc were successfully 

expressed, as single proteins or co-expressed proteins, regardless of whether pET15b or 

pET28a was used as the expression vectors (Figures 5A and B). Co-expressed ORF13-trunc 

and ORF13+ORF14 were successfully purified from bacterial lysates (Figure 5C). Only 

purified ORF13-trunc coat protein (expressed individually or co-expressed) but not ORF14­

trunc (expressed individually or co-expressed) reacted with recombinant ORF13+ORF14 

antibodies (Figure 5D); there was only a very faint band of ORF14-trunc in co-expression of 

pET15b-ORF13-trunc and pET28a-ORF14-trunc. these results are consistent with those of 

coat proteins expressed with full-length proteins above (Figure 3B).

To assess whether the expressed coat proteins can assemble into VLPs, TEM analyses 

were conducted using purified coat proteins. As shown in Figure 6A, single-expressed 

ORF13-trunc or ORF14-trunc gave rise to very few structures that resemble VLPs, but 

their sizes were very small compared to control ΦIN93 virus, which is ~130 nm (Figure 

6B). The co-expressed version of the truncated coat proteins also seemed to form structures 

that resemble VLPs (Figure 6C); their sizes (~75 nm to ~100 nm) were closer to those of 

authentic ΦIN93 virus.

To determine if the structures in Figure 6 contain ORF13-truc and ORF14-truc coat proteins 

(in other words, if they were virus-like particles), we did immunolabeling with gold 

nanoparticles followed by TEM. Most of the gold nanoparticles bound to ΦIN93 virus while 

only a few of the nanoparticles bound to samples from the co-expressed ORF13-truc and 

ORF14-truc coat proteins (Figure 7).

4. Discussion

Two putative coat proteins (ORF13 and ORF14) from thermophilic bacteriophage ΦIN93 

are 80% and 73% identical to two major coat proteins (VP16 and VP17) from thermophilic 

bacteriophage P23–77, respectively [30]. While VP16 and VP17 coat proteins have been 

expressed in previous studies [31, 33], the expressions of ORF13 and ORF14 have never 

been explored. Here, we cloned and assessed the expression of ORF13 and ORF14 

individually and in combination (co-expression) in mesophilic bacteria (E. coli) with the 

long term-goal of assessing whether the coat proteins can assemble into VLPs. ORF13 
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and ORF14 coat proteins were successfully expressed, as separate proteins, in C41 E. 
coli cells. Moreover, the coat proteins could also be co-expressed in the same bacteria by 

using two plasmids that are incompatible (pET28a and pET15b; have the same origin of 

replication, pBR322) by simply applying two different selective pressures (two antibiotics 

resistance; kanamycin and ampicillin) on the bacterial cells for 24 hours. The co-expression 

of ORF13 and ORF14 using two incompatible plasmids are consistent with a previous 

study, which showed that two proteins can be co-expressed from incompatible plasmids 

by using vectors with different antibiotic resistant genes [36]. While ORF13 and ORF14 

were successfully expressed (individually or together), the expression of ORF14 in all cases 

was less compared to that of ORF13, regardless of whether the protein was expressed 

using pET28a plasmid or pET15b plasmid. In the co-expression study, especially Co-1 with 

pET28a expressing ORF13 and pET15b expressing ORF14 (Figure 3A, left), we initially 

thought that the bacterial cells expressing the proteins might have only pET28a-ORF13 

plasmid (i.e., pET15b-ORF14 plasmid might have been lost from the bacteria due to 

plasmid incompatibility). To assess if both expression plasmids were maintained in the 

bacteria during expression, bacterial cultures expressing the coat proteins were induced 

and aliquots (equal volumes) of the cultures were used as templates for PCR. As shown 

in Figure 8A, the bands suggested that both plasmid combinations (pET15b-ORF14 and 

pET28a-ORF13 or pET15b-ORF13 and pET28a-ORF14) were maintained in the bacterial 

cells and consequently the proteins were being expressed. Given the low levels of ORF14 

expression, we speculate that the protein might be expressed, normally, at low levels in the 

virus. This view is supported by our Western blot data using ΦIN93 virus. In our Western 

blot data (Figures 3B and 5D), ORF14 band in the lane with positive control ΦIN93 virus 

was very faint compared to ORF13 band. The view (low expression) is further supported 

by data from a related coat protein, VP17 from P23–77, which is 73% identical to ORF14; 

in a Master’s Thesis, University of Jyväskylä (Finland), it was observed that VP17 was 

expressed at low levels compared to VP16 following co-expression of VP17 and VP16 

using a bicistronic VP16–VP17 transcription unit [37]. Taken together, our data suggest that 

ORF14 is expressed at low levels compared to ORF13. Alternatively, the protein could be 

expressed at normal levels; if that was the case, then the faint bands of ORF14 observed in 

Western blots could be due to the fact that anti-ORF-14 antibodies in sera from immunized 

mice had low reactivity with the antigen. If the former (low expression) is correct, that 

would suggest that less proportion of ORF14 may be required for viral assembly compared 

to ORF13; this has been suggested for the related protein (VP17) from bacteriophage P23–

77. It has been suggested that 540 copies of VP17 versus 1080 copies of VP16 are required 

for bacteriophage P23–77 to assemble into a virus particle [31, 33].

Despite the low levels of ORF14 expression, we assessed whether ORF13 and ORF14 could 

assemble to VLPs; unfortunately, we did not observe any structures that look like VLPs. 

At the moment, it is unclear whether additional protein(s) is required to form complexes/

VLPs as have been identified with bacteriophage P23–77. A mixture of VP16 and VP17 

with the minor capsid protein (VP11) of P23–77 has been shown to form complexes in 
vitro (which is a prelude to the formation of VLPs). However, a sequence in bacteriophage 

ΦIN93 that is homologous to VP11 (minor capsid protein of P23–77) has not be identified, 

suggesting that the capsid protein of ΦIN93 may be composed of only two coat proteins, 
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ORF13 and ORF14. This may not be surprising given the fact that in some viruses (e.g., 

adeno-associated virus type 2), only two coat proteins out of 3 or more coat proteins are 

sufficient to form VLPs [4, 38].

As an alternative to co-expressing full length ORF13 and ORF14 coat proteins to evaluate 

assemble into VLPs, we generated truncated forms of the proteins. The truncated proteins 

were based on amino acid sequences that were used by Swiss-Model software to predict 

ORF13-ORF14 complex structure (Figures 1 and 4). The truncated versions of the proteins 

(individually or together) were expressed; PCR also confirmed that the expression plasmids 

for truncated ORF13 and ORF14 were both maintained in the same bacterial cells (Figure 

8B). At the moment, it is still not clear whether the oval structures observed with co­

expressed ORF13-trunc and ORF14-trunc are VLPs or not; their sizes (~75 nm to ~100 

nm) were less than those previously published for authentic ΦIN93 virus (130nm). Thus, 

additional studies are needed to confirm this. VLPs derived from thermophilic bacteriophage 

ΦIN93 have great potentials for vaccine development.
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Research Highlights

• Expression of coat proteins (ORF13 & OFR14) from a thermophilic 

bacteriophage, ΦIN93

• ORF13 and OFR14 were successfully expressed separately in a mesophilic 

bacterium

• ORF13 and OFR14 were co-expressed using two incompatible plasmids

• Co-expressing ORF13-trunc & ORF14-trunc gave rise to structures that 

resemble VLPs
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Figure 1: 
Sequence alignments of coat proteins of bacteriophages ΦIN93 and P23–77. Sequence 

alignment of: A) ORF13 of bacteriophage ΦIN93 & VP16 of bacteriophage P23–77 and 

B) ORF14 of bacteriophage ΦIN93 & VP17 of bacteriophage P23–77. Alignments were 

done using Clustal Omega. Asterisks (*) denote identical amino acids, colons (:) denote 

amino acids with similar properties and periods (.) denote amino acids with weak similar 

properties. Amino acids highlighted in gray-background were used in model structures in 

Figure 4.
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Figure 2: 
Expression of coat proteins, ORF13 and ORF14, in pET15b and pET28a vectors. A) 

Plasmids pET15b-ORF14 or pET28a-ORF13 and B) plasmids pET15b-ORF13 or pET28a­

ORF14 were used to transformed C41 E. coli cells. The bacteria were grown at 37 °C and 

protein express was induced with 0.5 mM IPTG. Cell pellets were lysed with 8 M Urea 

and loaded on SDS-PAGE gel for analysis. Gels were stained with Coomassie blue. Arrows 

indicate coat protein bands of ORF13 (18.81 KD) and ORF14 (32.01 KD). (−) is uninduced 

culture and (+) is induced IPTG culture. M=Molecular weight marker.
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Figure 3: 
Co-expression of ORF13 and ORF14 proteins in C41 cells. A) Equal concentrations of 

pET15b-ORF14 and pET28a-ORF13 (Co-1) or pET15b-ORF13 and pET28a-ORF14 (Co-2) 

were mixed together and the mixtures were then used to separately transform C41 E. coli. 
The bacteria were grown at 37 °C and co-protein expression was induced with 1 mM IPTG. 

Cell pellets were lysed with 8 M Urea and loaded on SDS-PAGE gel for analysis. Gels 

were stained with Coomassie blue. Arrows indicate coat protein bands of ORF13 (18.81 

KD) and ORF14 (32.01 KD). (−) is uninduced culture and (+) is induced IPTG culture. 

M=Molecular weight marker. B) Western Blots: purified ORF13, ORF14 and co-expressed 

proteins (ORF13 and ORF14) were prepared for SDS-PAGE gel and detected by serum 

raised from mice immunized with ORF13+ORF14 recombinant protein. Bacteriophage MS2 

VLPs were used as a negative control while purified ORF13+ORF14 recombinant protein 

and ΦIN93 virus were set as positive controls. Expected protein bands are highlighted in 

black squares.
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Figure 4: 
Three dimensional (3D) structures of coat proteins of bacteriophages ΦIN93 and P23–77. 

The 3D structure of ORF13-ORF14 complex (left) from bacteriophage ΦIN93 was modeled, 

based on sequences and the 3D structure of VP16–VP17 complex (right; Cn3D view) from 

bacteriophage P23–77 as template, using Swiss-Model software. Homodimers of ORF13 

(middle) and VP16 (middle) interact with each of the two copies of ORF14 and VP17, 

respectively. Both structures were modeled using amino acids 21–165 from ORF13 or VP16 

and amino acids 46–271 from ORF14 or VP17 (highlighted in gray-background in Figure 

1).
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Figure 5: 
Single-expression and co-expression of truncated ORF13 (ORF13-trunc) and truncated 

ORF14 (ORF14-trunc) proteins in C41 cells. A) Plasmids pET15b-ORF14-trunc or pET28a­

ORF13-trunc were used to separately transform C41 E. coli cells and the bacteria 

were grown at 37 °C. Protein expression was induced with 0.5 mM IPTG. B) Equal 

concentrations of plasmids pET15b-ORF14-trunc and pET28a-ORF13-trunc (Co-3) or 

pET15b-ORF13-trunc and pET28a-ORF14-trunc (Co-4) were mixed and used to transform 

C41 E. coli cells. The bacteria were grown at 37 °C and co-protein expression was induced 

with 1 mM IPTG. Cell pellets were lysed with 8 M Urea and loaded on SDS-PAGE 

gel for analysis. Gels were stained with Coomassie blue. Arrows indicate protein bands, 

ORF13-trunc (16.06 kD) and ORF14-trunc (24.97 kD). (−) is uninduced culture and (+) 

is induced IPTG culture. M=Molecular weight marker. C) Portions of column fractions 

of Co-3 and Co-4 were loaded to SDS-PAGE gels followed by Coomassie blue staining. 

Arrows indicate protein bands (ORF13-trunc and ORF14-trunc) of interest. Fractions with 

high purity (for example, those highlighted in red asterisk) were buffer exchanged and used 

for western blotting & TEM analysis. D) Western blots: ORF13-trunc, ORF14-trunc and 

co-expressed proteins (ORF13-trunc and ORF14-trunc) were prepared for SDS-PAGE gel 

and detected by serum raised from mice mentioned above. The phage MS2 VLPs were used 

as a negative control while the purified ORF13–ORF14 recombinant proteins and the phage 

ΦIN93 were used as the positive controls. Expected protein bands are highlighted in black 

squares.
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Figure 6: 
Assessing the assembly of coat proteins of single-expressed and co-expressed ORF13-trunc 

and ORF14-trunc. A) TEM of purified ORF13-trunc and purified ORF14-trunc. B) TEM 

of bacteriophage ΦIN93. C) TEM of purified co-expressed truncated coat proteins (Co-4; 

ORF13-trunc and ORF14-trunc expressed from pET15b and pET28a, respectively). TEM 

was conducted at 25,000 X magnification.
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Figure 7: 
Transmission electron microscopy images of gold-immunolabeled ΦIN93 phage and 

co-expressed ORF13-trunc and ORF14-trunc. Purified co-expressed ORF13-trunc and 

ORF14-trunc samples were stained with sera against ORF13-ORF14, and gold-conjugated 

secondary antibodies were used followed by negative staining for TEM. Phage ΦIN93 was 

used as a positive control while HPV pseudovirus VLPs were used as a negative control. 

TEM was conducted at 25,000 X magnification.
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Figure 8: 
PCR amplifications of co-expressed ORF13 & ORF14 (complete gene sequences and 

truncated versions). A) Induced cultures from Figure 3A (Co-1 and Co-2 with complete 

gene sequences) were use as templates for PCR. The presence of ORF13 or ORF14 was 

tested using primers for each gene. Sizes of ORF13 and ORF14 are ~579 base pairs and 

~876 base pairs, respectively. B) Induced cultures from Figure 5B (Co-3 and Co-4 with 

truncated versions of genes) were used as templates for PCR. The presence of ORF13 or 

ORF14 was tested using primers for each gene. Neg: negative control untransformed E. coli 
culture. Sizes of ORF13-trunc and ORF14-trunc are ~441 base pairs and ~684 base pairs, 

respectively. M=Molecular weight marker.
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