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ABSTRACT 
 

PRODUCTION OF VP3-ONLY AAV2 VLP IN E. COLI 
 

Chengyu Fu 
 
 

Adeno-associated virus (AAV) is a widely used vector for gene therapy. However, few 

studies have focused on producing AAV-based virus-like particles (VLP) in E. coli. This 

project aimed to express VP3 of AAV2 or co-express VP3 of AAV2 with other proteins, 

such as E. coli chaperones and/or assembly-activating protein (AAP) in E. coli under 

different expression conditions and explore the potential to produce VP3-only VLP of 

AAV2 in situ in E. coli.  

The constructed plasmid pET15ΔHis-VP3 was used to express VP3 under different 

conditions. The results demonstrated that most expressed VP3 was in inclusion bodies in 

all tested conditions. Although low level of soluble VP3 could be produced in E. coli after 

optimization, those proteins might be present as monomers or aggregates. To promote the 

assembly of VP3, the constructed plasmid pET15ΔHis-VP3-AAP was used to co-express 

VP3 and AAP in E. coli. Assembled VP3-only VLP could be detected with dot blot assays 

and transmission electron microscopy after co-expression at 30 °C. However, the overall 

production level of VP3 after co-expression was lower than that after expression of VP3 

alone.  Therefore, we tried co-expression VP3 with E. coli chaperones (trigger factor, 

Hsp70 and chaperonin) instead of AAP. It showed that those chaperones were able to 

facilitate soluble expression of VP3 and prevent its aggregation, but only Hsp70 and 



chaperonin had small effects on promoting VP3-only VLP assembly. Triple co-expression 

of VP3, AAP and chaperones using E. coli (BL21 (DE3)) demonstrated that chaperonin 

could increase the production of VP3-only VLP when triple co-expressing VP3, AAP and 

chaperonin. 

Purification of VP3-only VLP of AAV2 was also attempted. Although partial purification 

could be achieved with polyethylenimine (PEI) precipitation followed by size exclusion 

chromatography with Sephacryl S-300 HR, further purification was hampered by the low 

yields. 

In conclusion, our results demonstrated that the in situ production of VP3-only VLP of 

AAV2 in E. coli was possible. However, further optimizations of expression conditions as 

well as purification conditions may be necessary to achieve a high yield of produced VLP. 
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CHAPTER 1 INTRODUCTION 

1.1. Virus-like particles (VLPs) 

Viruses are infectious agents that require a host cell for replication1. Normally, they are 

composed of viral protein coats, termed capsids, and nucleic acids. Some viruses also have 

envelopes. In the areas of nanobiotechnology, virus-derived agents, or viral nanoparticles 

(VNPs), have been developed as a new kind of nanomaterial2. VLPs are a subset of VNPs 

that refer to those empty capsids from viruses which do not contain nucleic acids (viral 

genetic material). As viral capsids have many features, such as defined structure, superior 

stability and biocompatibility, self-assembly, and low toxicity, they have been used in 

different areas, such as drug delivery and imaging3.  

1.1.1. Expression and purification of VLPs  

1.1.1.1. Expression of VLPs 

The manufacture of VLP products is usually comprised of three steps: expression, 

purification, and formulation. The expression of VLPs is similar to the expression of 

recombinant proteins and viruses4. First, the DNA sequences of VLP proteins are typically 

cloned and inserted into vectors for protein expression. Different protein expression 

systems have been used for VLP protein expression. Eukaryotic protein expression systems 

are commonly used, including baculovirus-insect cells, mammalian cells, plants, and yeast5. 
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The major advantage of these systems is that native-like capsids can usually form after 

expression. However, the cost and relative increased complexity are general limitations of 

those systems. Prokaryotic protein expression systems, like E. coli, have also been used. E. 

coli is a preferred expression system since it is more cost-effective than eukaryotic protein 

expression systems and generally provides greater versatility due to the greater simplicity 

of the biological system6. Advantages of using E. coli protein expression system include 

high expression levels, easy scale-up and short turnaround time7,8. However, E. coli also 

has many limitations when used for recombinant protein expression. These limitations 

include: (1) inability to produce correct disulfide bonds, (2) lack of post-translational 

modification mechanisms present in human cells, (3) incorrect protein folding and protein 

aggregation, and (4) the presence of endotoxins9. Table 1.1 summarizes the major 

advantages and disadvantages of different protein expression systems. 

1.1.1.2. Purification of VLPs 

Purification is an essential step to ensure the appropriate efficacy and safety of VLPs, 

especially for clinical applications10. Before purification, pre-treatment steps are typically 

necessary. Depending on the expression platforms and strategies, cell lysis might be 

required to release the VLPs from the production cells. In some instances, such as for 

influenza VLPs produced in insect cells, expressed VLPs will be secreted into the culture 

media and thus the cell lysis process is not needed11. The secretion of VLPs can also be 

achieved by adding a signal peptide that is recognized by the secretory pathway in the 
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expression vector10,12. Typically, a clarification step is performed before purification to 

remove large contaminants, like cell debris and aggregates4. Many methods have been used 

for clarification including cell sedimentation, depth filtration and tangential flow filtration 

(TFF). 

 

In the first step of VLP purification, capturing or concentration is usually applied to reduce 

the volume of crude samples and increase the concentration of VLPs in the samples4. 

Ultrafiltration (UF) / diafiltration (DF) and TFF are often conducted for VLP concentration, 

while affinity chromatography, ion exchange chromatography (IEC), and hydrophobic 

interaction chromatography (HIC) are performed for capturing VLPs13-15. For intermediate 

purification of VLPs, IEC, HIC and ultracentrifugation have been used to not only remove 

the contaminated proteins but also reduce concentrations of non-protein contaminants, like 

DNA and endotoxins. Sometimes a final purification step, or polishing step, is required to 

remove residual contaminants that are generated during VLP purification. IEC, size 

exclusion chromatography (SEC) and UF/DF are often used in polishing steps10,15. 
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Table 1.1 Protein expression systems for VLP production. 

Expression 
systems 

Advantages Disadvantages 

Bacteria • Cost-effective. 
• Scalable. 
• Rapid growth. 
• Easy manipulation. 
• High-level expression. 
• Genetic stability. 

• Poor immunogenicity. 
• Recombinant proteins lack post-

translational modifications. 
• Protein solubility issues. 
• Contamination by bacterial endotoxins. 
• Inability to create disulfide bonds. 

Yeast • Low production cost. 
• No endotoxin contamination. 
• High-density fermentation. 
• Support most protein folding. 

• Lower VLP yield than E. coli. 
• High mannose modification. 
• Lack mammalian like post-translational 

modifications. 

Insect cells • Carry and deliver large 
amounts of DNA. 

• High protein expression. 
• Support eukaryotic protein 

post-translational 
modifications. 

• Proper protein folding and 
assembly. 

• Difficult to scale up. 
• High production cost. 
• Baculovirus contamination. 
• Simpler N-glycosylation than 

mammalian cells. 
• Incomplete modification of proteins.  

Mammalian 
cells 

• Perform proper folding, 
assembly, and post-
translational modifications of 
proteins. 

• Require large-scale production facilities. 
• Lengthy expression time. 
• Low yield. 
• Contamination by mammalian 

pathogens. 

Plant cells • High scalable. 
• Cost-effective. 
• Carry out N-glycosylation. 
• High expression. 
• Correct folding and assembly. 

• Lower VLP yield than mammalian cells. 
• Technical and regulatory issues. 

Adapted from a published paper5. 
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1.1.2. Characterization of VLPs 

Many assays and methods, both in vitro and in vivo, have been used for VLP 

characterization6. Biochemical characterization of VLPs is based on characterizations of 

amino acid sequences, molecular weight, conformations, and the structure of the proteins. 

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) is one of the 

most used techniques in protein sciences. It can examine the purity, integrity and 

monomeric molecular weight of the VLP component proteins16,17. Mass spectrometry is a 

more advanced and indispensable technique to determine the mass and amino acid 

sequences of proteins17-19. For measurement of secondary and tertiary structures of the 

VLPs, circular dichroism and ultraviolet spectroscopy have been typically used18. The 

stability and aggregation states of VLPs are related to the conformations and structures of 

the VLPs. Differential scanning calorimetry and cloud point analysis have been applied to 

measure the thermal stability and aggregation propensity of VLPs18,20-22.  

    

Morphological observations and actual size measurements are also important in VLP 

characterizations. Those characterization techniques include transmission electron 

microscopy (TEM)23,24, dynamic light scattering (DLS), static light scattering25,26, atomic 

force microscopy (AFM)26, and analytical ultracentrifugation or density gradient 

ultracentrifugation27. TEM can be used to determine the three-dimensional structure of 

VLPs. It can also provide other information like the size and number of VLPs, and VLP's 
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association with vesicles. However, VLP deformation might happen during TEM sample 

preparation. DLS is a convenient and easy technique for the measurement of the 

hydrodynamic size of particles, but pure VLPs are required for accurate and reliable results. 

AFM can also be used to measure the particle size and size distribution in ambient 

conditions. It can image single particles. Sample preparation of AFM is cost-effective and 

is less likely to cause structural deformation26. Analytical ultracentrifugation or density 

gradient ultracentrifugation can determine the sedimentation velocity of particles, thus 

determining the size of VLPs27.  

    

Antibody-based methods detect functional epitopes on VLPs28-30. Those methods assess 

not only the binding activities of VLPs to certain antibodies in vitro but also the 

immunogenicity of VLPs in vivo. Various immunoassays have been used in the 

characterization of VLPs, including in Surface Plasmon Resonance (SPR) 

technology18,31,32, enzyme-linked immunosorbent assays (ELISA)19,33,34, dot blot assays34, 

and immune precipitations or immune diffusion assays33,35. 

1.1.3. Application of VLPs 

VLPs have been applied as human vaccines against infectious diseases in the past. More 

recently, VLP technologies have been used widely in different areas, such as drug delivery, 

imaging, materials, biocatalysis, and energy applications (Figure 1.1)3. However, the most 

common applications of VLPs are for vaccines and cargo delivery.  
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VLP vaccines share the structural similarity with viruses and stimulate immunity strongly 

in hosts. The first FDA-approved VLP-based vaccines, Recombivax HB®, were HBsAg 

vaccines produced in yeast36. Gardasil® was the second VLP-based vaccine approved by 

the FDA in 2006. It is used against human papillomavirus (HPV)37. For now, there are only 

several VLP vaccines on the market3. Many VLP-based vaccines targeting different viruses 

like Norwalk Virus, HIV, Ebola Virus, SARS-CoV-2 Virus, Respiratory Syncytial Virus 

(RSV), and Influenza are still under different clinical trial stages4. Future directions for the 

development VLP vaccines include developing vaccines with broad cross-protection 

against different virus serotypes and vaccines with more delivery routes3. Moreover, efforts 

have been put into improving the thermostability of VLP vaccines since the insufficient 

thermostability of vaccines has restricted global vaccination delivery.  

    

VLPs can also be used for cargo delivery in cells. VLPs have many advantages serving as 

drug delivery systems including: (1) self-assembly, (2) high efficiency, (3) high 

cargo/carrier ratio, (4) flexible modification of capsids, (5) wide variety in sizes and shapes, 

(6) low toxicity and great biocompatibility38,39. Many therapeutic cargos can be delivered 

with VLPs, like chemotherapeutic drugs, protein/peptide, DNA and siRNA40,41. In addition, 

chemical conjugation can be performed on VLPs by covalently conjugating imaging agents, 

such as fluorescent dyes or probes. Those modifications enable the usage of VLP in 

positron emission tomography and magnetic resonance imaging42. VLP-based single-



 8 

enzyme nanoreactors use VLPs to encapsulate active enzymes, controlling the access of 

reactants and products, and contributing to more stable catalytic reactions43-45. Moreover, 

VLPs can be used as robust protein cages in addition to active enzymes. For example, VLPs 

can be used as a delivery system with CRISPR/Cas9 in gene editing46.   
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Figure 1.1 Applications of VLPs. Adapted from a published paper3. 
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1.2. Adeno-associated virus (AAV) 

AAV is classified under the Dependoparvovirus genus within the Parvoviridae family47. 

As its name suggests, the replication of AAV requires the help of a helper virus, such as 

adenovirus or herpesvirus48. AAV was first discovered during preparation of adenovirus in 

the mid-1960s49,50. Later, AAV was also been found in human tissues51. It has an 

icosahedral protein capsid with a diameter of around 25 nm and a single-stranded DNA 

genome of approximately 4.7 kb52. Evidence has suggested that AAV does not cause any 

human diseases53. Many serotypes of AAV have been identified. The serotypes of AAV 

have different tropisms and have different transduction efficiencies in major tissues of 

human beings (Table 1.2)54. 

1.2.1. Genome of AAV 

The genome of AAV contains two genes, rep and cap, and two inverted terminal repeats 

(ITRs) which flank the genes at the two ends of the genome (Figure 1.2)55. The length of 

the ITR is 145 nucleotides. The initial 125 nucleotides of the ITR form a self-folding 

palindrome, maximizing base pairing and creating a T-shaped hairpin structure56. The rest 

of the ITR is called the D sequence, which remains unpaired. ITRs hold significant 

importance as cis-acting sequences in the biology of AAVs. According to the current AAV 

replication model, the ITR functions as the replication origin and acts as a primer for DNA 

polymerase during the synthesis of the second strand. The resulting double-stranded DNA, 
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known as the replicating-form monomer, is then used for a subsequent round of self-

priming replication, forming a replicating-form dimer. These double-stranded DNA 

intermediates, the replicating-form monomer and replicating-form dimer, undergo 

processing via a strand displacement mechanism. This yields a single strand of DNA used 

for packaging and a double strand of DNA used for transcription. The gene rep encodes 

four proteins, namely Rep78, Rep68, Rep52, and Rep4056. Rep78 and Rep68 are expressed 

from transcripts using the P5 promoter, while Rep52 and Rep40 are produced from 

transcripts using the P19 promoter. Those proteins are responsible for the viral replication 

cycle, and exert functions involved in replication and genome package57. The gene cap 

contributes to the assembly of the capsid56. It was believed early on that cap produced three 

subunit proteins of the capsid using the P40 promoter: VP1, VP2 and VP3, which share the 

same C-terminal regions (Figure 1.3). VP1 is produced from the unspliced transcript of 

entire cap open reading frame (ORF) and the protein has a molecular weight of 87 kDa. 

Compared to VP2 and VP3, VP1 has a unique sequence at its N-terminus termed as VP1u. 

VP1u contains a phospholipase A2 (PLA2) site that plays a role in endo/lysosomal escape 

during cellular trafficking and viral infectivity58. VP2 and VP3 are produced by alternative 

splicing with protein molecular weights of 72 kDa and 62 kDa, respectively. The sequence 

of approximately the first 65 amino acids at N-terminal of VP2 are termed as VP1/2 

common region, which contains nuclear localization sequences (NLSs)59. A study 

published in 2010, however, demonstrated that another protein, assembly-activating 
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protein (AAP), was also encoded by cap, functioning in the process of assembly of the 

capsid of AAV260.  

 

The AAV genome integration sometimes happens at the locus known as AAVS1 in human 

chromosome 1961,62. Two reasons lead to the integration: (1) the sequence similarity 

between AAVS1 and the ITRs, and (2) the activity of Rep proteins47. However, random 

genome integration may also occur with a negligible frequency63. 
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Table 1.2 Serotypes of AAV with high transduction efficiency in major tissues. 

 

Adapted from a published paper54. 
  

Tissue Optimal serotypes 

Liver AAV8, AAV9 

Skeletal muscle AAV1, AAV7, AAV6, AAV8, AAV9 

CNS AAV5, AAV1, AAV4 

Eyes  

• Retinal pigment epithelium AAV5, AAV4 

• Photoreceptor cells AAV5 

Lung AAV9 

Heart AAV8 

Pancreas AAV8 

Kidney AAV2 
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Figure 1.2 The genome of AAV. The genome is a single strand of DNA with a size of 

approximately 4.7 kb. The genes (rep and cap) and ITRs are indicated. 

 

 

 

 

Figure 1.3 Schematic diagram of the different regions of VP1, VP2 and VP3. VP1, 

VP2 and VP3 share the same sequences at their C-terminal (green regions). VP1 and VP2 

have VP1/2 common regions (blue regions), while VP1 has a VP1u region (yellow region). 
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1.2.2. Capsids of AAV 

1.2.2.1. Capsid structures of AAV 

The capsid of AAV is comprised of 60 subunits. Those subunits are VP1 or VP2 or VP3, 

and it is estimated that the ratio of VP1:VP2:VP3 in a native capsid is 1:1:1064,65. However, 

the exact ratio of VP1, VP2 and VP3 in a capsid is determined by the relative protein levels 

of VP1, VP2 and VP3 expressed in the host cells. Also, each capsid may have different 

compositions compared to other capsids produced from the same batch66. X-ray 

crystallography and cryo-electron microscopy, along with image reconstruction techniques, 

have been used to propose 3D models for the structures of various AAV serotypes and 

clonal isolates67-72. A representative 3D model of AAV2 is shown in Figure 1.4. Notably, in 

the crystal structures of AAVs, the N-terminus of the AAV VP monomer, including VP1u, 

the VP1/2 common region, and approximately first 15 N-terminal residues of VP3, cannot 

be observed. Protein sequence analysis of those regions suggests that this phenomenon is 

caused by the existence of potential disordered regions at N-terminal of VP1 or the high 

flexibility of the VP1/2 common region due to glycine-rich sequences73,74. However, cryo-

reconstruction suggests that those regions are likely located inside the capsid75. The 

remaining parts of VP proteins exhibited a structural arrangement characterized by a 

conserved alpha-helical region (αA) and a βA strand, followed by an eight-stranded β barrel 

motif55. 
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1.2.2.2. Capsid assembly of AAV 

The capsid assembly and genome package of AAV follow a two-step mechanism. First, the 

VP proteins rapidly assemble and form empty capsids. This is followed by the slower rate-

limiting step of packaging the single-stranded DNA genome into the empty capsids76. In 

other words, capsid assembly and genome package are two independent processes for AAV. 

Subsequent immunofluorescence and immunoprecipitation experiments have indicated 

that the VP proteins are synthesized in the cytoplasm and subsequently transported to the 

nucleus, particularly to the nucleoli where capsid assembly takes place77. This 

transportation is facilitated by nuclear localization signals found on the N-terminus of the 

VP, within VP1u and VP1/2 common regions. Moreover, sedimentation sucrose gradient 

analysis of nuclear and cytoplasmic fractions during an AAV infection have revealed 

significant findings. The cytoplasmic fraction was found to contain a population of VP 

monomers and oligomers, ranging in size from 10 to 15S, which aligned with the 

sedimentation coefficients typical for trimers and pentamers of VP1, VP2, and VP3. In 

contrast, the nuclear fraction contained VP oligomers with sedimentation coefficients 

ranging from 60 to 110S, indicating the presence of both empty and fully packaged 

capsids78. 
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Figure 1.4 The 3D structure of VP1 and capsid of AAV2. (A) Ribbon diagram of VP3 

protein model determined by cryo-electron microscopy79. (B) The 3D structure of 

assembled capsid79. The images were generated from PDB Database using PDB# 6IH979. 
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The exact mechanism for AAV capsid assembly is still unclear. Mutations on cap gene have 

shown that VP3-only capsids can still be produced in host cells when the start codons of 

VP1 and VP2 were mutated into other sequences80-83. However, VP3 cannot self-assemble 

in host cells when expressing VP3 alone with truncated cap gene81. It was found later that 

AAP was also essential for AAV capsid assembly in host cells60. Studies on AAP’s 

functions suggest that AAP may serve as a chaperone or scaffold protein during capsid 

assembly84. Yet it is not clear whether AAP is indispensable for all serotypes of AAVs, 

since some studies have shown that several AAVs, such AAV4, AAV5 and AAV11, do not 

need AAP for capsid assembly85.  

1.2.3. Production of recombinant AAV (rAAV) and AAV-based VLPs 

Many protein systems have been developed for production of rAAVs. Initially, HeLa-based 

stable cell lines infected with adenovirus were used for rAAV production47. In this method, 

HeLa cells are stably transfected with rep and cap genes and the sequences of interest 

flanked by ITR sequences86. Adenovirus is then transduced into the cells to begin the 

induction of expression of rAAV. However, there are two primary drawbacks to this 

approach which impeded the widespread adoption of this technology. First, developing a 

new cell line is necessary for each combination of capsid and the gene of interest to be 

delivered47. Second, the introduction of adenovirus complicates the process.  
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Nowadays, transient plasmid DNA transfection in mammalian cells to produce rAAV is the 

most widely used method for rAAV production47. Generally, three plasmids are used for 

transfection: one for expression of the adenoviral proteins that AAV needs, one for 

expression cap and rep gene of AAV and one for expression of sequences of interest flanked 

by ITR sequences87. The two-plasmid transfection system is also used for rAAV production. 

In this system, the rep and cap genes of AAV and helper genes of adenvirus are on the same 

plasmid88. For transfection, the HEK-293 cell line is generally used89. To scale up the 

expression and increase rAAV yields, suspension cell culture has been developed based on 

adapted HEK-293 cells90. The advantages of this system include: (1) new construction of 

AAVs can be produced and tested in a short time87; (2) there are no adenovirus 

contaminants after expression. However, a notable disadvantage related to this system 

involves the potential inclusion of plasmid backbone sequences in the rAAV, which may 

trigger the activation of the innate immune system and the expression of antibiotic 

resistance genes on the plasmid backbone91,92. 

An alternative approach to produce rAAV involves infecting mammalian cells, such as 

HEK-293 or BHK cells, with replication-deficient herpes simplex virus (HSV)93,94. 

Typically, this method employs two HSV vectors: one for expressing the gene of interest 

that is flanked by the two ITR sequences, while the other for expressing rep and cap of 

rAAV87,94. This strategy has shown promise in generating rAAV stocks with enhanced viral 
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potency94,95. However, rAAV produced using this system may contain contaminating HSV 

and its products87.  

In addition to human cells, rAAV can be produced in insect cells, like Sf9, with 

recombinant baculovirus infection96. The primary advantage of the baculovirus-insect cell 

system is that high titer rAAV can be achieved at one time with a yield exceeding 1016 viral 

genomes (VG) produced from bioreactors of 200 L97. In addition, Sf9 cells do not require 

additional helper viral genes since recombinant baculovirus can replace them to support 

rAAV production98. Moreover, baculovirus-insect systems also demonstrate reduced 

encapsidation of contaminating DNAs47. However, it's important to note that baculovirus-

insect and human manufacturing platforms can produce rAAV with chemical and 

functional differences, like variations in capsid post-translational modifications, insect and 

baculoviral impurities and potentially lower packaging percentages compared to human 

cell-produced rAAVs99.  

AAV-based VLPs were successfully produced in the protein expression systems mentioned 

above80,100. In addition to eukaryotic expression systems, researchers have studied its 

production in E. coli. For example, Le et al. (2022), have successfully produced VP3-only 

capsids of AAV5, an AAP-independent serotype of AAV, in E.coli101. Moreover, VLPs 

can be produced in vitro by protein refolding and/or in vitro capsid assembly102,103. For 

example, Le et. al. (2019), found that AAV2 VP3 formed inclusion bodies when expressed 
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in E. coli, and AAV2 VLPs can be produced in vitro after renaturation and capsid 

assembly102.  

1.2.4. Purification of rAAV 

Purification of rAAV is necessary to removal harmful substances and enhance the 

transduction efficiency. The cells after rAAV expression cannot be used for purification 

directly, some pre-treatment must be conducted before purification. Those pre-treatments 

are similar to pre-treatments used for VLP purification (see 1.1.1.2). For purification, many 

methods have been applied, including density gradient ultracentrifugation and 

chromatographic methods. A general workflow of purification of rAAV is shown in Figure 

1.5. 

1.2.4.1. Density gradient ultracentrifugation 

For over six decades, ultracentrifugation has served as a widely employed technique for 

purifying viral preparations in laboratory settings104. This method involves the use of 

"density gradient media", like solutions of cesium chloride (CsCl), sucrose, and iodixanol 

(OptiPrep), to establish gradients105. The separation of the virus from other components in 

the samples is based on their sedimentation characteristics, which are defined by factors 

such as molecular weight, shape, partial specific volume, and the reciprocal particle density 

value. The density of rAAV ranges from 1.40 to 1.42 g/cm³, distinguishing it from 

contaminants like genomic DNA (density of 1.7 g/cm³) and RNA (density of 2.0 g/cm³). 
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Nevertheless, some cellular components, such as proteins (with densities between 1.2 and 

1.4 g/cm³), chromatin (density of 1.4 g/cm³), and certain organelles (densities between 1.1 

and 1.6 g/cm³) in transfected cells closely resemble the density of rAAV, and thus 

ultracentrifugation cannot remove those contaminants. Additionally, it's important to 

consider the density of empty capsid (1.31 to 1.32 g/cm³) of rAAV in ultracentrifugation106. 
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Figure 1.5 General workflow of rAAV purification. After cell harvest, cell lysis is 

performed followed by clarification. The clarified lysates (sometimes combined with 

filtered cell culture medium) were used for purification. If the infectious virus (e.g. 

adenovirus) is used for rAAV expression, a step to reduce the infectious virus needs to be 

conducted. After purification, rAAV concentration and formulation as well as sterile 

filtration are generally performed to get the final products.  

  

Cell harvest and 
lysis

Clarification

rAAV capture

Infectious virus 
reduction (optional)

Polishing or empty 
capsid reduction

Concentration and 
formulation

Sterile filtration
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Cesium chloride (CsCl) gradient ultracentrifugation is effective in separating viral vectors, 

and it can separate full and empty capsids. However, mass spectrometry analysis has 

unveiled the presence of notable protein impurities following CsCl ultracentrifugation due 

to the similarity in density between impurities and rAAV107. In addition, this method 

demands a considerable amount of labor and time to perform. It necessitates two or three 

rounds of ultracentrifugation to achieve high purity of rAAV after purification, and each 

turn takes 12 to 36 hours107,108.  

 

Iodixanol gradient ultracentrifugation operates on the principle of isolating rAAV-

containing components from cell lysate based on their density and size in pre-established, 

stepwise gradients of iodixanol solutions at 15%, 25%, 40%, and 60%109. 

Ultracentrifugation is carried out at speeds exceeding 345,000 g for approximately 130 

minutes. After ultracentrifugation, cellular proteins and debris stay at the boundary 

between the 25% and 40% gradients, while rAAV are concentrated between the 40% and 

60% gradients with a density of 1.23 g/ml3. 

1.2.4.2. Hydrophobic Interaction Chromatography 

HIC relies on the interaction between hydrophobic ligands (either aliphatic or aromatic) 

present on the stationary phase and hydrophobic residues on the protein surfaces110. 

Hydrophobic residues of proteins are usually present internally in the final native protein 

conformations. Kosmotropic salts, such as ammonium sulfate, sodium citrate, and 
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potassium phosphate, expose the hydrophobic residues of proteins by interacting with 

water molecules, thereby enhancing protein-ligand interactions in HIC111. 

 

When purifying rAAV with HIC, rAAVs are generally found to bind to the column in a 

high ionic strength buffer, typically containing 1 to 2 M ammonium sulfate112. 

Subsequently, elution is achieved by reducing the salt concentration. This method has been 

applied in purification of several serotypes of AAV with approximately 87% recovery of 

rAAV from the sample on average113. HIC offers limited resolution for rAAV purification 

since some other proteins are eluted under these conditions. Additionally, the high salt 

solution carries a risk of promoting rAAV aggregation, making it less commonly used for 

rAAV purification112. 

1.2.4.3. Ion Exchange Chromatography 

IEC facilitates the separation of proteins through the electrostatic interaction between ions 

on the protein surfaces and ionic functional groups carrying the opposing charges bound to 

the solid phases114. IEC can be categorized into cation exchange chromatography and anion 

exchange chromatography based on the charges of the functional groups that the solid 

phases have during purification.  

 

The isoelectric points of rAAVs and the pH of the buffers used for purification determine 

whether anion exchange chromatography or cation exchange chromatography should be 
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used 112. When the pH of the buffers is higher than the isoelectric point of rAAV, rAAV will 

generally display a negative charge on their surface. Consequently, anion exchange resins 

are employed. For instance, alkaline pH values are utilized for effective binding of rAAV8, 

while pH values below 7 are employed for binding rAAV5 with anion exchange resin115. 

Conversely, at pH levels below the isoelectric point of rAAVs, rAAV acquire a positive 

charge. In such instances, separation is carried out using cation exchange resins. 

 

One of the advantages of using ion exchange chromatography is that empty capsid and 

rAAV (genome-containing vectors) can be separated with this method105. The separation is 

based on the differences of isoelectric points of empty capsid and rAAV. For an empty 

capsid of rAAV, the average calculated value of isoelectric points is 6.3. And for rAAVs, 

the average calculated value of isoelectric points is 5.973. Therefore, empty capsids will be 

eluted first in anion exchange chromatography, while rAAVs will be eluted first in cation 

exchange chromatography. 

1.2.4.4. Size Exclusion Chromatography 

SEC is a method that primarily separates proteins based on their size and apparent 

molecular weight. It is also helpful in evaluating the proportions of rAAV aggregates and 

capsid fragments, as well as the purities of rAAVs116. For purifying rAAVs through SEC, 

resins need to have an average pore size smaller than the diameter of the rAAV capsid105. 

This ensures that rAAV particles are not trapped in the resin and are eluted in the void 
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volume117. In contrast, macromolecular impurities are delayed by crossing the pores of the 

resins and eluted in later fractions. A widely used resin for this purpose is the Superdex 200 

(Cytiva, MA), which possesses an exclusion limit (the maximum mass of particles that can 

enter the resin pores) of about 1.3 x 106 Da118. 

 

Generally, SEC is used in the final polishing step if rAAV samples when high purity is 

needed114. It can efficiently remove contamination like cellular peptides, which are hard to 

remove with other techniques119,120. For instance, SEC has been employed for the final 

purification of rAAV1118,120,121, rAAV5122, rAAV8123, and rAAV9124.  

1.2.4.5. Heparin Affinity Chromatography 

The capsid protein's surface structure of AAV plays a pivotal role in AAV's ability to bind 

to the receptors in target cells for transduction125. Heparan sulfate proteoglycan is one of 

the receptors that AAV2 uses for transduction126. Consequently, heparin-based affinity 

chromatography has proven successful in purifying rAAV2 vectors127. Other serotypes of 

rAAVs have also shown the ability to bind to heparin, but only mutation of one amino acid 

may compromise this ability. For example, it was shown that the heparin-binding capability 

of rAAV6 could be attenuated through the AAV6-K531E mutation128. On the other hand, 

mutations can also enhance some rAAVs’ binding to heparin. For instance, rAAV8 gained 

heparin binding ability through the rAAV8-E533K mutant128. 
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1.2.4.6. Immunoaffinity Chromatography 

Immunoaffinity chromatography is dependent on the interaction between antigen and 

antibody to selectively purify target proteins105. Recently, several affinity resins for rAAV 

purification have been developed based on single-chain camelid VH (heavy chain variable 

region) antibodies covalently linked to the matrix129. For example, AVB Sepharose resin 

(Cytiva, MA) can be used to purifiy rAAV1, rAAV2, rAAV5, or rAAV6130. For purification 

of rAAV8 and rAAV9, POROS™ CaptureSelect™ AAV8 and AAV9 (Thermo Fisher 

Scientific, MA) can be used respectively. POROS™ CaptureSelect™ AAVX show affinity 

for many serotypes, including AAV1-9, thus being widely used for the purification of native 

and chimeric rAAVs131. Those resins have gained interests from the industry since 

purification with those resins can be easily scale-up and meet the requirements of good 

manufacturing practice129. 

1.3. Chaperones and protein folding in E. coli 

Chaperones play a critical role in assisting in the correct folding of newly synthesized 

polypeptides into proteins with native conformation and in maintaining the quality control 

of the proteome by refolding misfolded or aggregated proteins132. Within the cytosol of E. 

coli, the following chaperone systems contribute to this essential function (Table 1.3)133: 

(1) the ribosome-associated Trigger Factor; (2) the DnaK system (also known as Hsp70), 

consisting of DnaK along with its co-chaperones DnaJ and GrpE; and (3) the GroEL system 
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(also known as chaperonin), comprising GroEL and its co-chaperone GroES134. Hsp70 and 

chaperonin not only aid in the folding of newly synthesized polypeptides, but also prevent 

aggregation and promote the refolding of existing proteins that have lost their native 

conformation due to factors such as thermal denaturation or intrinsic instability135,136. 

Additionally, Hsp70 collaborates with ClpB to solubilize aggregated proteins and refold 

them to their native state, working in concert with chaperonin137-139.  

 

When it comes to the overproduction of recombinant proteins in host cells, issues related 

to misfolding and aggregation commonly occur140-142. These problems often arise due to 

the limited folding capacity of the host cell's chaperone machinery. Researchers have tested 

co-expression of specific chaperones with recombinant proteins in the host cells to enhance 

the yield of correctly folded and soluble recombinant proteins. However, these efforts have 

seen only limited success143-145.  
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Table 1.3 Essential chaperones for protein folding in E. coli. 

Chaperone 
family 

Proteins in E. 
coli 

Co-chaperones Functions 

Trigger factor Trigger factor  -  ATP-independent 
 Ribosome-associated 

chaperone 
 De novo protein folding 

Hsp70 DnaK 
  

DnaJ, 
GrpE 

 ATP-dependent 
 De novo protein folding 
 Prevention of protein 

aggregation at high 
temperature 

 Regulation of the heat shock 
response 

 Disaggregation of protein 
aggregates together with 
ClpB 

Chaperonin GroEL 
  

GroES  ATP-dependent 
 De novo protein folding 
 Prevention of protein 

aggregation at high 
temperature 

Adapted from a published paper133. 
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1.4. Goal of the study 

It has been suggested that VP3 of AAV2 can assemble and form VP3-only capsids in human 

cells and insect cells with the help of AAP84. Moreover, while recombinant VP3 of AAV2 

can be produced in abundance in E. coli102, to our knowledge, the generation of VP3-only 

VLPs in E. coli has not been demonstrated. While robust recombinant protein expression 

can be achieved, VP proteins are typically found in inclusion bodies. The goal of this study 

is to explore the possibilities for production of VP3-only VLPs in E. coli.   

 

1.4.1. Hypothesis 

Native-like VP3-only AAV2 VLPs may be produced in E. coli under co-expression with 

AAP and/or other E. coli chaperones. 

 

1.4.2. Objective 

Investigate and develop methods to produce VP3-only AAV2 VLP in E. coli. 

 

1.4.3. Specific aims 

1) Investigate and optimize expression conditions to obtain soluble AAV2 VP3 in E. coli. 
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2) Investigate the potential to produce AAV2-based VP3-only VLPs in E. coli under co-

expression with the AAP and/or E. coli chaperones. 

3) Develop purification protocols for putative AAV2-based VP3-only VLPs produced in E. 

coli. 



 33 

CHAPTER 2 MATERIALS AND METHODS 

2.1. Materials 

2.1.1. Regents for bacterial culture and protein expression   

Tryptone and yeast extract were purchased from Thermo Fisher Scientific, MA. Glucose 

was purchased from AMERSCO, MA. Sodium chloride was purchased from J.T.Baker, 

PA. Potassium dihydrogen phosphate, ammonium sulfate, sodium hydrogen phosphate 

heptahydrate, lactose and glycerol were purchased from VWR, PA. Isopropyl ß-D-1-

thiogalactopyranoside (IPTG) was purchased from Growcells, CA. Chloramphenicol was 

bought from Acros Organics, NJ. L-Arabinose was purchased from Thermo Scientific, MA. 

Carbenicillin Solution (100mg/mL) was purchased from Teknova, CA. Luria Bertani (LB) 

Agar, Miller was purchased from BD, NJ. 

2.1.2. Molecular cloning reagents 

Q5® Hot Start High-Fidelity DNA Polymerase, Instant Sticky-end Ligase Master Mix, T4 

polynucleotide kinase and all restriction enzymes (XbaI, NdeI, BamHI and HindIII) were 

purchased from New England Biolabs, MA. dNTP Mix was purchased from Promega, WI. 

E.Z.N.A.® Plasmid DNA Mini Kit I and E.Z.N.A.® Cycle Pure Kit were purchased from 

Omega Bio-Tek, GA. Dithiothreitol (DTT) and Triton-X 100 were purchased from Sigma-

Aldrich, MA.  
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2.1.3. Plasmids and vectors 

pDG vector was a gift from Dr. Ashley Martino (St. John's University). pET15b plasmid 

was purchased from MilliporeSigma, MA. Chaperone plasmid set (pTf16, pKJE7 and 

pGro7) was purchased from Takara Bio, CA. 

2.1.4. Antibodies 

Anti-Adeno-associated virus (AAV2), intact particles, clone A20 and Anti-Adeno-

associated virus (AAV), VP1/VP2/VP3, clone B1 were purchased from American 

Research Products, MA. Anti-His-tag antibody was purchased from GenScript, NJ. 

Peroxidase-conjugated affinipure goat anti-mouse IgG (H+L) was purchased from 

Rockland, PA. Goat anti-rabbit IgG (H&L) HRP conjugate was purchased from Jackson 

Immunoresearch, PA. 

2.1.5. Primers and oligos 

The primers and oligos are shown in Table 2.1. All primers and oligos were purchased 

from Fisher Scientific, MA, using the Invitrogen custom DNA oligos synthesis service. 
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Table 2.1 Sequences of primers and oligos. 

NdeI-AAV2VP3-F AATCATATGGCTACAGGCAGTGGC 

BamHI-AAV2VP-R AGAGGATCCTTACAGATTACGAGTCAGGTAT
C 

NdeI-AAV2AAP-F CGTCATATGGAGACGCAGACTCAG 

BamHI-AAV2AAP-R AAAGGATCCTCAGGGTGAGGTATCCAT 

Homo-AAV2VP3-BamHI-T7-
AAP-F 

ACTCGTAATCTGTAAGGATCCTCGATCCCGC
GAAATTAATACG 

Homo-T7term-HindII-AAP-R GTTTGACAGCTTATCATCGATAAGCTT 

XbaI-delta-His-F CTAGAAATAATTTTGTTTAACTTTAAGAAGG
AGATATACA 

NdeI-delta-His-R TATGTATATCTCCTTCTTAAAGTTAAACAAA
ATTATTT 
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2.1.6. Other reagents and materials 

Syringe filter with 0.22 μm cellulose acetate membrane, methanol, ethanol, Tris and 

Tween-20 were purchased from VWR, PA. Potassium acetate, ethylenediaminetetraacetic 

acid (EDTA), glacial acetic acid, ammonium persulfate (APS), glycine, sodium dodecyl 

sulfate (SDS) and bromophenol blue were bought from J.T.Baker, PA. β-mercaptoethanol 

was bought from MP Biomedicals , CA. Sodium bisulfate was purchased from Fisher 

Scientific, MA. Triton X-114, Acrylamide/Bis solution (40%, 37.5:1), Bis-tris and urea 

were purchased from Thermo Scientific, MA. 3-morpholinopropanesulfonic acid (MOPS) 

and Commassie Blue G-250 were purchased from TCI Chemicals, OR.  Milk powder was 

purchased from Rockland Immunochemicals, PA. Polyethylene glycol (PEG) 8000 was 

purchased from Alfa Asecar, MA. Potassium chloride was purchased from BDH, PA. 

Optiprep density gradient media (60% (w/v) iodixanol) was bought from Cosmo Bio, CA. 

Supersignal west pico PLUS chemiluminescent substrate, Pierce™ Silver Stain Kit and 

Gibco™ Pluronic™ F-68 non-ionic Surfactant (100X) were purchased from Thermo Fisher 

Scientific, MA. Benzonase nuclease was purchased from MilliporeSigma, MA. 

Polyethyleneimine, approx. M.N. 60,000, 50 wt.% aq. Solution and Ponceau S were 

purchased from Acros Organics, NJ. 300-mesh copper grid with formvar and carbon 

coatings and UranyLess were bought from Electron Microscopy Sciences, PA. BioTrace 

NT nitrocellulose transfer membrane was purchased from Pall Corporation, NY. C 16/70 



 37 

column, HiTrap Q XL, HiTrap Heparin HP and Sephacryl S-300 HR were purchased from 

Cytiva, MA.  

  



 38 

2.2. Buffers and solutions 

Table 2.2 Bacterial culture media and solutions. 

LB broth 1% (w/v) Tryptone, 0.5% (w/v) yeast extract, 1% (w/v) 
NaCl 

LB agar 1.5% (w/v) agar in LB broth with appropriate antibiotics (100 μg/ml 
carbenicillin or/and 25 μg/mL chloramphenicol) 

50X 505 25% (w/v) glycerol, 2.5% (w/v) glucose. 

20X P 0.5M (NH4)2SO4, 1M KH2PO4, 1M Na2HPO4∙7H2O 

ZYP-5052 1% (w/v) Tryptone, 0.5% (w/v) yeast extract, 0.2% (w/v) lactose, 1mM 
MgSO4, 1X 505, 1X P 

LB-505 1X 505 in LB broth 

 

Table 2.3 Seamless Ligation Cloning Extract (SLiCE) cloning buffers. 

SLiCE extract lysis buffer  50 mM Tris pH 8.0, 3% (w/v) Triton X-100 

10X SLiCE buffer 500mM Tris pH7.5, 100mM MgCl2, 10mM ATP, 10mM 
DTT 
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Table 2.4 Gel electrophoresis buffers. 

5X SDS loading buffer  312.5 mM Tris, 10% (w/v) SDS, 50% (v/v) glycerol, 0.025% 
(w/v) Bromophenol blue, 25% (v/v) ß-mercaptoethanol 

200X sodium bisulfite 1 M sodium bisulfite 

5X MOPS-SDS running 
buffer 

250 mM MOPS, 250 mM Tris, 5 mM EDTA, 0.5% (w/v) 
SDS 

3X Bis-tris gel buffer 
(pH 6.5-6.8) 

1 M Bis-Tris  

50X TAE  2 M Tris, 1 M glacial acetic acid, 50 mM EDTA 

10% bis-tris separating 
gel (10 mL) 

4.2 mL of water, 3.3 mL of 3X gel buffer, 2.5 mL of 40% 
acrylamide, 100 μL of 10% APS, 10 μL of TEMED 

5% bis-tris stacking gel 
(5 mL) 

2.7 mL of water, 1.6 mL of 3X gel buffer, 0.625 ml of 40% 
acrylamide, 50 μL 10% APS, 10 μL of TEMED 

 

Table 2.5 Western blot and dot blot buffers. 

10X TBS (pH 7.5)  1.5 M NaCl, 200 mM Tris 

1X TBST 0.1% (v/v) Tween-20 in 1X TBS 

10X Tris-glycine buffer 250 mM Tris, 1.92 M of glycine 

1X Tris-glycine wet transfer buffer 20% (v/v) methanol in 1X Tris-glycine buffer 

Ponceau S staining solution  0.5% (w/v) Ponceau S, 1% (v/v) acetic acid 

Blocking solution  5%(w/v) nonfat milk powder in TBST 
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Table 2.6 Cell lysis and protein purification buffers. 

10X PBS (pH 7.4) 1.4 M NaCl, 25 mM KCl, 150 mM Na2HPO4∙7H2O, 16.2 mM 
KH2PO4 

PBS (pH 7.4) 1X PBS in distilled water 

PBS-MK (high salt) Add 1 M NaCl, 2.5 mM KCl, and 1 mM MgCl2 in 1X PBS 

PBS-MK (low salt) Add 100 mM NaCl, 2.5 mM KCl, and 1 mM MgCl2 in 1X 
PBS 

PEG stock solution 40% (w/v) PEG 8000, 2.5 M NaCl 

PEI stock solution (pH 
7.9) 

10 % (v/v) PEI 

Purification Buffer A 20 mM Tris pH 8.5, 5 mM MgCl2, 0.001% (v/v) Pluronic F-68 

Purification Buffer B 20 mM Tris pH 8.5, 5 mM MgCl2, 1 M NaCl, 0.001% (v/v) 
Pluronic F-68 

Purification Buffer C Add 0.001% (v/v) Pluronic F-68 in PBS  

Purification Buffer D Add 1 M NaCl, 0.001% (v/v) Pluronic F-68 in PBS 

Purification Buffer E 20 mM Tris pH 8.5, 5 mM MgCl2, 300 mM NaCl, 2.5 M Urea, 
0.001% (v/v) Pluronic F-68 

 
  



 41 

2.3. Methods 

2.3.1. Plasmid construction 

2.3.1.1. DNA mini-prep plasmid preparation and DNA sequencing 

All DNA mini-prep plasmid preparation was performed using the E.Z.N.A.® Plasmid 

DNA Mini Kit I as per the manufacturer’s instruction. The sequences of all plasmid 

constructs were verified by Sanger DNA sequencing. All DNA sequencing was performed 

by Genewiz, NJ. 

2.3.1.2. Construction of pET15b-ΔHis 

The pET15b-ΔHis expression vector was constructed from the commercially available 

pET15b vector by deleting the His-tag coding sequence using the annealed oligo cloning 

method146. The pET15b vector was digested with XbaI and NdeI then purified with the 

E.Z.N.A.® Cycle Pure Kit. XbaI-delta-His-F and NdeI-delta-His-R oligos (see Table 2.1 

for sequences) were phosphorylated with T4 polynucleotide kinase in a reaction that 

contained 10 μM of oligos, 5 U T4 polynucleotide kinase, 1 mM ATP and 1X T4 

Polynucleotide Kinase Reaction Buffer, which was incubated at 37 °C for 30 min as per 

the manufacturer’s instruction. Oligos were annealed by incubation at 95 °C for 5 min and 

then the temperature was lowered at a rate of 5 °C/min in a Mastercycler Personal PCR 

thermocycler (Eppendorf, NY). The annealed oligos (approximately 10 μM) were diluted 
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200 times to approximately 0.05 μM with nuclease-free water. Then ligation was 

performed in a 10 μL volume containing 50 μg of purified digested plasmid, 1 μL of diluted 

annealed oligos, 5 μL of 2X Instant Sticky-end Ligase Master Mix. Ligation mixtures were 

transformed into E. coli (DH5α) by heat shock method for mini-prep plasmid preparation 

and DNA sequencing.  

2.3.1.3. PCR amplification of AAV2VP3, AAV2AAP and T7-AAV2AAP  

All PCR assays were performed using Q5 Hot Start High-Fidelity DNA Polymerase in the 

Mastercycler Personal PCR thermocycler. Reactions contained 1X Q5 Reaction Buffer, 

200 μM of dNTPs, 0.5 μM of forward primer and reverse primer, 1 ng of template DNA, 

0.02 U/μL of Q5 Hot Start High-Fidelity DNA Polymerase and nuclease-free water. The 

reaction conditions are given in Tables 2.7 and 2.8. All PCR products were purified with 

E.Z.N.A.® Cycle Pure Kit. 

 

2.3.1.4. Construction of pET15b-ΔHis-VP3 and pET15b-AAP 

For construction of pET15b-ΔHis-VP3 and pET15b-AAP, PCR products of insert DNA, 

pET15b-ΔHis and pET15b were digested with NdeI and BamHI and purified with the 

E.Z.N.A.® Cycle Pure Kit. Ligation reactions were then performed to insert AAV2VP3 

into pET15b-ΔHis and insert AAV2AAP into pET15b using Instant Sticky-end Ligase 

Master Mix as per manufacturer’s instruction. The molar ratio of inserts to digested 
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plasmids in the reactions was 3:1. Ligation mixtures were transformed into E. coli (DH5α) 

by heat shock method for mini-prep plasmid preparation and DNA sequencing. 



 44 

  

Table 2.7 PCR of AAV2AAP, AAV2VP3 and T7-AAV2AAP - templates, primers and 

annealing temperatures. 

Product Template Primers Annealing 

temperatures 

AAV2VP3 pDG NdeI-AAV2VP3-F, 

BamHI-AAV2VP-R  

61 °C 

AAV2AAP pDG NdeI-AAV2AAP-F, 

BamHI-AAV2AAP-R 

61 °C 

T7-

AAV2AAP 

pET15b-AAP Homo-AAV2VP3-BamHI-T7-AAP-F, 

Homo-T7term-HindII-AAP-R 

65 °C 

 

Table 2.8 Thermocycling conditions for PCR of AAV2AAP, AAV2VP3 and T7-

AAV2AAP. 

Step Condition Temperature Time 

1 Initial Denaturation 98 °C 1 min 30 s 

2 Denaturation 98 °C 10 s 

3 Annealing 
61 °C or 65 °C (see detains 

in Table 2.7) 
30 s 

4 Extension 72 °C 2 min 

5 Repeat step 2-4 for 30 cycles   

6 Final Extension 72 °C 2 min 

7 Storage  4 °C ∞   
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2.3.1.5. SLiCE extract preparation 

The preparation of SLiCE extract was based on the published protocol147. A single colony 

of E. coli (JM109) was inoculated into 3 mL of LB broth and incubated overnight 

(approximate 14-16 h) at 37 °C with shaking at 250 rpm in the MAXQ 4000 shaking 

incubator (Thermo Scientific, IL). The next day, 1 mL of overnight culture was transferred 

into 50 mL of LB broth and incubated with shaking until O.D.600nm reached approximately 

2 to 3. Cells were collected by centrifuging at 4,600 x g for 10 min at 4 °C in a TX-400 

Swinging Bucket Rotor fitted into a HeraeusTM MultifugeTM X1R centrifuge 

(Thermoscientific, Rockford, IL). The supernatant was discarded, and the pellet was 

suspended with 25 mL of distilled water and followed by centrifugation at 4,600 x g for 10 

min at 4 °C. Supernatant was discarded and the pellet was resuspended in 1.2 mL of SLiCE 

extract lysis buffer. After 10 min of incubation on ice, the lysate was centrifuged at 20,000 

x g for 2 min in a Sorvall Legend Micro 21 centrifuge (Thermo Scientific, IL). The 

supernatant was transferred to a 1.5 mL tube and an equal amount of ice-cold 80% glycerol 

was added to the tube, then mixed gently and aliquoted in 50 μL. Aliquots were frozen by 

incubation in liquid nitrogen then stored at −80 °C. 

2.3.1.6. Construction of pET15b-ΔHis-VP3-AAP  

pET15b-ΔHis-VP3-AAP was constructed by SLiCE cloning147,148. The vector pET15b-

ΔHis-VP3 was linearized by digestion with BamHI and HindIII and purified using the 
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E.Z.N.A.® Cycle Pure Kit. A 10 μL SLiCE reaction was performed by mixing insert 

fragment (T7-AAV2AAP), linearized plasmid, 1 uL of 10X SLiCE buffer, 1 μL SLiCE 

extract and water. The molar ratio of insert to linearized plasmid in the reaction was 3:1. 

The mixture was incubated at 37 °C for 15 min, then transformed into E. coli (DH5α) by 

heat shock method for mini-prep plasmid preparation and DNA sequencing. 

2.3.2. Recombinant protein expression in E. coli 

2.3.2.1. Traditional IPTG-based induction of recombinant VP3 expression 

Protein expression was performed based on standard pET vector expression protocols as 

provided from the manufacturer. A colony of E. coli (BL21(DE3)) transformed with 

pET15b-ΔHis-VP3 from freshly streaked plates was picked to inoculate 3 mL of LB broth 

containing 1% (w/v) glucose and 100 μg/mL of carbenicillin. The culture was incubated at 

37°C overnight (approximately 14-16 h) with shaking at 250 rpm in the MAXQ 4000 

shaking incubator. The next day, 60 μL of starter culture was used to inoculate 3 mL of LB 

broth containing 100 μg/mL of carbenicillin in a 14 mL test tube. The inoculated bacterial 

culture was incubated at 37°C with shaking at 250 rpm in the MAXQ 4000 shaking 

incubator until O.D.600nm reached approximately 0.6-1.0. IPTG (0.1 mM or 1 mM) was 

added to the bacterial culture and the culture was incubated at different temperatures (16°C, 

25°C, 30 °C or 37 °C as indicated) for the indicated time (see 3.1 for details). 1 mL of 

bacterial culture was taken for centrifugation at 21,000 x g for 1 min with a Sorvall Legend 
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Micro 21 centrifuge. The supernatant was discarded and the cell pellet was used for SDS-

PAGE (see 2.3.4). Another 1 mL of bacterial culture was taken for cell lysis (see 2.3.3.1). 

2.3.2.2. Auto-induction of recombinant VP3 using ZYP-5052 

Auto-induction with ZYP-5052 was performed based on published protocol149. A colony 

of E. coli (BL21(DE3)) transformed with pET15b-ΔHis-VP3-AAP from freshly streaked 

plates was picked to inoculate 3 mL of LB broth containing 1% (w/v) glucose and 100 

μg/mL of carbenicillin. The culture was incubated at 37°C overnight (approximately 14-

16 h) with shaking at 250 rpm in the MAXQ 4000 shaking incubator. 60 μL of starter 

culture was used to inoculate 3 mL of ZYP-5052 containing 0.025 mM IPTG and 100 

μg/mL of carbenicillin in a 14 mL test tube. Cultures were incubated at different 

temperatures (16°C, 25°C, 30 °C or 37 °C as indicated) with shaking at 250 rpm in the 

MAXQ 4000 shaking incubator for protein expression. For protein expression at 16 °C or 

25 °C, the culture was incubated at 37°C for 2 h and then at the indicated temperature 

overnight (approximately 14-16 h). For protein expression at 30 °C or 37 °C, the culture 

was incubated at the indicated temperature overnight (approximately 14-16 hours). 1 mL 

of bacterial culture was taken for centrifugation at 21,000 x g for 1 min with a Sorvall 

Legend Micro 21 centrifuge. The supernatant was discarded and the cell pellet was used 

for SDS-PAGE (see 2.3.4). Another 1 mL of bacterial culture was taken for cell lysis (see 

2.3.3.1). 
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2.3.2.3. Auto-induction of recombinant VP3 with or without other proteins using 

LB-505 

Auto-induction with LB-505 was performed based on published protocol150. A colony of 

transformed E. coli (BL21(DE3)) from freshly streaked plates was picked to inoculate 3 

mL or 25 mL of LB broth containing 1% (w/v) glucose and appropriate antibiotics (see 

Table 2.9 for details) depending on the scales of protein expression. The culture was 

incubated at 37°C overnight (approximately 14-16 h) with shaking at 250 rpm in the 

MAXQ 4000 shaking incubator. The next day, starter cultures of E. coli (BL21(DE3)) 

transformed with different plasmid vectors were used to inoculate LB-505 broth containing 

protein expression inducers and appropriate antibiotics (see Table 2.9 for details). For 

small-scale protein expression, 60 μL of starter culture was used to inoculate 3 mL of 

culture media in a 14 mL test tube. For larger-scale protein expression, 10 mL of starter 

culture was used to inoculate 500 mL of culture media in a 2 L Erlenmeyer flask. Cultures 

were incubated at different temperatures (16°C, 25°C, 30 °C or 37 °C as indicated) with 

shaking at 250 rpm in the MAXQ 4000 shaking incubator for protein expression. For 

protein expression at 16 °C or 25 °C, the culture was incubated at 37°C for 2 h and then at 

the indicated temperature overnight (approximately 14-16 h). For protein expression at 

30 °C or 37 °C, the culture was incubated at the indicated temperature overnight 

(approximately 14-16 hours). 1 mL of bacterial culture was taken for centrifugation at 

21,000 x g for 1 min with a Sorvall Legend Micro 21 centrifuge. The supernatant was 
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discarded and the cell pellet was used for SDS-PAGE (see 2.3.4). For small-scale 

expression, cell lysis was performed directly after expression (see 2.3.3.1). For larger-scale 

expression, the cells were collected by centrifugation at 4,600 x g for 10 min at 4 °C in 

TX-400 Swinging Bucket Rotor fitted into a HeraeusTM MultifugeTM X1R centrifuge. 

Supernatants were discarded and the cell pellets were stored at -80 °C.  
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Table 2.9 Plasmid vectors, antibiotics and and expression inducers used for auto-induction with LB-505 

Target recombinant proteins Vectors Antibiotics  Expression inducers* 

VP3 pET15b-ΔHis-VP3 100 μg/mL CAR 25 μM IPTG 

VP3, AAP pET15b-ΔHis-VP3-AAP  100 μg/mL CAR 25 μM IPTG 

VP3, trigger factor 

pET15b-ΔHis-VP3 

pTf16   

100 μg/mL CAR 

25 μg/mL CHL 

25 μM IPTG 

1 mg/mL arabinose 

VP3, Hsp70 

pET15b-ΔHis-VP3 

pKJE7 

100 μg/mL CAR 

25 μg/mL CHL 

25 μM IPTG 

1 mg/mL arabinose 

VP3, Chaperonin 

pET15b-ΔHis-VP3 

pGro7 

100 μg/mL CAR 

25 μg/mL CHL 

25 μM IPTG 

1 mg/mL arabinose 

VP3, AAP, trigger factor 

pET15b-ΔHis-VP3-AAP 

pTf16   

100 μg/mL CAR 

25 μg/mL CHL 

25 μM IPTG 

1 mg/mL arabinose 

VP3, AAP, Hsp70 

pET15b-ΔHis-VP3-AAP 

pKJE7 

100 μg/mL CAR 

25 μg/mL CHL 

25 μM IPTG 

1 mg/mL arabinose 

VP3, AAP, Chaperonin 

pET15b-ΔHis-VP3-AAP 

pGro7 

100 μg/mL CAR 

25 μg/mL CHL 

25 μM IPTG 

1 mg/mL arabinose 

CAR=carbenicillin, CHL=chloramphenicol 

*Final concentrations used after optimization testing 
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2.3.3. Cell lysis 

2.3.3.1. Cell lysis protocol 1 (small-scale expression) 

1 mL of bacterial culture was taken from the test tube after protein expression. The cells 

were collected by centrifugation at 21, 000 x g for 1 min with a Sorvall Legend Micro 21 

centrifuge. Supernatant was discarded and the pellet was resuspended in 100 μL of PBS. 

Then resuspended pellet was transferred to a 1.5-mL centrifuge tube fixed in place in ice 

water and disrupted by sonication with a Misonix Ultrasonic liquid processor Model # S-

4000 (Qsonica, CT). The amplitude was set to 5, pulse-on time was set to 2 s, process time 

was set to 30 s (15 cycles), and pulse-off time was set to 10 s. The lysate was then 

centrifuged at 16,000 x g for 15 min at 4 °C in a VWRTM Galaxy 16D Digital 

microcentrifuge (VWR, PA). Both the supernatant and the pellet were collected. 

2.3.3.2. Cell lysis protocol 2 (larger-scale expression) 

Cell pellets stored at –80 °C were thawed on ice and then resuspended Purification Buffer 

A using 1/10th the volume of the culture media volume used for protein expression. 5 mL 

aliquots of resuspended pellet were transferred into 50 mL centrifuge tubes fixed in place 

in ice water for sonication. For sonication, the amplitude was set to 30, pulse-on time was 

set to 5 s, process time was set to 3 min (36 cycles), and pulse-off time was set to 20 s. The 

sonicated lysates were then transferred to clean 50 mL centrifuge tubes. The sonication 
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process was repeated approximately 5 times until all cell pellets were disrupted. Benzonase 

nuclease was added to the lysates at 50 U/mL. Lysates were incubated at room temperature 

with shaking at 120 rpm in the MAXQ 4000 shaking incubator for 40 min. 5 M NaCl stock 

solution was added to lysates to achieve a final concentration of 150 mM. Clarified lysates 

were prepared by centrifugation at 15,000 x g for 15 min at 4 °C in a Fiberlite™ F15-6 x 

100y Fixed-Angle Rotor (Thermo Fisher Scientific, MA) fitted into a HeraeusTM 

MultifugeTM X1R centrifuge.  

2.3.4. SDS-PAGE 

2.3.4.1. Sample preparation and electrophoresis 

For supernatants of the cell lysis, 5X SDS loading buffer was directly added into the 

samples so that the final concentration of loading buffer was 1X. For whole cells or pellets 

of the cell lysis, 80 μL of PBS was first used to resuspend the pellet and then 20 μL of 5X 

SDS loading buffer was added into the samples. All samples were mixed and incubated at 

95 °C for 5 min. Self-made Bis-tris polyacrylamide gels (10% separating gels and 5% 

stacking gels) were used for electrophoresis in a VWR® Mini Vertical PAGE System 

(VWR, PA). 
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2.3.4.2. Polyacrylamide gel staining 

Commassie blue R-250 or silver nitrate was used for visualization of the protein bands after 

electrophoresis. Silver nitrate staining was performed with Pierce™ Silver Stain Kit 

according to the manufacturer’s manual. For Commassie blue staining, a quick staining 

method was used151. The gel was soaked in 100 mL of Commassie blue staining solution 

and microwaved for approximately 30 s to near boiling. The gel was then gently rotated 

with VWR® Analog Rocking Platform Shakers (VWR, PA) for 5 min. The Commassie 

blue staining solution was discarded and the gel was soaked in 100 ml of Commassie blue 

destaining solution. After microwaving the gel for 30 s, the gel was rotated in the rocking 

platform shakers until clear protein bands could be observed. 

 

2.3.5. Western blot 

All western blots were performed with wet-transferring method using VWR® Mini PAGE 

Electroblotting System (VWR, PA). After SDS-PAGE, the polyacrylamide gel was 

electroblotted onto 0.22 μm nitrocellulose membranes (Pall Corporation, NY) at 200 mA 

in an ice bath for 1 h 30 min using tris-glycine transfer buffer. To confirm the efficiency 

of transfer, membranes were soaked in Ponceau S staining solution for 10 s followed by 

soaking in the distilled water. The membrane was blocked with blocking solution for 1 h 

and incubated with antibody diluted in blocking solution for 1 h. For primary antibody 
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dilution, 1:1000 dilution was used for Anti-Adeno-associated virus (AAV), VP1/VP2/VP3, 

clone B1 and 1:2000 dilution was used for Anti-His-tag Antibody. The membrane was 

washed three times with TBST for 5 min, followed by incubation with secondary antibody 

diluted in blocking solution for 1 h. For secondary antibody dilution, 1:5000 dilution was 

used for both Peroxidase-conjugated Affinipure Goat anti-mouse IgG (H+L) and Goat anti-

rabbit IgG (H&L) HRP conjugate. The membrane was washed three times with TBST for 

5 min. Finally, detection was performed by incubating the membrane with SupersignalTM 

west pico PLUS chemiluminescent substrate for 1 min followed by visualization with a 

UVP BioSpectrumTM MultiSpectral Imaging System (UVP, LLC, Upland, CA) according 

to the manufacturer’s instruction. 

2.3.6. Dot blot  

For each sample, 100 μL was blotted on 0.2 μm nitrocellulose membrane using Bio-Dot 

Microfiltration Apparatus (Bio-Rad Laboratories, CA) as per manufacturer’s instruction. 

Membranes were then blocked with blocking solution for 30 min at room temperature. 

Then membranes were incubated with diluted primary antibodies for 30 min at room 

temperature. For primary antibody dilution, 1: 500 dilution was used for both Anti-Adeno-

associated virus (AAV2), intact particles, clone A20 and Anti-Adeno-associated virus 

(AAV), VP1/VP2/VP3, clone B1. Membranes were then washed three time with TBST for 

5 min. Membrane were incubated with diluted secondary antibodies for 30 min. For 

secondary antibody dilution, 1: 5000 dilution was used for Peroxidase-conjugated 
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Affinipure Goat anti-mouse IgG (H+L). This was followed by washing membranes three 

times with TBST for 5 min. Finally, membranes were incubated with Supersignal west pico 

PLUS chemiluminescent substrate for 1 min and imaged with UVP BioSpectrumTM 

MultiSpectral Imaging System. 

2.3.7. Iodixanol gradient ultracentrifugation 

Iodixanol gradient ultracentrifugation was performed as previously described109,152. Four 

concentrations of iodixanol, 15% (w/v), 25% (w/v), 40% (w/v) and 60% (w/v), were used 

for separation in the ultracentrifugation. 25% (w/v) and 40% (w/v) iodixanol was prepared 

by diluting 60% (w/v) iodixanol in PBS-MK (low salt) to designated concentrations. 15% 

(w/v) iodixanol was prepared by diluting 60% (w/v) iodixanol in PBS-MK (high salt). 0.5% 

(w/v) phenol red was added to 25% (w/v) and 60% (w/v) iodixanol at the final 

concentration of 0.004% (w/v). To prepare layers of iodixanol with different concentrations, 

6 ml of 15% (w/v) iodixanol, 6 ml of 25% (w/v) iodixanol, 5 mL of 40% (w/v) iodixanol, 

and 5 mL of 60% (w/v) iodixanol were sequentially added to a 32.4-mL OptiSeal 

Polypropylene tube (Beckman Coulter, NJ) with 2-mL serological pipettes. Clarified 

lysates were then gently overlaid onto the 15% (w/v) iodixanol layer with 10-mL syringes 

and filled up with PBS-MK (low salt) when necessary. Samples were centrifuged in a Type 

70 Ti Fixed-Angle Titanium Rotor (Beckman Coulter, NJ) fitted in an Optima XE-90 

ultracentrifuge (Beckman Coulter, NJ) at 63,100 rpm for 1 h 45 min at 10 °C. After 

centrifugation, the OptiSeal tube was punctured at the position slightly below the 60-40% 



 56 

interface with a 16 g needle attached to a syringe. 25% (w/v) iodixanol and 40 % (w/v) 

iodixanol layers were collected by the syringe. The collected samples were stored at 4 °C 

until usage. 

2.3.8. PEG precipitation 

PEG precipitation was performed as previously reported107. PEG stock solution was added 

to the protein sample to make the final concentration of PEG at 8% (w/v). After mixing, 

the sample was incubated at 4 °C for 1 -16 h. The precipitation was then collected by 

centrifugation at 3,000 x g for 15 min at 4 °C in MultifugeTM X1R centrifuge equipped 

with TX-400 Swinging Bucket Rotor. The supernatant was discarded, and the pellet was 

resuspended in an appropriate buffer dependent on the usage. 

2.3.9. Triton X-114 phase separation 

Triton X-114 phase separation was performed based on published protocol153. Triton X-

114 was added into protein samples to a final concentration of 1% (v/v). After mixing, 

samples were incubated on ice for 5 min followed by incubation at 37 °C for about 10 min 

until the lysate was turbid. Different phases of the protein samples formed after 

centrifugation at 15,000 x g for 10 min at room temperature in a MultifugeTM X1R 

centrifuge equipped with F15-6 x 100y Fixed-Angle Rotor. The aqueous phase (top phase) 

was transferred to another tube and saved for future use.  
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2.3.10. Polyethylenimine (PEI) protein precipitation 

Precipitation of proteins with PEI was performed based on the published protocol154. After 

Triton X-114 phase separation, PEI stock solution was added into the protein samples to a 

final concentration of 0.1% (v/v) then mixed well. The samples were incubated on ice for 

5 min followed by centrifugation at 12,000 x g at 4 °C for 5 min in the MultifugeTM X1R 

centrifuge equipped with F15-6 x 100y Fixed-Angle Rotor. The supernatants were 

discarded, and the pellets were resuspended in buffer containing 20 mM Tris pH 8.5, 300 

mM NaCl, 5 mM ATP, 0.001% Pluronic F-68. After incubation on ice for 5 min, the protein 

samples were centrifuged at 12,000 x g at 4 °C for 5 min and supernatant was collected. 

2.3.11. Ammonium sulfate protein precipitation  

Precipitaion of proteins with ammonium sulfate was performed based on the published 

protocol154. Saturated ammonium sulfate solution (approximately 4 M) was added to the 

samples to approximately 70% saturation. The samples were incubated at 4 °C overnight 

(approximately 14 -16 h) followed by centrifugation at 15,000 x g at 4 °C for 5 min in the 

MultifugeTM X1R centrifuge equipped with F15-6 x 100y Fixed-Angle Rotor. The 

supernatants were discarded, and the pellets were resuspended in the buffer dependent on 

the usage. 
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2.3.12. Protein purification by chromatography 

All chromatographic protein purifications were performed using a BioLogic LP low-

pressure chromatography system (Bio-Rad, CA) and fractions were collected using a 

BioFracTM Fraction Collector (Bio-Rad, CA). HiTrap Q XL (1 mL column), HiTrap 

Heparin HP (1 mL column) and Sephacryl S-300 HR resin were used for purification. 

Sephacryl S-300 HR resin was packed into an empty C 16/70 column (column I.D.: 16 mm, 

tube Height: 700 mm) per the manufacturer’s instruction to achieve a bed volume of 

approximately 150 mL. Columns were equilibrated with equilibration buffers prior to 

sample loading. Protein samples were filtered with a syringe filter with 0.22 μm cellulose 

acetate membrane and 3 mL of protein sample was loaded into the sample loop. Fractions 

were collected based on running time. See Table 2.10 for details.   

2.3.13. Transmission electron microscopy  

Negative staining was performed based on as previously reported99. The 300-mesh copper 

grid with formvar and carbon coatings was hydrophilized by UV irradiation in a Labconco 

Purifier Class II Biosafety Cabinet (Labconco Corporation, MO) for approximately 1 h. 3 

μL of protein sample was placed on the grid for 60 s. The excess liquid was blotted and 5 

μL of distilled water was placed on the grid to wash the grid. After blotting the excess 

liquid, 5 μL of UranyLess was placed on the grid for 60 s. The excess liquid was blotted 
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and the grid was dried for 5 min. The grid was examined using a JEOL JEM1200EX 

transmission electron microscope (Japan Electronic Optics Laboratory, MA) at 80 kV. 
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Table 2.10 Chromatographic conditions for protein purification 

Column 
Equilibration 

buffer  

Time for 

each 

fraction 

collected 

Running program 

Step 
Purification 

Buffer  
Duration Flow rate 

HiTrap Q 

XL, 1 mL 

Purification 

Buffer A 
1 min 

1 Buffer A 10 min 0.5 mL/min 

2 Buffer A 
15-20 

min 
1 mL/min 

3 
0 - 100% 

Buffer B 
10 min 1 mL/min 

4 Buffer B 
20-25 

min 
1 mL/min 

HiTrap 

Heparin 

HP, 1 mL 

Purification 

Buffer C 
1 min 

1 Buffer C 10 min 0.5 mL/min 

2 Buffer C 
15-20 

min 
1 mL/min 

3 
0 - 100% 

Buffer D 
10 min 1 mL/min 

4 Buffer D 
20-25 

min 
1 mL/min 

Sephacryl 

S-300 HR, 

150 mL, 

self-packed 

Purification 

Buffer E 
3 min 1 Buffer E 160 min 1 mL/min 

See table 2.6 for buffer components and formulations. 
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CHAPTER 3 RESULTS 

3.1. AAP promotes the assembly of VP3-only VLP in E. coli 

It was previously reported by Le et al. that VP3 of AAV2 was largely found in inclusion 

bodies when expressed in E. coli102. They proposed that protein misfolding was likely 

responsible for VP3 aggregation in the inclusion bodies, and their study was based on 

refolded denatured VP3 isolated from inclusion bodies. Our goal, however, was to explore 

the possibility of expressing soluble VP3 in E. coli. To initiate our investigation, a modified 

pET-15b-based plasmid was constructed to express VP3 from AAV2 in E. coli (Figure 

3.1a). The pET-15b-ΔHis-VP3 expression vector was constructed with removal of the 

included His-tag, leaving expression of only native VP3 sequence. Recombinant VP3 from 

this vector was tested for expression by three methods: traditional IPTG-based protein 

expression in LB culture media, auto-induction in ZYP-5052 media149 and auto-induction 

in LB-505 media150 (see Table 2.2 for formulation and 2.3.2 for detailed methods). The 

auto-induction method was based on the catabolite repression caused by glucose to control 

the target protein expression in E. coli149. Unlike the traditional IPTG-based method, only 

temperatures and media need to be optimized in auto-induction methods, and more 

consistent and replicable results can be obtained using auto-induction methods for protein 

expression.  
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All the expression conditions for recombinant VP3 are summarized in Table 3.1. It was 

observed in all conditions that the majority of recombinant VP3 expressed in E. coli was 

insoluble after cell lysis in agreement with the findings of Le et al.. A representative result 

using auto-induction with LB-505 at 30 °C (condition no. 15 in Table 3.1) is shown in 

Figure 3.2 (Figure 3.2a, Lanes 2&4 and Figure 3.2b, Lanes 1&3). However, a small fraction 

of soluble VP3 was detected after optimization of the expression conditions as shown in 

the representative result (Figure 3.2a, Lane 2 and Figure 3.2b, Lane 1). Using auto-

induction with LB-505 media at 30 °C consistently demonstrated the highest production of 

soluble VP3 (condition no. 15 in Table 3.1). Other conditions listed in Table 3.1 did not 

demonstrate any significant improvements to solubility of recombinant VP3 (data not 

shown). The auto-induction method with LB-505 media at different temperatures was used 

subsequently unless otherwise stated. Although expression using LB-505 at different 

temperatures did not produce high yields of soluble VP3, LB-505 was chosen for ease-of-

use and no improvement upon LB-505 media was observed for other media investigated 

here. 
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Table 3.1 Expression conditions tested for expression of recombinant VP3. 

Condition 
no. Medium 

Concentration of 
IPTG Temperature 

Time of 
expression 

1 LB 0.1 mM 16 °C ~ 14-16 h 
2 LB 1 mM 16 °C ~ 14-16 h 
3 LB 0.1 mM 25 °C ~ 14-16 h 
4 LB 1 mM 25 °C ~ 14-16 h 
5 LB 0.1 mM 30 °C ~ 6 h 
6 LB 1 mM 30 °C ~ 6 h 
7 LB 0.1 mM 37 °C ~ 6 h 
8 LB 1 mM 37 °C ~ 6 h 
9 ZYP-5052 - 16 °C ~ 14-16 h 
10 ZYP-5052 - 25 °C ~ 14-16 h 
11 ZYP-5052 - 30 °C ~ 14-16 h 
12 ZYP-5052 - 37 °C ~ 14-16 h 
13 LB-505 0.025 mM 16 °C ~ 14-16 h 
14 LB-505 0.025 mM 25 °C ~ 14-16 h 
15 LB-505 0.025 mM 30 °C ~ 14-16 h 
16 LB-505 0.025 mM 37 °C ~ 14-16 h 

Auto-induction used for conditions 9-16. 
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Concurrent with efforts to optimize the expression of recombinant VP3 in E. coli, the 

capsid formation potential of VP3 was also assessed. Prior evidence has suggested that 

AAV2 capsids were not able to self-assemble during expression of VP3 alone in E. coli60,155. 

An immunological detection assay (dot blot) was used to indicate the presence of potential 

VP3-only capsids with two different clones of anti-AAV2 monoclonal antibodies156. The 

monoclonal A20 antibody preparation has been demonstrated to detect the intact capsid of 

AAV2 as the epitope recognized by A20 is only present within intact capsids. On the other 

hand, the monoclonal B1 antibody preparation detects VP3 as part of denatured capsids or 

unassembled VP3 since it interacts with an epitope that is inaccessible in the native capsids. 

As shown in Figure 3.2c, after expression of recombinant VP3 using Condition no. 15 in 

Table 3.1, clarified cell lysates incubated with A20 antibodies were unable to detect the 

presence of capsids (Figure 3.2c, Column 1), but incubation with B1 antibodies produced 

a strong signal indicating the presence of soluble VP3 (Figure 3.2c, Column 1). Similarly, 

for clarified lysates after expression using all conditions listed in Table 3.1, capsid 

assembly in E. coli by VP3 was not detected. These findings suggested that intact capsids 

were unable to form when recombinant VP3 was expressed alone in E. coli. Furthermore, 

it was likely that the soluble VP3 detected after expression was present in monomeric or 

oligomeric states.  
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Figure 3.1 Expression vector plasmids: target protein expression of VP3 or co-

expression of VP3 and AAP. (A) Schematic of expression vectors. Promoters and target 

recombinant proteins indicated (B) Schematic of the construction of pET15b-ΔHis-VP3-

AAP (see Materials and Methods for details). 
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It has been proposed that AAV2 is an AAP-dependent virus, where capsid assembly is 

dependent upon the assistance of AAP155. In human cells, VP3-only capsid of AAV2 was 

formed when VP3 was co-expressed with AAP60. Le et al. (2022) have also demonstrated 

that AAP can promote AAV5 capsid assembly in E. coli101. Therefore, we investigated the 

potential dependency of VP3 upon AAP for capsid assembly when expressed as a 

recombinant protein in E. coli. To test this hypothesis, VP3 and AAP were co-expressed in 

E. coli by inserting the coding sequences of VP3 and AAP in the same plasmid vector and 

under the control of different T7 promoters to create the dual expression vector pET-15b-

ΔHis-VP3-AAP (Figure 3.1b). Co-expression of VP3 and AAP was first tested at 30 °C 

with LB-505 culture media. The successful co-expression of VP3 and AAP was detected 

by SDS-PAGE analysis and immunoblotting analysis (Western blotting) using anti-AAV2, 

clone B1 (Figure 3.2a, Lanes 3 & 5 and Figure 3.2b, Lanes 2 & 4). However, both soluble 

(Figure 3.2b, Lane 2) and insoluble (Figure 3.2b, Lane 4) protein levels of VP3 were lower 

after co-expression compared to soluble (Figure 3.2b, Lane 1) and insoluble (Figure 3.2b, 

Lane 3) levels of VP3 after expression of VP3 alone. Next, dot blot assays were performed 

to examine the potential formation of capsids by VP3 after co-expression with AAP. The 

presence of VP3-only capsids was detected when co-expressing VP3 and AAP at 30 °C, 

since A20 antibodies were able to detect epitopes of intact capsids after co-expression 

(Figure 3.2c, Column 2).  Furthermore, analogous assays performed with co-expression 

at 16 °C, 25 °C and 37°C did not demonstrate the production of VLP (data not shown).  
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Figure 3.2 Expression of VP3 and co-expression of VP3 and AAP in E. coli using auto-

induction method with LB-505 at 30 °C for approximately 14-16 h. (A) SDS-PAGE gel 

stained with Coomassie blue R-250. Lane 1: protein molecular weight marker with 

apparent molecular weight in kDa. Lane 2 & 3: soluble (Lane 2) and insoluble (Lane 3) 

proteins of cell lysates after expression of VP3 alone. Lane 4 & 5: soluble (Lane 4) and 

insoluble (Lane 5) proteins of cell lysates after co-expression of VP3 and AAP. (B) Western 

blot detection using B1 antibody. Lane 1–4: samples corresponding to Lane 2–5 of (A). (C) 

Dot blot assay using B1 and A20 antibodies. Column 1: supernatant of cell lysates after 

expression of VP3 alone. Column 2: supernatant of cell lysates after co-expression of VP3 

and AAP. Abbreviations in all panels indicate: "M" = protein apparent molecular weight 

marker. "S" =supernatant of protein samples after extraction. "P" = pellets of protein 

samples after extraction. "VP3" = protein expression of VP3 alone. "CO" = VP3 and AAP 

protein co-expression. 
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3.2. Characterization of VP3 by Transmission Electron Microscopy 

To further investigate the expressed VP3 after co-expression with AAP we conducted 

transmission electron microscopy (TEM). The clarified lysates after co-expression of VP3 

and AAP at 30 °C with LB-505 were enriched by iodixanol gradient ultracentrifugation 

(see 2.3.7 for details) and PEG precipitation (see 2.3.8 for details) and negative stained for 

TEM detection (see 2.3.13 for details). Using TEM, capsid-like structures were observed 

as indicated in Figure 3.3. These observed structures were in support of the formation of 

VP3-only VLPs in E. coli upon co-expression of VP3 with AAP. It should be noted that 

under the conditions tested, only a very low titer was achieved. 
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Figure 3.3 Characterization of VP3 by transmission electron microscopy with 

negative staining. Enriched protein samples from clarified lysates of co-expression of VP3 

and AAP with auto-induction in LB-505 media at 30 °C were used for observation. Arrows 

indicate the capsid-like structures detected. The scale bar represents 100 nm. 
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3.3.  Co-expression of different chaperones with VP3 promotes soluble expression 

and assembly of VP3 in E. coli 

Next, we wanted to explore potential ways to increase VP3-only VLP production in E. coli. 

Although the dot blot analysis indicated that almost all soluble recombinant VP3 after co-

expression with AAP self-assembled and only interacted with antibody A20 (Figure 3.2c, 

Column 2), the overall protein level of soluble VP3 after co-expression of VP3 and AAP 

(Figure 3.2b, Lane 2) decreased compared to that level after expression of VP3 alone 

(Figure 3.2b, Lane 1). In other words, the presence of AAP seemed to increase the solubility 

of VP3 and promote the assembly of VP3-only VLP at the expense of the total expression 

levels of VP3. Therefore, we sought to investigate conditions with both increased solubility 

and increased yield. Replacement of AAP with other proteins with similar potential 

functions as AAP were investigated. It was suggested that AAP may serve as a chaperone 

during AAV capsid assembly84. Thus, we speculated that other chaperones, when co-

expressed with VP3, might promote capsid assembly and increase the overall protein level 

of VP3. To test this hypothesis, co-expression of VP3 with different chaperones from E. 

coli (trigger factor, Hsp70 and chaperonin) was conducted. The co-expression was 

achieved by transforming E. coli with two plasmids (Figure 3.4b, see 2.3.2.3 for details), 

one expressing VP3 and the other expressing chaperones (Figure 3.4a). Three plasmids 

were used for the expression of chaperones: pTf16 vector for the expression of trigger 
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factor, pKJE7 for the expression of Hsp70 system and pGro7 for the expression of 

chaperonin system.   
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Figure 3.4 Expression vector plasmids: co-expression of VP3 with different 

chaperones. (A) Schematic of expression vectors of chaperones. Promoters and target 

recombinant proteins indicated. (B) Schematic of strategies of co-expression of chaperones 

and VP3.  
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Co-expression of VP3 and chaperones was first performed at 30 °C using LB-505 culture 

media. All chaperones investigated increased the soluble expression of VP3 (Figure 3.5b, 

Lanes 2-4) compared to expression of VP3 alone (Figure 3.5b, Lane 1). The chaperones 

also decreased the presence of insoluble VP3 (Figure 3.5b, Lanes 6-8) compared to VP3 

expression alone (Figure 3.5b, Lane 5). However, dot blot analysis demonstrated that 

increased proportion of soluble VP3 did not form capsids, as the majority of protein was 

detected using the B1 monoclonal antibodies (Figure 3.5c, Columns 2-4). Clarified lysates 

from co-expression of VP3 and trigger factor (Figure 3.5c, Column 2) or co-expression of 

VP3 and chaperonin (Figure 3.5c, Column 4) showed very weak signal using the A20 

monoclonal antibodies. This implied that trigger factor and chaperonin had very little 

impact on promoting capsid assembly of VP3 (Figure 3.5c, Columns 2 & 4). Co-expression 

of chaperones and VP3 at different temperatures (16 °C, 25 °C or 37 °C) with LB-505 

culture media was also tested, but co-expression under those conditions did not 

demonstrate any improvement in capsid-like particle production (data not shown). Thus, 

co-expression of VP3 and chaperones from E. coli (trigger factor, Hsp70 and chaperonin) 

promoted VP3 soluble expression, but only trigger factor and Hsp70 had a small effect on 

capsid assembly of VP3.  
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Figure 3.5 Co-expression of VP3 with different chaperones in E. coli at 30 °C. (A) 

SDS-PAGE gel stained with Coomassie blue R-250. Lane 1: protein molecular weight 

marker with apparent molecular weight in kDa. Lanes 2-9: soluble (Lane 2-5) and insoluble 

(Lanes 6-9) proteins of cell lysates after expression or co-expression as indicated. (B) 

Western blot detection using B1 antibody. Lane 1–8: samples corresponding to Lanes 1–8 

of (A). (C) Dot blot assay using B1 and A20 antibodies. Columns 1-4: samples 

corresponding to Lanes 2–5 of (A). Abbreviations in all panels indicate: "-" = VP3 

expression alone. "+" = VP3 co-expressed with chaperones encoded by indicated plasmids. 

"M" = protein apparent molecular weight marker. "S" = supernatant of protein samples 

after extraction. "P" = pellets of protein samples after extraction.  
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3.4.  Chaperonin increased assembled VP3 production in E. coli when co-

expressed with VP3 and AAP 

To further improve VP3-only VLP production in E. coli, the expression of VP3 along with 

AAP and E. coli chaperones simultaneously was studied. This co-expression was 

accomplished by co-transformation of the pET15b-ΔHis-VP3-AAP and one of the 

chaperone-expressing vectors (Figure 3.6a, see 2.3.2.3 for details). Co-expression cultures 

of the dual expression pET15b-ΔHis-VP3-AAP vector along with one of the chaperone-

expressing vectors were each performed at different temperatures, 16 °C, 25 °C, 30 °C or 

37 °C, in LB-505 culture media.  Only the cleared cell lysate (soluble fraction) was 

investigated using both the B1 and A20 monoclonal antibodies to assess for the potential 

formation of VP3-only VLPs. For co-expression at 16 °C or 25 °C, no capsid formation 

was detected using the dot blot assay with A20 antibody for all three E. coli chaperones 

(data not shown). At 30°C, trigger factor and chaperonin only slightly enhanced assembled 

VP3 production when co-expressed with VP3 and AAP (Figure 3.6b, Columns 2 & 4) 

compared to co-expression of VP3 and AAP without any chaperones (Figure 3.6b, Column 

1). Unexpectedly, chaperonin could increase assembled VP3 production at 37 °C when co-

expressed with VP3 and AAP (Figure 3.6b, Column 4), while there were no assembled VP3 

detected when co-expressing VP3 and AAP without chaperones (Figure 3.6b, Column 1). 

Taken together, the results suggest that chaperonin promoted VP3-only VLP production in 
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E. coli when co-expressed with AAP and VP3 at 30 °C and 37 °C, with potentially greater 

production at 37 °C. 
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Figure 3.6 Triple co-expression of VP3 and AAP with different chaperones. (A) 

Schematic of strategies of triple co-expression of VP3, AAP and chaperones. (B) Dot blot 

assay of expressed protein samples. The temperature indicated the temperature applied to 

perform protein expression. Abbreviations in all panels indicate: "-" = VP3 and AAP co-

expression. "+" = VP3 and AAP co-expressed with chaperones encoded by indicated 

plasmids.  
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3.5. Purification of VP3-only Virus-Like Particles 

With the apparent increased efficiency in production of VLPs under triple co-expression of 

VP3, AAP and chaperonin in E. coli, purification of the VLPs was attempted using E. coli 

after triple co-expression at 37 °C with LB-505 culture media. For the preparation of cell 

lysate for purification, the cell lysis methods that have been used for AAV2 purification 

were adopted with adaptations (see 2.3.3.2 for details)157. It was reported that AAV2 virus 

could associate with contaminants like nucleic acids and endotoxins that would impact 

purification158,159. Therefore, Bezonase nuclease digestion157 and Triton X-114 phase 

separation153 were applied to remove nucleic acids and endotoxins separately as pre-

treatment before attempted purification.  

 

Several purification techniques commonly used in AAV2 virus purification have been tried 

for VP3-only VLP purification160. First, affinity-column purification was attempted using 

a 1 mL HiTrap Heparin HP column with 3 mL clarified lysates after pre-treatment (see 

2.3.12 for detailed procedure). Dot blot assays using A20 monoclonal antibodies was used 

to assay for the presence of VLPs in collected fractions during purification, and the results 

indicated that fractions 51-56 contained VP3-only VLPs (Figure 3.7c). However, after 

SDS-PAGE and silver nitrate staining, the results indicated those fractions still contained 

many non-target proteins in addition to VP3 (Figure 3.7b, Lanes 8-11). Since the overall 

concentrations of proteins from fractions 51-56 were low after purification (Figure 3.7b, 
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Lanes 8-11), further purification steps were unlikely to produce usable quantities of protein, 

and an alternative to Heparin resin was selected. Anion exchange chromatography has also 

been widely used for AAV2 purification160. Thus, we applied a 1 mL HiTrap Q XL column 

(pre-packed with strong anion exchanger Q) for VP3-only VLP purification from 3 mL pf 

processed lysates. However, the result demonstrated that most VP3-only VLP did not bind 

to the Q column and remained in the fractions of flow-through (fraction no. 8) (Figure 3.8b, 

Lane 3 and Figure 3.8c). Varying of the pH (7.5, 8 or 9) and the concentration of NaCl (0 

mM, 30 mM NaCl or 50 mM NaCl) for equilibrium buffers for purification using Q column 

did not improve results (data not shown). 

 

This phenomenon that VLP-like particles did not bind to Q column even at high pH and 

low ionic strength suggested that there might be aggregation or non-specific interactions 

between VP3 and other proteins, which interfered with the interaction between VLP and 

the Q column. In addition, it was observed chaperonin or GroEL was likely the major 

contaminating proteins during previous purification experiments (Figure 3.7b, Lane 3 and 

Figure 3.8b, Lane 3). To minimize the influence of chaperonin upon purification of VP3-

only VLPs, a purification strategy was developed that combined PEI precipitation followed 

by size-exclusion chromatography (SEC). PEI is a basic cationic polymer and is positively 

charged in solutions of neutral and basic pH154. It can be seen as an alternative to anion 

exchange chromatography with lower resolution but higher flexibility. The PEI 

precipitation was used to enrich VP3-only VLPs in the processed lysates (see 2.3.10 for 
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details). After PEI precipitation, ammonium sulfate precipitation was performed to 

concentrate protein samples and remove residual PEI in the samples. SEC was then 

conducted followed by ammonium sulfate precipitation. For SEC, a self-packed Sephacryl 

S-300 HR column with diameter of 16 mm and bed volume of 150 mL was used. 2.5 M 

urea was included in all buffers used for SEC purification based on the finding that 

chaperonin is dissociated into monomers at 2.5 – 3 M urea161,162, while the capsid of 

parvovirus, like AAV2, can remain stable in this condition75. Therefore, VP3-only VLPs 

and monomers of chaperonin could potentially be separated in the buffers containing urea 

due to their differences in size. The results indicated that VP3-only VLPs, detected by dot 

blot with A20 antibody (Figure 3.9c), were eluted in the void volume of the column 

(fraction no. 21-24, Figure 3.9a). In an attempt to obtain better purity, fractions no. 21-24 

after SEC were applied to the Heparin column for purification. However, it appeared that 

the recovery of proteins after this step was extremely low as indicated by the very weak 

bands after silver nitrate staining of the SDS-PAGE gel (Figure 3.10b, Lanes 4-7). 

Therefore, no further purification steps were pursued at this time. Taken together, PEI 

combined with size-exclusion chromatography could be used to achieve a degree of 

purification of VP3-only VLPs, albeit at very low titer.  
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Figure 3.7 Chromatography of VP3-only VLPs with Heparin column. (A) Chromatogram of fractions collected. The blue line 

indicates the UV absorbance at 260 nm, and the red line indicates the ionic strength (approximately 0.15 - 1 M NaCl). Green marker 

points indicate points of fraction collection. (B) SDS-PAGE gel stained with silver nitrate. Lane 1: protein molecular weight marker 

with apparent molecular weight in kDa. Lane 2: protein sample after ammonium sulfate precipitation. Lanes 3-11: protein samples from 

indicated fraction numbers (C) Dot blot using A20 antibody. Abbreviations in all panels are: "M" = protein apparent molecular weight 

marker. "AS" = protein sample after ammonium sulfate precipitation.  
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Figure 3.8 Chromatography of VP3-only VLPs with Q XL column.  (A) Chromatogram of fractions collected. The blue line 

indicates the UV absorbance at 260 nm, and the red line indicates the ionic strength (approximately 0 - 1 M NaCl). Green marker points 

indicate points of fraction collection. (B) SDS-PAGE gel stained with silver nitrate. Lane 1: protein molecular weight marker with 

apparent molecular weight in kDa. Lane 2: protein sample after ammonium sulfate precipitation. Lanes 3-11: protein samples from 

indicated fraction numbers (C) Dot blot using A20 antibody. Abbreviations in all panels are: "M" = protein apparent molecular weight 

marker. "AS" = protein sample after ammonium sulfate precipitation.  

 



 83 

 

Figure 3.9 Chromatography of VP3-only VLPs with Sephacryl S-300 HR column. (A) Chromatogram of fractions collected. The 

blue line indicates the UV absorbance at 260 nm, and the red line indicates the ionic strength (approximately 0.45 M NaCl). Green 

marker points indicate points of fraction collection. (B) SDS-PAGE gel stained with silver nitrate. Lane 1: protein molecular weight 

marker with apparent molecular weight in kDa. Lane 2: protein sample after ammonium sulfate precipitation. Lanes 3-11: protein 

samples from indicated fraction numbers (C) Dot blot using A20 antibody. Abbreviations in all panels are: "M" = protein apparent 

molecular weight marker. "PEI" = protein sample after PEI precipitation and ammonium sulfate precipitation.  
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Figure 3.10 Chromatography of VP3-only VLPs with Heparin column (polishing). (A) Chromatogram of fractions collected. The 

blue line indicates the UV absorbance at 260 nm, and the red line indicates the ionic strength (approximately 0.15 - 1 M NaCl). Green 

marker points indicate points of fraction collection. (B) SDS-PAGE gel stained with silver nitrate. Lane 1: protein molecular weight 

marker with apparent molecular weight in kDa. Lane 2: protein sample after ammonium sulfate precipitation. Lanes 3-11: protein 

samples from indicated fraction numbers. Abbreviations in all panels are: "M" = protein apparent molecular weight marker. "SEC" = 

protein sample after SEC purification. 
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CHAPTER 4 DISCUSSION 

4.1. Summary 

AAV is a widely used vector in gene therapy163. However, few studies have focused on 

developing capsids or VLPs of AAV for other applications. One of the reasons is the high 

cost of production of VLPs of AAV in eukaryotic cells98. In this project, we explored the 

possibilities for production of VP3-only VLPs of AAV2 in E. coli, a prokaryotic protein 

expression system which is inherently associated with lower potential costs for production. 

 

We first studied the expression of VP3 of AAV in E. coli under different expression 

conditions. Based on the extent of studies presented here, recombinant VP3 was not found 

to self-assemble into VP3-only VLPs in E. coli, although an increased amount of soluble 

VP3 expression was achieved. (Figure 3.2). Further studies demonstrated that AAP 

promoted VP3 assembly into VLPs in E. coli when VP3 and AAP were co-expressed in E. 

coli (Figure 3.2 and Figure 3.3). However, AAP, when co-expressed with VP3, seemed to 

compromise the expression levels of VP3 (Figure 3.2). In addition, although E. coli 

chaperones, namely trigger factor, Hsp70 and chaperonin, could improve soluble 

expression of VP3 when co-expressed with VP3, they could not replace AAP for promoting 

capsid assembly of VP3 (Figure 3.5). Trigger factor or chaperonin had a small effect on 

promoting VP3 capsid assembly, while for Hsp70, no effect on promoting VP3 capsid 
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assembly was detected (Figure 3.5). Interestingly, when triple co-expression of AAP, VP3 

and Hsp70 was performed, Hsp70 inhibited the capsid formation compared to co-

expression of AAP and VP3 at 30 °C (Figure 3.6).  Triple co-expression of VP3, AAP and 

chaperonin at 30 °C or 37 °C could promote VP3-only VLP production compared to only 

co-expression of VP3 and AAP at the same temperatures (Figure 3.6). VP3-only VLP 

purification was also attempted using lysates from triple co-expression of VP3, AAP and 

Chaperonin at 37 °C. However, the purification achieved was marginal at best due to the 

low concentration of VP3-only VLPs in the lysates (Figures 3.7 to 3.10).    

4.2.  Impact of expression conditions on expression of recombinant VP3 in E. coli 

In our project, many expression conditions for expression of VP3 alone were tested. Factors 

like temperatures (16 °C, 25 °C, 30 °C or 37 °C), expression methods (tradition IPTG-

based or Auto-induction), and media (LB, ZYP-5052 and LB-505) were optimized in our 

experiments. However, many other factors may also play roles in expression of VP3 

alone164. For example, the promoter and the inducer used for protein expression may 

influence the expression of VP3. In our study, the strong promoter T7 was used for protein 

expression. A weaker promoter like the lac promoter might provide better results for 

protein expression since most expressed VP3 using T7 was found in inclusion bodies after 

expression (Figure 3.2), which implied that the expression of VP3 may be too robust 

leading to aggregation. Expression of VP3 with a weaker promoter might lower the 

expression rate, preventing the formation of inclusion bodies.  
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Moreover, other culture additives that affect the metabolic and growth rates of E. coli, like 

glycerol or sucrose, could be added into the culture media during protein expression. Future 

studies should include continued investigation of variable culture conditions for expression 

of VP3 alone, or in conjunction (co-expression) with other protein factors. Also, only the 

auto-induction method with LB-505 culture media was used in the experiments for co-

expression of VP3 and other proteins. As is mentioned in the results (see 3.1), this was due 

to our findings that the variations caused by culture media were not significant. However, 

we cannot rule out the possibility that the variations may become remarkable when other 

factors, like culture additives, are included for optimization tests of protein expression in 

the future. Taken together, more comprehensive and more sophisticated strategies may be 

needed in the future for optimization of expression of recombinant VP3 in E. coli.  

4.3.  Impact of AAP on capsid assembly and protein expression of VP3 in E. coli 

Previous research has demonstrated that the capsid assembly process of AAV2 required the 

participation of AAP in human cells as well as insect cells60,84. Our study also showed that 

the assembly of VP3-only VLPs of AAV2 in E. coli required AAP. 

 

In this study, the co-expression of AAP and VP3 was achieved using one plasmid. The 

expressions of these two proteins are controlled by their own promoters though the 

promoter sequences and ribosome binding sequences (RBS) controlling the expression of 
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these two proteins were the same. Co-expression using this method has several advantages. 

First, there was an ease of construction, since all cloning procedures of the co-expression 

plasmid were based on the plasmids that were easily accessible due to prior construction 

in-house. Second, no additional inducers were required for co-expression. Third, triple or 

even quadruple co-expression of AAP, VP3 and other proteins can be conducted by co-

transformation of this co-expression plasmid with other plasmids. However, the major 

limitation of this co-expression method was that the relative levels of VP3 and AAP after 

co-expression are not adjustable independently of each other since the expression of these 

two proteins are controlled by the same inducers and promoters with the same sequences. 

As our results showed that AAP compromised the level of VP3 expression during co-

expression of AAP and VP3, it may be important to control relative expression levels of 

AAP and VP3 independently. Future studies may include the development of new 

expression vectors allowing for independent control of AAP and VP3 expression levels. 

 

Another interesting finding was that VP3-only VLPs could only be detected during co-

expression of AAP and VP3 at 30 °C or co-expression of AAP, VP3 and chaperonin at 

30 °C or 37 °C. This may suggest that in situ capsid assembly of AAV2 in E. coli may only 

occur during culture in a specific temperature range. In addition, AAP could potentially be 

mediating other mechanisms, such as protein degradation, during capsid assembly. AAP 

compromised the expression of VP3 when co-expressing VP3 and AAP in E. coli and the 
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dot blot assays using B1 antibody indicated there were nearly no monomers or aggregates 

of VP3 in the clarified cell lysates from co-expression of VP3 and AAP.  

4.4.  Impact of E. coli chaperones on capsid assembly and protein expression of VP3 

in E. coli 

In our project, it was confirmed that E. coli chaperones (trigger factor, Hsp70 and 

chaperonin) promoted soluble expression of VP3 when co-expressed (Figure 3.5). As these 

three chaperone systems work in different ways to help protein folding134, it can be deduced 

from the results that the VP3 aggregation is possibly due to inefficient folding of the newly 

synthesized proteins in E. coli under the expression conditions tested here. Another 

potential cause of VP3 aggregation could be that VP3 monomers were not stable and could 

associate with other substances, such as other bacterial cell proteins and/or DNA. 

Chaperones used here are presumed to act under their normal function and bound to VP3, 

thus preventing interaction with other substances. However, those chaperones 

demonstrated little effect on promoting VP3 self-assembly. This could indicate that other 

potential mechanisms involving the participation of AAP to guide the process of capsid 

assembly were necessary. Interestingly, as Hsp70 demonstrated a negative effect on the 

assembly of VP3 in the presence of AAP, it could also be that the point of interaction of 

VP3 with Hsp70 is critical for capsid assembly of VP3.  
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It is reported that VP3 was able to assemble in vitro and form VP3-only VLP under specific 

conditions without the help of AAP102. Our results also demonstrated that trigger factor and 

chaperonin had little effect on promoting VP3-only VLP formation in E. coli. Based on the 

general theory of capsid assembly of viruses165, it is likely that the assembly process of 

AAV2 is still a thermodynamic process, and AAP somehow improves the tendency of VP3 

to assemble rather than aggregate. When there is no AAP, the assembly of VP3 is still a 

potential outcome, however, the thermodynamically preferred process is aggregation.  

4.5.  Practical consideration for purification of VP3-only VLP 

Robust purification of VP3-only VLPs was not achieved. This was a significant challenge 

in this study due to the low level of VP3-only VLP production. It was estimated that more 

than 10 L of bacterial cultures might be needed based on the current yield.  Nevertheless, 

the purification workflow developed in this study did result in the partial purification of 

immunologically detectable VLPs. Thus, the purification procedure may act as proof-of-

concept for further optimization and refinement if additional future studies are able to 

address the level of production.   

 

A second consideration for the development of purification strategies was the potential 

interference of chaperonin. The GroEL monomer has a molecular weight of ~60 kDa, 

which is close to the molecular weight of the VP3 monomer which created challenges for 

the separation and distinction of these co-expressed recombinant proteins. Future 
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purification strategies also need to address the apparent tight association of chaperonin with 

VP3. 

4.6. Future directions 

Our results have demonstrated that AAV2-based VP3-only VLPs can be produced in E. coli

. However, the yield of VLP produced was extremely low. What will be needed is further 

exploration of expression conditions to 1) increase the soluble proportion of protein and/or 

2) increase the de novo assembly of VLPs in situ during VP3 expression. In addition, other 

prokaryotic protein expression systems, like Bacillus subtilis, can be explored for VP3 

expression.  

 

Our next goal is to express VP1, VP2, and VP3 at the same time to produce native-like 

AAV2 VLPs. The results obtained here with VP3-only VLPs of AAV2, and potential results 

of studies including VP1 and VP2 could also be used as a point to initiate similar studies 

of other AAV serotypes as well.  Of particular interest would be to explore 1) those 

serotypes that have not demonstrated an AAP dependency, like AAV5166, and 2) other 

parvoviruses with similar structures as AAV2 in addition to AAV, like parvovirus B19167.   

 

In addition to the low yield of expressed VLPs in this study, another complicating factor 

impacting the purification attempts was likely the association between VP3 and chaperonin. 

Although it may not be possible to directly reduce the interaction between VP3 and 
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chaperonin, some methods could potentially be used in the future to circumvent it. For 

example, co-expression VP3 with truncated GroEL (the core chaperone of chaperonin) 

instead of full-length GroEL or the addition of an affinity tag to GroEL could be included 

to facilitate removal by affinity chromatography during the whole process of VLP 

purification. Moreover, some other chaperones may replace the function of chaperonin and 

could potentially have lower interference with the purification of VLP. Therefore, co-

expression with those chaperones can be tested in the future, like small heat shock proteins 

(sHsps)168. 

 

In conclusion, our results demonstrated the production of recombinant VP3-only VLPs of 

AAV2 in situ in E. coli was possible. This required the co-expression of AAP with VP3. In 

addition, chaperonin was found to further increase the production of VP3-only VLPs when 

triple co-expression was performed using VP3, AAP and chaperonin.  Although the yield 

of VP3-only VLPs produced in E. coli in this project was low compared to VP3-only VLP 

as reported in other expression systems98, we believe this study has demonstrated that there 

is potential for further investigation and optimization of the process. 
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