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Abstract 

The human parvovirus B19 (B19V) is a small nonenveloped single-stranded DNA 

virus that infects the majority of the population. Illnesses from B19V infection 

include erythema infectiosum (Fifth disease), hydrops fetalis, arthropathy, 

cardiomyopathy, and aplastic crisis. B19V infections have also seen associated 

with the development of various autoimmune diseases that may endure weeks to 

years. The viral genomic DNA from B19V has been identified to persist in many 

cellular tissues with unknown function, since B19V is able to infect many cell 

types but B19V is only able to replicate in precursor erythroid cells. Although the 

causative agent behind the triggering of autoimmune disease post B19V 

infections is unknown, several hypotheses have stated that the main replicative 

protein, nonstructural 1 (NS1), from B19V is involved. NS1 is crucial for viral 

replication as it contains predicted nuclease, helicase, and gene transactivation 

capabilities. These putative activities are thought to initiate autoimmune diseases 

through several mechanisms. As B19V can infect many cell types not necessarily 

important for viral replication, the presence of the viral genome will express the 

NS1 protein which is then able to transactivate host inflammatory genes and 

possibly lead to the development of autoimmune diseases. Similarly, infection of 

cell types not required for replication will lead to cellular apoptosis from DNA 

damage induced by NS1’s functions to bind and cleave DNA. Cellular apoptosis 

causes the release of apoptotic bodies that contain NS1 covalently attached to the 

host genomic DNA, which are recognized by the immune system and may lead to 

the production of antibodies against cellular genomic DNA.  
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As NS1 is required for viral replication and speculated to be involved in triggering 

autoimmune diseases, biochemical characterization of the endonuclease domain 

of NS1 (NS1-nuc) is of importance. NS1-nuc was determined to bind 

cooperatively to B19V’s origin of replication. The NS1 binding element (NSBE) 

region within the viral origin of replication is bound by 5-7 copies of NS1-nuc in a 

cooperative manner. Previous reports of NS1 transactivation of host genes were 

tested to determine if the NS1-nuc is also able to directly bind DNA. Binding to 

the tumor necrosis factor alpha (TNF-α) and interleukin 6 (IL-6) promoters 

yielded very weak binding to no specific binding, respectively. When the NS1-nuc 

binding to random sequences consisting of different percentages of GC content 

DNA was tested, it yielded similar affinities as IL-6, indicating that the NS1-nuc is 

not able to bind in a sequence specific manner. Binding to TNF- was ten times 

stronger than that observed for the random sequences with differing percentages 

of GC content.  On the other hand, the NS1-nuc was able to bind the p21 

promoter responsible for cell cycle progression in a cooperative manner with 3 

copies of the NS1-nuc binding to the promoter.  

The other part of NS1-nuc’s function is to cleave DNA. The ability to cleave DNA 

is required by NS1 to facilitate viral genomic replication and is also involved in 

causing host genomic DNA damage via cleavage. The cleavage at the viral origin 

of replication was mapped to the expected viral cleavage site termed, the terminal 

resolution site (TRS).  NS1-nuc cleavage analysis indicated that divalent cations 

(in order of efficiency: Mn2+, Co2+, Ni2+, and Mg2+) are required to facilitate the 

cleavage reaction. The specificity of the TRS was found to be focused directly one 
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to two nucleotides from the TRS and to sequences adjacent to the NSBE region. 

Interestingly, off-target DNA cleavage was also observed that could have 

important implications for cellular apoptosis from DNA damage. The NS1-nuc 

cleavage reaction was also found to produce a covalent adduct to the 5’ of the 

TRS. Due to nicking and covalent adduct formation by the NS1-nuc upon DNA 

cleavage, a fluorescence polarization assay was developed to analyze this ability. 

The assay may be used in high throughput manner to screen drug libraries to 

identify compounds that inhibit the DNA cleaving capacities of the NS1-nuc. 

Preliminary structural data on the NS1-nuc and full length NS1 protein are 

currently being performed.  1H-15N HSQC (Heteronuclear Single Quantum 

Coherence) NMR (Nuclear Magnetic Resonance) spectra of the NS1-nuc indicates 

it is good candidate for further structural studies at higher protein 

concentrations. The full-length NS1 protein was negatively stained and viewed 

through transmission electron microscopy, which indicated NS1 forms a ring like 

structure. Further analysis of NS1 by electron microscopy is required before any 

findings can be established. The initiated structural studies on the NS1-nuc and 

NS1 will undoubtedly provide a more complete picture of the mechanisms behind 

viral replication and the observed associations with autoimmune disease. 
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CHAPTER 1: INTRODUCTION 

1.1 The Family Parvoviridae 

1.1.1 Ancient Virus Family 

Although the Parvoviridae family is quite ancient, it is only until fairly recently 

that human parvoviruses have been discovered. Recent genetic sequencing 

analysis of endogenous viral elements in mammalian genomes, which have 

integrated into host chromosomes due to infection of germ lines and subsequent 

inheritance as host alleles, suggests the Parvoviridae family has been infecting 

mammalian hosts since at least 30 million years ago1,2. The first discovery of a 

member of the Parvoviridae family occurred in 1959 when Kilham rat virus was 

first isolated from experimental rat tumors3. Over the next several years, several 

other parvoviruses were discovered including those that infected arthropods and 

crustaceans, thereby expanding the parvovirus family4. Subsequently, the 

Parvoviridae family has been divided into two sub-families, Parvovirinae and 

Densovirinae.  

1.1.2 Categorization of Vertebrate Infecting Viruses  

Within the Parvovirinae sub-family, vertebrate infecting viruses can be simply 

categorized based on their ability to replicate within host cells. Viruses within this 

family require other helper viruses to successfully replicate in cells and are 

known as dependoparvoviruses, while viruses that don’t require any helper 

viruses to successfully replicate are known as autonomous parvoviruses. 

Dependoparvoviruses, such as Adeno-associated virus (AAV), are not associated 
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with any disease and have the ability to integrate their viral genomes into host 

genomes, thus they have been used to deliver therapeutic genes to mammals5. On 

the other hand, many of the identified autonomously replicating parvoviruses, 

such as Human parvovirus B19 (B19V), are associated as causative agents in 

many diseases and clinical manifestations range from nonsevere symptoms to 

lethal outcomes6.  

1.1.3 Genome Organization 

Despite their replicating differences and ability to be infectious agents, 

parvovirus genomes are structurally similar. They are small single-stranded 

genomes of about 4 to 6 kilobases long. Interestingly, their genomes contain 

imperfect inverted terminal repeats (ITRs) that range from 120-240 bases which 

are crucial for successful viral replication. Depending on the virus, the ITRs may 

be identical, similar, or completely different in sequence for these telomeric 

palindromes. ITRs serve a vital role for replication in a unique rolling hairpin 

replication strategy that is employed by parvoviruses. These regions contain the 

viral origin of replication and are able to fold in on themselves to prime DNA 

replication in a similar manner to prokaryotic rolling circle replication of linear 

genomes. Therefore, the most common characteristic of parvoviruses is a small 

single-stranded DNA genome with flanking palindromic telomeres that are self-

priming for DNA synthesis.  

1.1.4 Protein Products 

Within the genome, there are few proteins encoded. Generally, there are two 

major proteins that are encoded within the small genome. By convention, the left 
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half of the genome encodes the main replicative protein of the parvoviruses that 

are termed non-structural or rep (replication) genes that may produce different 

gene products based on alternative splicing or transcriptional promoters.  The 

right half of the genome encodes the structural capsid protein components of the 

viruses which are named VP or cap genes. The capsid is assembled of 60 copies of 

the VP proteins and each viral particle contains a single-stranded genome: either 

the negative or positive sense strands depending on the parvovirus species. The 

DNA packaging efficiency is related to the origin of replication that are located 

within the ITRs7. Therefore, viruses with identical ITRs will have origin of 

replications that are equivalent and thus both the plus or minus strand will be 

encapsulated with equal efficiency. Viruses with different ITRs on their 3’ and 5’ 

end will package the single-stranded DNA preferentially (either plus or minus) 

depending on the efficiency of each terminus with parvoviruses generally 

favoring minus sense strands but not always exclusively. The main replicative 

proteins of parvoviruses, which are known as non-structural or rep genes, play an 

essential role in viral packaging and have been observed to be located outside of 

the viral particle while being attached to the 5’ end of the viral genome8. The 

covalent interaction between the non-structural or rep protein can be removed 

during the viral capsids internalization into host cells and is not required nor 

does it affect viral infectivity.  

1.1.5 Unique Characteristics 

Although there are many similarities within the Parvoviridae family, there are 

just as many important different viral characteristics used during infection within 
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the genera. Some of these differences include: expression of small proteins, 

telomeric structures, utilization of polyadenylation signals and alternative 

splicing patterns, collinear open reading frames and suboptimal start codons, and 

the potential to use various promoters to access two viral gene cassettes9-13. The 

vast differences between the parvoviruses demonstrate the diversity of species 

within the family.  

1.2 The Human Parvovirus B19 (B19V) 

1.2.1 Replication 

The termini for parvoviruses are essential for replication. Since these termini 

contain a few to several imperfect base pairs which have the ability to form 

cruciform or stem loops, they provide an energetically favorable condition for 

folding and unfolding the hairpins located at the termini. Due to the lack of 

established in vitro replication assays, the model of autonomous B19V replication 

is based on experimental data from the autonomous parvovirus Minute virus of 

mice (MVM) and Adeno-associated virus (AAV), which requires a coinfection 

helper virus for successful replication2. Typically, viral DNA replication of 

autonomous parvoviruses occurs during the S phase of the cell cycle14-17. Based on 

replication of other autonomous parvoviruses, viral B19V DNA replication is 

hypothesized to occur through a rolling hairpin model18,19. The B19V telomeric 

structure forms hairpins at each end of the single-stranded DNA genome by 

inverted terminal repeats (Figure 1.1). The telomeric structure facilitates viral 

DNA replication by self-priming the 3’ end of the genome for extension by a DNA 

polymerase.  The extended 3’ may be ligated to the 5’ end of the genome by a 
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presumed cellular ligase to form a circular DNA structure20-22. Once DNA 

replication occurs, the viral double-stranded DNA form is now able to be 

transcribed for viral protein expression. The expression of the nonstructural 

protein, NS1, is required for viral DNA replication. The multifunctional nature of 

NS1 facilitates viral DNA replication through the use of site specific endonuclease 

activity and helicase activity. In order to replicate the remaining viral DNA, NS1 

binds and nicks at the terminal resolution site (TRS). The nicking reaction occurs 

via a tyrosine residue in the protein active site and becomes covalently attached 

to the 5’ end hairpin. The covalently attached NS1 to DNA may be used to unwind 

the ITR through its possible NS1 helicase activity. The unwound DNA may now 

serve as a template for replication of the remaining genome. Interestingly, AAV is 

known to utilize the cellular minichromosome maintenance (MCM) complex as a 

replicative helicase, and studies have implicated the use of MCM in B19 

replication23,24. 
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Figure 1.1 Model of B19V viral genome replication. A. The B19V’s telomeres fold 

over to create a hairpin structure.  B. The hairpin facilitates replication by self-

priming the genome for DNA replication to occur in a 5’ to 3’ direction. C. In 

order to replicate the remaining genome, NS1 binds at the origin of replication 

and nicks the DNA and thereby becomes covalently attached to the DNA. It is 

possible the NS1 unwinds the genome through its putative helicase activity. D. 

From here, replication of the viral genome may be completed by a cellular DNA 

polymerase. The replicated genome may either be packaged into the capsid or be 

used for more cycles of replication.  
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1.2.2 Tropism 

Hematopoietic stem cells are constantly being produced in the bone marrow. 

These stem cells may be differentiated into committed erythroid progenitors 

known as burst forming unit-erythroid (BFU-E), which is followed by colony-

forming unit-erythroid (CFU-E) (Figure 1.2). Under specific conditions of the 

cytokine erythropoietin, the erythroid precursors will be driven to differentiate 

into proerythroblasts and basophilic erythroblasts25-27. During these intermediate 

stages of erythrocyte development, the erythroblasts undergo increased cellular 

proliferation and begin to express specific erythroid associated genes. The 

terminal stages of erythrocyte development are associated with expression of 

specific proteins, the condensation of the nucleus, and finally enucleation of the 

nucleus26,28.  

Erythroid progenitor cells are known to be the natural host cells for productive 

B19V infections, while not affecting myeloid colony formation29. Erythroid 

progenitor cells are located in various locations including the bone marrow, 

peripheral blood, and in the fetal liver30-32. Amongst the erythroid progenitor 

cells, the proerythroblast is the main target of B19V but other cells in the 

erythroid differentiation stages from BFU-E to erythroblasts are also susceptible 

to B19V infections30,33-35 (Figure 1.2). One of the unique morphological 

characteristics from B19V infections is the development of a giant 

proerythroblast. The giant proerythroblast contains inclusion like nucleoli, and 

the cytoplasm swells and begins to rupture, suggesting direct toxic cell injury in 

addition to apoptosis36,37. 
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Although erythroid progenitor cells are permissive for B19V, several other tissues 

have been identified to contain B19V DNA, thereby suggesting B19V is able to 

infect many other cell types. RNA and/or proteins from B19V have been reported 

in colon, heart, liver, lymphoid, synovial, testicular, and thyroid tissues38. The 

ability of B19V to infect non-erythroid cells has not be fully investigated and 

future studies may shed possible insight into disease pathogenesis of non-

erythroid origin.  

 

 

Figure 1.2. Hematopoiesis and B19V infectivity. A. Differentiation of the 

multipotential hematopoietic stem cell in the bone marrow produces various cell 

fates from two common myeloid or lymphoid progenitor cells. B. The common 

lymphoid progenitor cell differentiates into various lymphocytes such as B and T 

lymphocytes. C. The common myeloid progenitor differentiates into many more 
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cells ranging from granulocytes (eosinophil, basophil, and neutrophil) to 

thrombocytes. D. Erythropoiesis leads to production of erythrocytes from the 

initial burst forming unit-erythroid (BFU-E) and colony-forming unit-erythroid 

(CFU-E). The cytokine erythropoietin will lead the early stage precursor 

erythrocytes through the intermediate stages of erythrocyte development by 

going through several stages of erythroblast development until removal of the 

nucleus (enucleation). At this final development stage, the formation of the 

reticulocyte precedes the final erythrocyte production. E. B19V is able to infect all 

of the precursor erythrocytes (BFU-E to orthochromatic erythroblast) that are on 

the red background. E. B19V’s main target is the proerythroblast where infection 

leads to the formation of a giant proerythroblast prior to apoptosis and viral 

release. Dashed lines indicate certain cell stages were left out from the figure 

while solid lines indicate no cellular stages were excluded. Red background 

behind certain cells indicates B19V is able to infect and successfully replicate. 

Green arrows represent B19V’s preferred infection route leading to successful 

viral progeny.  
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1.2.3 Viral Entry and Export 

The majority of the members of the Parvovirus family are known to preferentially 

encapsulate negative sense DNA. Unlike most members of this family, the LuIII 

parvovirus is able to package equal numbers of the plus and minus strand of viral 

DNA which accumulate during viral DNA replication and requires the presence of 

empty capsids7,39. The same type of plus and minus strand packaging phenomena 

is observed for the B19V, but unlike B19V, LuIII has different telomeric 

structures at each end of its single-stranded genome.  

Current models indicate LuIII utilizes a 2 base insertion on the right end origin to 

slow negative strand encapsulation in order to compensate for the slower 

packaging of the plus strand, which is controlled by the efficiency of the nicking 

site7. Biochemical studies of Rep52, an NS1 gene homolog containing the helicase 

domain from AAV, demonstrates the protein translocates the AAV genome into 

the capsid in a 3’ to 5’ direction by coupling the strand encapsulation with ATP 

hydrolysis40.  

It still remains unclear the role the covalently attached NS1/Rep protein plays 

with DNA strand encapsulation. It is thought the covalently attached NS1 might 

mediate interactions with the capsid and a helicase complex to efficiently package 

the viral DNA strand through a fivefold pore on the capsid, which would agree 

with the ability of LuIII parvovirus to package plus and minus strands equally as 

well despite differences in telomeric structures41,42. Due to the small nature of the 

virion, the virion particles of Minute virus of mice are quite rigid from 
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interactions between the DNA bases and specific amino acids in the inner capsid 

wall as observed from virion structures in Protoparvovirus43-46.  

The rapid release of the virions and nuclear export has been studied for minute 

virus of mice and Human bocavirus 1 but it has not been studied as extensively in 

AAV or B19V47-49 (Figure 1.3). It is unlikely that B19V will have a similar virion 

export mechanism as the Minute virus of mice due to differences in structures 

and dynamics of the fivefold cylinders in their capsids. Once the virion has been 

exported or released from cellular lysis, B19V is able to bind to the P antigen50,51.  

In order for B19V to be internalized, α5β1 integrin is required for cellular entry 

through clathrin dependent endocytosis51,52. B19V reaches the lysosome within 

minutes of infection and escapes the lysosome compartment in unknown manner 

without harming the lysosome membrane, which may be prevented by increasing 

the endosomal pH53. In the final step, B19V either enters the nucleus intact and 

immediately uncoats, or it is also possible uncoating occurs prior to the import of 

the viral DNA into the nucleus with an unknown mechanism53.  
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Figure 1.3 Model of B19V viral entry and export based on data from other 

parvoviruses and B19V. A. The replicated B19V genome, which has the NS1 

protein covalently attached, is encapsulated into the VP1 and VP2 capsids. 

Encapsulation occurs through a capsid portal where NS1 may interact with a 

replication helicase to import the viral DNA in a 3’ to 5’ directionality. B. Once 

encapsulation is complete, the virion is released or exported out of the cell. C. In 

order for B19V to be endocytosed, B19V must interact with the P antigen and the 

α5β1 integrin. D. During cellular entry, the NS1 protein is lost or removed and 

B19V progresses from the endosome to the lysosomal compartment. E. The B19V 

enters the nucleus directly and consequently releases the viral DNA as the capsid 

uncoats. Alternatively, it is also plausible, B19V uncoats prior to entering the 

nucleus and the viral DNA enters the nucleus independently.  
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1.2.4 NS1 Homology 

The NS gene in the Parvovirus family codes for a multidomain replication 

initiator protein which are approximately 70-100 kDa. Typically in most 

autonomous replicating parvoviruses, the NS gene is termed NS1 (non-structural 

1) but in dependoparvoviruses, such as AAV, it is termed Rep, which may be 

encoded into different gene products54. As seen amongst several parvoviruses 

species, the NS gene is a multifunctional protein with an N-terminal DNA 

binding and strand specific endonuclease domain with a cation binding and 

tyrosine active site resembling other rolling circle nucleases55-57. The N-terminal 

domain is followed by a superfamily 3 (SF3) helicase domain with 3’ to 5’ 

processivity58. The NS genes also have the capability to act as trans-activating 

viral gene expression by binding upstream or onto the viral transcriptional 

promoter59-61. Due to the helicase domain of the NS gene, the protein is able to 

form into different oligomeric complexes in the presence or absence of DNA and 

ATP or ADP substrate62.  

1.2.5 NS1 Domain Organization and Activities 

The main replicative protein of human parvovirus B19, NS1, is translated from a 

2,309 nt transcript and has a molecular weight of approximately 74 kDa63,64. NS1 

is a large multidomain protein of 671 amino acids and is essential for replication 

of the viral genome64-67.  Sequence analysis of the NS1 protein identifies two other 

parvoviral proteins with high homology. The highest homology is observed with 

the Rep 78 protein from AAV, which is followed by the NS1 protein from the 

MVM68. Although smaller NS/Rep proteins from alternate splicing have been 
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found in AAV and MVM, there have not been any identified smaller transcripts of 

the NS1 protein from human parvovirus B192. NS1 is predominantly localized to 

the nucleus following translation due to its nuclear localization signal, KKPR, 

located between 177-180 amino acids69. NS1 is comprised of three domains: an N 

terminal origin DNA binding and endonuclease domain with nicking capabilities, 

a central ATPase-nucleoside triphosphate (NTP) binding motif, and a C terminal 

transactivation domain (TAD) responsible for protein-protein interactions70-73 

(Figure 1.4). Interestingly, the NTP binding motif at 328-335 amino acids is 

implicated in NS1 induced apoptosis72,74,75.  

 

Figure 1.4 Cartoon schematic of NS1’s Domains. NS1 has three domains with 

unique activities. The NS1 nuclease domain (amino acids: 9-176) has 16% 

sequence identity with the Rep protein nuclease domain from Adeno associated 

virus type 5. The Rep nuclease domain is able to bind and nick viral DNA at 

which point it forms a protein-DNA covalent adduct. The NS1 helicase domain 

(amino acids: 210-481) has 40% sequence identity (amino acids: 302-457) to 

Rep40 helicase domain from Adeno associated virus type 2. The Rep40 helicase 

domain forms different oligomeric species depending on the presence or absence 

of DNA. The C-terminal domain of NS1 has no sequence similarity to any protein, 

but NS1 proteins from other parvoviruses utilize the C-terminal domain for 

transactivation capabilities.  
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NS1 has been observed to have transcriptional transactivation capabilities via 

direct DNA binding but also through protein-protein interactions both in host 

gene promoters and viral gene promoters. NS1 is able to regulate viral gene 

expression through NS1 binding on human parvovirus B19’s sole promoter76. It 

has also been observed to interact with Sp1 and Sp3 transcription factors from 

the cellular host in order to possibly regulate viral gene expression through 

protein-protein interactions77.  Not only can NS1 regulate the viral p6 promoter, 

it is capable of transactivating several host genes, including tumor necrosis factor 

alpha (TNF-α) through AP-1 and AP-2 transcription factors, interleukin 6 (IL-6), 

and the p21 promoter78-80. NS1 is capable of transactivating different host genes 

depending on the cell type. In erythroid lineage semipermissive cells, NS1 is able 

to induce cellular apoptosis utilizing caspase-3 and caspase-974,75. Apoptosis has 

also been seen in nonpermissive HepG2 cell lines81.  

1.2.6 VP Capsid Proteins 

The B19V’s icosahedral capsid is composed of 60 proteins from VP1 and VP2 in a 

ratio of 1:20, repectively65,82. The minor capsid VP1 is 781 amino acids while the 

major capsid VP2 is 554 amino acids65 (Figure 1.5). VP1 and VP2 are essentially 

identical except for an additional 227 amino acids on the N terminus of VP, which 

is known as VP1u. At the C terminus of the VP capsid proteins, there is a 

nonconventional nuclear localization motif that allows the capsid proteins to be 

imported into the nucleus for virion assembly83.  The VP1u region plays a role in 

virion binding and internalization into host cells and has been demonstrated to 

have a phospholipase A2 motif with phospholipase activity, which has been 
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speculated to be crucial for escaping the endosome during intracellular 

trafficking from the virion internalization into nuclear import84-88. Since VP1 is 

not translated efficiently due to various AUG codons located in the transcript, 

VP2 is able to assemble into virus like particles on its own but its ability to form 

functional virions has yet to be tested89.  
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Figure 1.5 Structure of B19V genome and genetic map. The location of important 

sites are indicated in parenthesis. A. Cartoon schematic of the minus strand of 

the B19 genome with identical inverted terminal repeats (ITR) at each end. 

Mismatched bases are indicated as bubbles from imperfect complementarity. B. 

Cartoon schematic of the duplex replicative form of B19V genome. The location of 

several important sites are indicated. p6 is the single B19V promoter. Splice 

donors are D1 and D2, and Splice acceptors are A1-1, A1-2, A2-1, and A2-2. 

Proximal and distal polyadenylation sites are (pA)p1/2 and (pA)d. C.  Open 

reading frame 1 (ORF1) has the 7.5 kDa and VP1 and VP2 coding sequences. 

Open reading frame 2 (ORF2) has the 11 kDa. Open reading frame 3 (ORF3) has 

the major replicative protein from B19, NS1.  
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1.2.7 Additional B19V Proteins 

In addition to the larger NS1 and VP protein products, B19V is also capable of 

expressing a subset of smaller proteins named 11 kDa, 7.5 kDa, and X protein, 

which have been shown to not be necessary for viral DNA replication67 (Figure 

1.5). The 11 kDa protein has been observed to be expressed and localized to the 

cytoplasm in infected CD36(+) erythroid progenitor cells90. Expression of the 11 

kDa protein allows for an increase in apoptosis during B19V infection. Although 

the mechanism behind this observation has not been elucidated, it has been 

speculated to be involved in production and distribution of the capsid VP2 

protein67. In addition to its apoptotic function, the 11 kDa protein is able to bind 

to the growth factor receptor-binding protein 2 (Grb2) through a proline rich 

region. Proline rich regions are known to be ligand sequences for many signaling 

molecules within cells and it is therefore possible that the 11 kDa protein 

functions to alter and disrupt Grb2 mediated signaling90. Unlike the 11 kDa 

protein, little to nothing is known for the functions of 7.5 kDa and X protein. 

Although the 7.5 kDa protein has been detected, the X protein has not been 

observed to be translated in B19V infections and might only comprise an open 

reading frame67.  While little is known about the smaller protein products of 

B19V, it is clear these proteins are not necessary for viral DNA replication and 

most likely function to facilitate maximum viral production. 
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1.3 Regulation of RNA Processing in B19V 

1.3.1 Nascent mRNA Splicing 

Unlike other parvoviruses, the human parvovirus B19 genome contains only a 

single promoter, p6, and alternate 3’ termination signals that are located in the 

middle and right of the genome66,91 (Figure 1.5).  Currently, 12 mature transcripts 

from the human parvovirus B19 genome have been identified63,66,92. The middle 

termination signal contains two polyadenylation sites named (pA)p1 and (pA)p2. 

The (pA)p1 site is the most commonly used termination signal for the middle 

polyadenylation site with an observed 90% termination while (pA)p2 is only used 

10% of the time92. A common feature of the human parvovirus B19 nascent 

mRNAs are the two introns utilized with alternative splicing acceptor sites. The 

nascent mRNAs which are not spliced or only spliced at the A1-1 acceptor utilize 

the (pA)p site for polyadenylation and encode the NS1 and 7.5 kDa proteins, 

respectively93. For nascent mRNAs in which the first intron is spliced, the mRNA 

is polyadenlyated at the (pA)d site and encodes the structural capsid protein VP1. 

If the second smaller intron is also spliced, then the translated protein from this 

transcript will be the other structural capsid protein VP210. Utilizing the same 

(pA)d site for polyadenylation and excision by both the large introns results in 

the encoded 11 kDa protein94. Although a couple of other small nascent transcript 

have been observed, there function has yet to be elucidated.  

1.3.2 Transcriptional Controls in Different Cells 

Differential splicing of the nascent mRNAs has been observed for different cell 

lines that are permissive or nonpermissive for human parvovirus B19 replication. 
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In nonpermissive cell lines, the nascent mRNAs are all polyadenylated at the 

(pA)p site, which limits the production of the structural capsid proteins and the 

11 kDa protein95. The opposite is observed in permissive cell lines, where the 

(pA)p site is not utilized and the structural capsid proteins and the 11 kDa 

proteins mRNAs can be produced. During the early stage of infection in erythroid 

progenitor permissive cell lines, a block at the (pA)p site results in the production 

of more NS1 transcripts. At later stages of infection, the (pA)p site is not used as 

efficiently and the production of full length transcripts favors the transcription of 

the structural capsid mRNAs and the 11 kDa mRNA96. The regulation of the 

apparent switch from the block at the (pA)p site at early stages of infection to the 

ability to read through the (pA)p site and utilize the (pA)d site at later stages of 

infection is not known. It has been observed that the early blockade at the (pA)p 

site may be overcome by replication of the viral genome97. If full length 

transcripts cannot be produced in the host cells following human parvovirus B19 

infection, then the virus is not able to fully replicate and form mature virions.  

1.4 B19V Diseases and Autoimmune Reactions 

1.4.1 Ubiquitous Nature of B19V 

Human parvovirus B19 (B19V) is a widespread virus located throughout the 

world with a rate of 90% seropositivity within the population98. Although it is 

very prevalent, B19V was only discovered in 1974 from sample 19 in panel B 

(hence the name: B19) while performing tests for hepatitis virus surface 

antigen99. Due to the ubiquitous nature of the B19V, most infections are endemic 

with regional epidemics occurring in late winters and springs with the highest 
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rates of infections occurring every 3 to 4 years from outbreaks within individuals 

without previous B19V exposure100. B19V transmission may occur through 

respiratory route as B19V DNA has been found in nasopharyngeal secretions101. 

B19V infects and replicates in precursor erythrocytes and results in a myriad of 

clinical manifestations. Typically, B19V infections manifest during an early age 

and cause fifth disease, which produces a rash and fever that is typically resolved 

within a week102. During the stage of rash manifestation, individuals are no 

longer infectious.  

1.4.2 Infection Complications and Treatment 

More serious conditions may also result from infections due to the apoptosis of 

erythroid progenitor cells from B19V infection. Individuals with decreased red 

blood cell count due to hereditary diseases such as sickle cell anemia or 

individuals who are immunocompromised are at risk of developing transient 

aplastic crises, which is a cessation of red blood cell production103-105. As there is 

no treatment for B19V infections, transfusions may be performed in patients who 

have developed low red blood cell counts until the infection can be resolved by 

the patient’s own immune system106. Alternatively, immunoglobulin treatment 

may aid in clearing persistent B19V infections107. 

Due to B19V’s tropism for precursor erythrocytes, B19V is present in blood and 

may be transmitted via blood or blood products. Typically 1:20,000-1:40,000 of 

blood donors will have high B19V titers108. In cases where B19V titers might not 

detect the presence of B19V, PCR screenings of blood donors have indicated that 

1:3,000 contain detectable levels of B19V DNA. B19V transmission has been 

observed for steam and/or dry heated factor VIII or IX blood products and by 
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detergent treated factor VIII prepartions109. Due to the absence of a lipid 

envelope and small amount of DNA content, B19V is resistant to physical 

inactivation and can withstand 56°C for more than 60 minutes110.   

1.4.3 Inflammation and Autoimmune Diseases Associated with B19V 

In adults, infection may result in different clinical manifestations such as 

arthropathy, which is a rheumatoid arthritis like disease in knees, wrists, ankles, 

or joints. Interestingly, women are more susceptible in developing arthropathy 

after B19V infection111. The duration of the joint symptoms, which usually occur 

on hands and feet, may last from weeks to years112. The observed symptoms do no 

coincide with any B19V immunoglobulin response or persistent viremia. 

Although rheumatoid arthritis and arthropathy from B19V infections share 

common symptoms, differentiation between the two is of importance since 

rheumatoid arthritis is associated with joint destructions as B19V induced 

arthropathy is not113.    

B19V infections are also associated with several other different autoimmune 

diseases114. B19V infection has been reported to trigger a multisystem 

inflammatory disease associated with autoantibody production known as 

systemic lupus erythematosus81. Other inflammatory diseases associated with 

B19V infection have also been well documented, such as vasculitides 

(inflammation of blood vessels), acute glomerulonephritis (inflammation of 

kidney), conjunctivitis (inflammation of conjunctiva in eye), amongst many 

more115-118. More serious inflammatory diseases may also occur such as 

myocarditis (inflammation of heart muscle) within both adults and even fetuses 
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that may lead to progressive deterioration of the left ventricular function and lead 

to heart attacks119.  

1.4.4 Fetal Infections 

As previously mentioned in the case of myocarditis, one of the more severe 

conditions that may develop from B19V infection occurs during pregnancy where 

maternal viral infection may be transferred to the developing fetus. Although 

B19V infection is widespread, only 1-5% of pregnant women are affected by B19V 

with most pregnancy outcomes resulting in no complications. B19V infection may 

result in fetal anemia from shortened half-life of red blood cells and thus cause a 

cardiac failure and resultant hydrops fetalis, which is a condition where fluid 

accumulates in several fetal compartments120. The resultant severity of infection 

outcome is heavily reliant on the gestation period at which the infection occurs. 

Spontaneous loss of fetuses from B19V infection occurs at a rate of 14.8% if 

infection occurs within 20 weeks of gestation as compared to a rate of 2.3% if 

infection occurs after 20 weeks of gestation121. Although reports of congenital 

anomalies have been reported in cases of B19V infection, these reports have only 

been associations that require further investigation. 

1.5 Possible Models for B19V Associated Autoimmune Diseases 

1.5.1 Autoimmune Disease Mechanisms 

3-5% of the general population have autoimmune diseases, and genetic mapping 

suggest individual genes contribute to the development of distinct autoimmune 

diseases122,123. Bacterial and viral infections have been known to be associated 

with autoimmune diseases124,125. It is thought that these infections lead to loss of 
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self-tolerance with the development of autoantibodies126. One model proposes 

that dendritic cells and macrophages upregulate expression of pro-inflammatory 

cytokines after infection and are able to stimulate autoreactive T cells and B 

cells127. B cell activation and subsequent autoantibody production may also result 

from nonspecific B cell activation from processed viral antigens128. Another 

model postulates production of autoantibodies occurs through molecular 

mimicry of viral epitopes resembling autoantigens, which has been observed for 

peptides from Epstein Barr virus nuclear antigen 1 and peptides associated with 

RNA containing macromolecules129. A third possible model stipulates 

autoreactive B cells may be activated by pattern recognition receptors bound to 

microbiology ligands and B cell receptors in a synergistic mechanism130.  

1.5.2 Molecular Mimicry 

Molecular mimicry has been implicated as a possible source for the development 

of autoimmune diseases from B19V infections. Molecular mimicry is based on the 

possibility of similar amino acid sequence between foreign and self-proteins that 

are able to produce an immune response based on similar epitopes. Patients with 

B19V infections have been found to have the presence of autoantibodies against 

keratin, collagen type II, ssDNA, and cardiolipin, which are all able to react with 

an immunodominant peptide from the capsid proteins,VP1 and VP2131. VP 

antigens have been detected in macrophages, follicular dendritic cells, and 

lymphocytes from synovial tissue in patients with rheumatoid arthritis after years 

of persistent B19V infection132. Due to similar symptoms, initial observations 

between B19V infection and anti-phospholipid syndrome have implicated a 
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common mechanism between the two133. Both anti-phospholipid syndrome and 

B19V infections share a similar loss of red blood cells and development of vaso-

occlusive crisis, which may lead to pain symptoms, stroke, or spontaneous 

abortion134. Pediatric and adult patients with rheumatic disease post persistent 

B19V infection have demonstrated a remarkably high production of 

antiphospholipid antibodies which are similar to antibodies found in systemic 

lupus erythematosus patients135. The formation of antiphospholipid antibodies is 

not uncommon and has been seen in cases of B19V infection and from bacterial 

sources as well136,137. The association between B19V infection and anti-

phospholipid syndrome is not only related by similar symptoms but also from the 

similar production of anti-phospholipid antibodies. The production of anti-

phospholipid antibodies may be triggered by the VP1 capsid protein which has a 

unique region with phospholipase-A2-like activity86. VP1 may be important in 

inflammatory processes but it may also produce unnatural products from 

cleavage of cellular phospholipids. This may lead to production of anti-

phospholipid antibodies from patients who are genetically susceptible to develop 

autoimmune diseases (Figure 1.6).  
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Figure 1.6 Molecular mimicry model. A. The antigen presenting cell engulfs B19V 

and presents a fragment from the VP1 capsid protein to a Naïve T cell. B.  After 

presentation, the Naïve T helper cell becomes activated and can differentiate into 

TH1 or TH2 effector cells. C. Effector TH1 cells will be cross-reactive with self-

antigens from uninfected cells and cause cells to undergo apoptosis. D. Effector 

TH2 cells activate B cells to produce antibodies against the cross reactive antigen. 

Due to similarities between the VP1 antigen and endogenous self-antigens, the 

autoreactive T cells lead to an immune response against noninfected cells.  
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1.5.3 Transactivation 

Another possible source of the autoimmune manifestations associated with B19V 

infections has been hypothesized to be from NS1 transactivating inflammatory 

host genes (Figure 1.7). In hematopoietic cell lines, NS1 expression increased 

expression of the inflammatory cytokine interleukin 6 (IL-6) through trans acting 

interactions with transcriptional activators on the NF-КB binding site located on 

the IL-6 promoter79. Other inflammatory factors are also expressed during B19V 

infections. Increased levels of the proinflammatory cytokine, TNF-α, are 

observed during B19V infections138. TNF-α is produced mainly by monocytes and 

macrophages and is responsible for inflammatory processes during infections 

and autoimmune diseases via activation of cytokines, chemokines, and proteases 

in autocrine and paracrine pathways139,140. Therefore, a monocytic cell line was 

used to identify NS1 mediated activation of AP-1 and AP-2 transcription factors 

on the TNF-α promoter78.  

NS1 is also able to transactivate host genes not associated with inflammation. 

NS1 expression in semi-permissive megakaryocytic leukemia cell lines has led to 

the transactivation of p21/WAF1 through the SP1 transcription factor. The 

p21/WAF1 transactivation leads to expression of the cyclin dependent kinase 

inhibitor and prevents cell cycle progression from G1 to S phase80,141. B19V 

infections into erythroid progenitor cell lines have also established NS1 mediated 

G2 arrest via the E2F family of transcription factors69. Although the benefits of 

cell cycle arrest are not known for B19V, studies have implicated viruses in 

stalling cell cycles in order to utilize cellular DNA repair proteins for their own 
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viral replication or to utilize certain transcription factors to enhance viral protein 

synthesis142. The molecular mechanisms behind transactivation of host genes 

indicates NS1 may play a significant role in the pathogenesis observed in 

associated B19V autoimmune diseases.  

 

 

Figure 1.7 Model of B19V transactivation and autoimmune disease. A. Normal 

cell. B. Cell is infected with B19V and B19V genome is transferred to nucleus. C. 

The B19V genome persists in the cell with no observable effects. D. Certain tissue 

specific factors trigger the production of B19V mRNA and/or B19V proteins. The 

B19V proteins are then able to increase expression of proteins (NF-KB) 

responsible for enhanced secretion of the TNF-α and IL-6 inflammatory 

cytokines. 
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1.5.4 DNA Protein Covalent Adduct 

Expression of NS1 in nonpermissive cell lines has resulted in apoptosis through 

activation of an intrinsic caspase pathway in liver derived cell lines. Initially, the 

function of NS1 was directly implicated as a causative agent as mutations in the 

nucleoside triphosphate binding site of NS1 decreased apoptosis75. As NS1 

localizes to the cell’s nucleus, it was speculated NS1 might induce apoptosis 

through chromosomal DNA damage from its DNA nicking and DNA binding 

capabilities as seen in other protein homologs of NS1. NS1 is able to cause 

apoptosis by covalently attaching to single-stranded DNA and thereby activating 

poly(ADPribose)polymerase and DNA repair pathways via ATM/ATR in order to 

trigger efficient apoptosis143. Mutagenic analysis of NS1 indicates the function of 

NS1’s endonuclease domain is critical for apoptosis that leads to the formation of 

apoptotic bodies containing self-antigens such as Smith, ApoH, DNA, histone H4 

and phosphatidylserine70. Apoptotic bodies are able to be recognized and 

engulfed by macrophages and other immune cells, which could be a source of 

self-antigen production during an immune response81 (Figure 1.8). 
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Figure 1.8 Model of B19V NS1 induction of anti-DNA antibodies. The 

combination of activated T cells through the NS1-DNA complex recognition and 

anergized B cells break down the self-tolerance in the immune system. A. 

Following B19V infection, the NS1 protein is expressed from the viral DNA. NS1 

contains a nuclear localization signal and is imported into the cellular nucleus 

where NS1 cleaves DNA and becomes covalently attached. The cell undergoes 

apoptosis and causes the release of apoptotic bodies that contains NS1 covalently 

attached to DNA. B. Following apoptosis, the anergized anti-DNA B cell uptake 

NS1 covalently attached to DNA and present NS1 peptides to Anti-NS1 T cells. C. 

Following apoptosis, the antigen presenting cells recognize and uptake apoptotic 

bodies containing NS1-DNA covalently attached complexes. The antigen 

presenting cells may also directly recognize NS1-DNA covalently complexes. In 

turn, the antigen presenting cell activates specific NS1 T cells.  
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1.6 Research Context 

B19V infections are associated with a myriad of illnesses, including erythema 

infectiosum (Fifth disease), hydrops fetalis, arthropathy, and cardiomyopathy. 

They have also been associated with possibly triggering any number of different 

autoimmune diseases. The main replicative protein of B19V, NS1, is a 

multidomain protein that plays a critical role in viral replication. NS1 has 

predicted endonuclease, helicase, and gene transactivation activities based on 

homology to other related parvovirus proteins. NS1 has been postulated to be 

involved in promoting autoimmune diseases through several mechanisms. One 

mechanism is by transactivation of cellular host genes either through protein-

protein interactions or through direct binding interactions with host promoters 

to increase expression of inflammatory cytokines frequently observed in 

autoimmune diseases. Another possible mechanism is by formation of covalent 

adducts to DNA through NS1’s functional endonuclease capabilities. In doing so, 

cellular apoptosis will result in the release of apoptotic bodies with NS1 

covalently attached to the host cell’s genomic DNA. The NS1-DNA adduct may 

then be recognized by the immune system, which may lead to the production of 

DNA antibodies.   

The ability of NS1 to interact specifically with both viral and host cellular DNA via 

DNA binding and nicking capabilities are based on the functions of the nuclease 

domain of NS1 (NS1-nuc), according to data from homologous proteins. 

Therefore, biochemical and structural characterization of the NS1-nuc and the 

full length NS1 and its ability to bind and nick DNA is of importance as these two 
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functions are critical for B19V replication and are speculated to be involved in the 

manifestation of autoimmune diseases.  Specifically, I address how the NS1-nuc 

is utilized in the B19V origin of replication as well as how these functions might 

allow the NS1-nuc to bind/cleave cellular host DNA to trigger autoimmune 

diseases.  The biochemical activities of the NS1-nuc (residues 2−176) were 

analyzed in sequence-specific DNA binding assays of the viral origin of 

replication sequences, as well as those of promoter sequences, including the viral 

p6 and the human p21, TNF-α, and IL-6 promoters previously identified in NS1-

dependent transcriptional transactivation. The sequence specificity and 

requirement of divalent metal cofactors were also analyzed to determine 

optimum conditions of cleavage and subsequent covalent attachment.  From this 

cleavage analysis, an assay was developed to serve as a method for performing 

high throughput drug library screens.  Initial preliminary structural work of NS1-

nuc and full length NS1 will also facilitate our knowledge of NS1 structural and 

functional aspects in regard towards viral genomic replication and disease 

development.  

1.7 Dissertation Format 

Chapter 1 introduces different properties and characteristics of members of the 

parvovirus family and the unique features of Human parvovirus B19. The chapter 

also describes the B19V associated diseases and mechanistic causes as related to 

the functions of the NS1 protein.  

Chapter 2 focuses on the cooperative and stoichiometric binding nature of the 

NS1-nuc to several DNA substrates from the viral origin of replication and the 
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following promoters: p21, IL-6, and TNF-α. The measurements were performed 

with gel shifts under strong and weak binding conditions, fluorescence 

anisotropy, and sedimentation velocity on an analytical ultracentrifuge. The NS1-

nuc binding data presented in this chapter were published in the journal 

Biochemistry. Dr. Nancy Horton supervised and guided all work. I performed the 

protein purification, gel shift assays, and fluorescence anisotropy experiments 

utilizing oligonucleotides representing the B19V’s origin of replication. Zach 

Romero aided in performing the gel shift assays of host promoters. Angelica 

Quinones and Kristiane Torgeson participated in the sedimentation velocity 

experiments of B19V’s origin of replication and the p21 promoter, respectively. 

Dr. Chad Park assisted in performing and analyzing the sedimentation velocity 

data. The following citation is for the published data: 

Sanchez, J. L., Romero, Z., Quinones, A., Torgeson, K. R. & Horton, N. C. DNA 
Binding and Cleavage by the Human Parvovirus B19 NS1 Nuclease Domain. 
Biochemistry 55, 6577-6593, doi:10.1021/acs.biochem.6b00534 (2016). 

 

Chapter 3 discusses and identifies the location of the TRS and the specific 

nucleotides required for DNA cleavage on the B19V’s viral origin of replication. 

The identification of the TRS required optimizing conditions (pH, salt, divalent 

cation requirement) to facilitate cleavage by the NS1-nuc as well as identifying 

the formation of a protein-DNA covalent adduct upon cleavage. The cleavage data 

were also published in the aforementioned Biochemistry publication. Dr. Nancy 

Horton provided oversight of the experiments and I performed all cleavage 

experiments.  
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Chapter 4 utilizes the established conditions of DNA cleavage discussed in 

Chapter 3 to develop a fluorescence anisotropy assay. The assay is used to 

identify the formation of a DNA-protein covalent adduct from the NS1-nuc DNA 

cleavage. The established methodology may now be used in a high throughput 

manner to screen drug libraries to identify compounds that may inhibit the 

cleavage function of the NS1-nuc. Dr. Nancy Horton and I designed the 

fluorescence anisotropy assays, and I performed the experiments. 

Chapter 5 has preliminary data on 1H-15N HSQC NMR spectra obtained from the 

NS1-nuc. Although the spectra contained well dispersed chemical shifts, further 

HSQC spectra need to be obtained at a higher concentration of NS1-nuc. 

Conditions for obtaining such spectra are discussed. The NMR experiments were 

designed in collaboration with Dr. May Khanna. David Scott and I carried out the 

NMR experiments discussed in this chapter.  

Chapter 6 relates the initial start to the purification of the full length NS1 protein 

from HEK 293T Cells. Western blot analysis demonstrates NS1 was purified. 

Negative staining transmission electron microscopy of NS1 was performed to 

observe the oligomeric state of NS1. Further analysis of NS1 is required before 

any concrete observations can be formed. I developed and performed the 

experiments designed to purify and negatively stain the full length NS1 protein. 

The negatively stained protein was imaged by Dewight Williams.  

Chapter 7 summarizes the findings from Chapters 2 through 6 in biological 

context and addresses further areas that require more analysis in future 

experiments to enable a better understanding of the function of the NS1 protein, 
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and its relation to viral replication and the development of B19V induced 

diseases.  

1.8 Publication List 
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Binding and Cleavage by the Human Parvovirus B19 NS1 Nuclease Domain. 
Biochemistry 55, 6577-6593, doi:10.1021/acs.biochem.6b00534 (2016). 
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CHAPTER 2: DNA BINDING OF NS1 NUCLEASE DOMAIN 

The following work in this chapter was published in Sanchez, J. L., Romero, Z., 

Quinones, A., Torgeson, K. R. & Horton, N. C. DNA Binding and Cleavage by the 

Human Parvovirus B19 NS1 Nuclease Domain. Biochemistry 55, 6577-6593, 

doi:10.1021/acs.biochem.6b00534 (2016). Permission to use figures is detailed in 

Appendix A.  

Abstract 

The endonuclease domain of NS1 (NS1-nuc) was determined to bind B19V’s 

minimum viral origin of replication in a cooperative manner. The NS1 binding 

element (NSBE), which is part of the minimum viral origin of replication, is 

bound by seven copies of NS1-nuc as determined by gel shift assays and 

sedimentation velocity experiments. The NS1-nuc was also able to bind 

cooperatively to the Sp1 transcription binding sites on the p21 promoter with at 

least three copies of NS1-nuc. Other promoter sequences from TNF-α and IL-6, 

which have been implicated with NS1 mediated transaction, resulted in weak and 

nonspecific binding from the NS1-nuc. 

2.1 Introduction 

2.1.1 Replication Model 

According to the model of B19V viral genome replication, the NS1 protein must 

bind and cleave at the origin of replication, which is located on the inverted 

terminal repeats of the viral DNA (Figure 1.1). The inverted terminal repeats form 

a secondary structure that may be T shape, a hairpin, or other structure based on 
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the specific parvovirus species genomic sequence of the inverted terminal repeat. 

The inverted terminal repeats flank a short single-stranded genome that harbor 

the open reading frames of the viral proteins.  Due to the similarities within the 

Parvovirus family, the replication strategy of B19V as based heavily upon the 

more studied Adeno-associated virus (AAV) and Minute virus of mice (MVM).  

In AAV, the Rep (replication) protein, a B19V NS1 homolog, has been well 

characterized and known to be required to interact with the AAV inverted 

terminal repeat in order to facilitate viral replication144. The full length Rep 

protein specifically binds at the AAV inverted terminal repeat with a 16 

nucleotide Rep binding element (RBE) and a hairpin stem, RBE’145,146. The Rep 

protein is a multidomain protein with an N-terminal DNA binding region 

responsible for binding the RBE and RBE’. On the C-terminus of the Rep protein, 

an ATP-dependent SF3 helicase is able to unwind the inverted terminal repeat. 

The unwinding causes a stem loop structure to form at the terminal resolution 

site (TRS) to serve as a suitable substrate for DNA nicking147,148.  

2.1.2 Origin of Replication 

Focusing specifically on B19V, the inverted terminal repeats fold onto themselves 

to form hairpin structures at each of the left and right end of the genome149,150. 

The minimum origin of replication for B19V was identified to include a 67 bp 

region in the inverted terminal repeat (Figure 2.1). Unlike the RBE origin of 

replication binding sites on AAV that are comprised of five tandem 

tetranucleotides, the NSBEs in B19V are organized differently85. The origin of 

replication is comprised of a terminal resolution site (TRS) and four GC rich 
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motifs that have been named NSBE1, NSBE2, NSBE3, and NSBE4. NSBE1 and 

NSBE2 are identical 8 base pair sequences with a 2 bp interval. On the other 

hand, NSBE3 and NSBE4 display degenerative sequences with high GC content18. 

NSBE1-NSBE3 are required for viral replication in 293 cells while NSBE4 is only 

required for maximal replication18. Direct DNA binding by B19V NS1 has been 

identified within the viral origin of replication and to the single B19V promoter, 

p6, which overlaps with the viral origin of replication71,76,77.  

 

Figure 2.1 Origin of replication on B19V’s genome. A. B19V’s genome forms into a 

hairpin structure at each end of its telomeric ends which contain inverted 

terminal repeats. Each end of the inverted terminal repeat (ITR) is termed left 

ITR (L-ITR) or right ITR (R-ITR). B. Based on the model of B19V genomic 

replication (described in Chapter 1, Figure 1.1), the genome self-primes itself at 

the R-ITR to initiate replication by the host DNA polymerase, which is indicated 

by the dashed line. In order to replicate the remaining genomic DNA (solid line), 

NS1 needs to bind at the viral origin of replication and nick one strand of the 
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DNA, as indicated in the figure. C. Identification of the minimum origin of 

replication identified the 67 nucleotide sequence shown. The origin of replication 

consists of four NS1 binding elements (NSBE1-4) that are GC rich. Adjacent to 

this region is the terminal resolution site (TRS) where NS1 should cleave the DNA 

and become covalently attached.  

2.1.3 Transactivation 

Viruses have the ability to regulate certain cellular activities via their own 

proteins. Transactivation of viral genes may also occur and is not strictly related 

to host genes and may occur through direct DNA interactions or through 

activation of transcription factors151. Mechanistically, activation of viral genes or 

cellular genes may occur through various mechanisms which include stabilizing 

the preinitiation complex, facilitating promoter clearance, and enhancing the 

transcriptional elongation rate152-154. Additionally, transcriptional inhibition of 

viral and cellular genes from viral products occur through inhibition of cellular 

genes that facilitate viral progeny or viral gene expression155,156. NS1 expression 

has also been demonstrated to transactivate a range of host genes. In certain 

cases, the exact sequence within the transactivated promoter has been identified 

and may serve as a binding site for NS1.  For example, NS1 induced IL-6 

expression in erythroid progenitor cells and lead to apoptosis through mediated 

transactivation by NF-КB74. Increased expression of IL-6 from NS1 has also been 

demonstrated for epithelial cells and may be of importance for autoimmune 

diseases157. Other inflammatory factors such as TNF-α are also transactivated by 

NS1 expression138. AP-1 and AP-2 transcription factor binding motifs on the TNF-
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α promoter are responsible for the NS1 transactivation of TNF-α78. Aside from 

inflammatory factors, NS1 regulates the cell cycle by inducing G1 cell cycle arrest 

through interactions with Sp1 transcription factor and the p21/WAF1 promoter, 

which regulates G1 arrest via a cyclin dependent kinase inhibitor80.  

2.1.4 DNA Binding 

Identifying the mechanisms responsible for specific DNA binding by NS1 is of 

importance in understanding the interactions at the viral origin of replication and 

to cellular host genes. Currently, the model of B19V viral genome replication 

requires NS1 to bind to the NSBEs within the viral origin of replication. The 

affinity and stoichiometry of NS1 binding to the NSBE is unknown. In order to 

expand upon the model of B19 viral replication, biochemical experimentation 

may provide a more detailed mechanism behind NS1’s ability to facilitate viral 

replication. In a similar manner, it is unknown whether NS1 is able to bind to any 

of the DNA segments previously identified in NS1 induced host gene 

transactivation. Whether NS1 is able to directly bind to the host gene promoter 

without any other proteins remains to be determined. Therefore, the nuclease 

domain of NS1 (NS1-nuc), which is responsible for specific DNA binding and 

cleavage in homologous NS1 proteins, was purified to determine the affinity and 

stoichiometry of several oligonucleotides representing identified regions of 

possible NS1 binding. 
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2.2 Materials and Methods 

2.2.1 NS1-nuc Expression and Purification 

The coding sequence for NS1 (GenBank entry ABN45789.1) was purchased from 

Epoch, Inc. and used to clone the NS1 residues 2-176, which comprises the NS1 

nuclease domain (NS1-nuc), into the pMAL-c4e vector from New England 

Biolabs, Inc. with the SacI and EcoRI restriction sites. The expression vector was 

further modified by addition of an N-terminal six histidine residues and addition 

of a tobacco etch virus (TEV) protease cleavage site before the NS1-nuc domain. 

In order to efficiently cleave the tag off of the NS1-nuc protein, three glycines 

were inserted between the TEV cleavage site and the NS1-nuc protein. The 

expression vector was transformed into BL21(DE3) E. coli expression cell line 

and grown at 37°C until 0.6 OD (at 600 nm) in Luria-Bertani (LB). The protein 

was induced with 0.5 mM IPTG from Gold Biotechnology, Inc. and incubated at 

17°C overnight. The culture was centrifuged and the pellet was sonicated and 

purified over Talon resin chromatography from Clonetech, Inc. The purified 

protein was incubated overnight at 4°C with TEV protease, which was purified as 

described elsewhere158. The NS1-nuc protein is purified over DEAE and Heparin 

FPLC from GE, Inc. The protein is then dialyzed into 10 mM Bis Tris Propane pH 

9.5, 150 mM NaCl, and 1 mM DTT and concentrated to 10 mg/mL before addition 

of 50% glycerol and flash freezing in liquid nitrogen and subsequent storage at -

80°C.  
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2.2.2 Oligonucleotide Preparation 

Oligonucleotides were ordered from Sigma-Aldrich, Inc., which were synthesized 

and purified via polyacrylamide gel electrophoresis (PAGE) extraction. The 

oligonucleotides were resuspended in 10 mM Tris pH 8, 50 mM NaCl, and 1 mM 

EDTA and quantified with appropriate extinction coeffiecients159. 

Complementary oligonucleotides that required annealing were mixed at equal 

molar concentrations and heated to 90-95°C for 5 min and slowly cooled until 

room temperature was reached.  

2.2.3 DNA Binding and Cooperativity Measurements 

In order to measure the affinity and cooperativity of NS1-nuc domain to several 

different oligonucleotides, gel shift assays were utilized160,161. The 

oligonucleotides are 5’ end labelled with 32P using T4 polynucleotide kinase from 

Thermo Fischer Scientific, Inc. and [γ-32P] ATP from PerkinElmer, Inc. To 

remove unused ATP, the labelling reaction was purified over Micro Bio-30 Spin 

Columns from Bio-Rad, Inc. The DNA binding and cooperativity assays were 20 

µL with 1 nM of  32P labelled oligonucleotide in 100 mM Tris pH 8, 150 mM NaCl, 

1 mM EDTA, 1 mM 2-mercaptoethanol, and 10% glycerol. The DNA 

concentration was held constant while the concentration of NS1-nuc domain was 

varied. The reactions were electrophoresed on 10% 29:1 

acrylamide:bis(acrylamide) Native PAGE with 1X TBE running buffer (89 mM 

Tris base, 89 mM boric acid, and 2 mM EDTA). During the loading of the 

samples, the gel was run at 300V for 5 min. Afterward, the gel electrophoresis 

was run at 190V at 4°C for 3.5 hours (hrs). The gels were exposed to a phosphor 
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image plate for 16 hrs at 4°C. The phosphor image plates were scanned on a 

PharosXF imager from Bio-Rad, Inc. and the densitometry of the bound and 

unbound bands were measured with Image Lab software from Bio-Rad, Inc. The 

data was fit to the Hill equation with the Kaleidagraph software162. The following 

equation was used: 

A=Amin + (Amax-Amin) [Pn/(K1/2n + Pn)] 

A represents the fraction of the DNA bound by the NS1-nuc domain that shifted 

(less migration into the gel). Amax is the fitted fraction of shifted DNA upon 

maximal saturation while Amin is the shifted fraction without any NS1-nuc 

domain. P is the concentration of free NS1-nuc which is estimated from the 

concentration of NS1-nuc used for each binding reaction. K1/2 is the apparent 

dissociation constant, Kd, where half maximal binding occurs given the NS1-nuc 

concentration. The Hill coefficient, n, is the measure of cooperativity observed for 

the NS1-nuc protein and DNA binding reactions. Measurements were performed 

in triplicate to obtain an average and standard deviation. For fluorescence 

polarization reactions, a 5’ end labelled fluorescein oligonucleotide was used at 1 

nM in 2 mL reactions of 100 mM Tris-HCl pH 8, 50-150 mM NaCl (as noted), 1 

mM EDTA, 1 mM 2-mercaptoethanol, and 10% glycerol. The reactions were 

measured at 4°C with increasing amounts of NS1-nuc domain. The fluorescein 

labelled oligonucleotide was excited at 494 nm in a PCI fluorimeter from ISS, Inc. 

The anisotropy of the emitted fluorescence was measured using a 50.8 diameter 

570 nm cutoff filter from ThermoOriel, Inc. with a 580-2750 nm transmittance 

range and 1 mm slit widths. The anisotropy values are fitted as a function of NS1-

nuc domain concentration using the aforementioned Hill equation.  
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2.2.4 Stoichiometry Measurements Using Gel shift 

Stoichiometry was measured as described above in the DNA binding and 

Cooperativity section. The only difference was the addition of unlabeled DNA to a 

concentration of 10 µM and the use of a much larger quantity of the NS1-nuc. The 

stoichiometry was calculated by plotting the percent bound against the NS1-nuc 

concentration. Then, the saturated binding points were fit with a linear fit and 

another linear fit to the points before saturation. The point of intersection 

between the two linear fits represents the stoichiometry of NS1-nuc to 10 µM of 

DNA.  

2.2.5 Analytical Ultracentrifugation 

Sedimentation velocity experiments using an analytical ultracentrifuge (Beckman 

Coulter XL-I with monochromator and interference scanning optics, automated 

scanning capability, and Ti-50 rotor) were performed to determine the sizes of 

DNA protein complexes. NS1-nuc only samples were run in two sector 

sedimentation velocity cells with one sector containing the 400 µL NS1-nuc 

protein and the other containing only 425 µL buffer, which consists of 10 mM 

Tris-HCl pH 8, 150 mM NaCl, 1 mM EDTA, and 1 mM DTT. The cells were 

centrifuged at 4°C and 40,000 rpm. Absorbance scans were measured 

continuously for 10 hrs at 280 nm. Sedimentation velocity measurements 

utilizing fluorescein labelled DNA followed the same procedure previously 

mentioned with the exception that absorption scans measurements were taken at 

495 nm. DNA only measurements were performed with 17 µM Flo-NSBE DNA 

and 14 µM Flo-p21 DNA. When protein-DNA mixtures were analyzed, 107 µM 

NS1-nuc protein and 15 µM Flo-NSBE DNA were mixed while 130 µM NS1-nuc 
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protein and 16 µM Flo-p21 DNA were used for the sedimentation velocity 

measurements. The SEDNTERP program was used to estimate the viscosity and 

density of the sample buffers in order to fit the sedimentation velocity scans to 

obtain the sedimentation coefficient distribution, c(s), using the SEDFIT 

program163,164. The fitted f/f0 values were converted to diffusion coefficients in 

order to use the Svedberg equation alongside the partial specific volume from 

SEDNTERP to obtain the molecular weight of the centrifuged samples. The 

estimated partial specific volumes of the protein only NS1-nuc was 0.72 mL/g 

and 0.55 mL/g for DNA only. For the NS1-nuc and DNA mixtures, the partial 

specific volume used was 0.72 mL/g since only one partial specific volume can be 

used to calculate the molecular weight. When determining the stoichiometry of 

the DNA protein complexes, the same partial specific volume of 0.72 mL/g was 

utilized for the NS1-nuc only and DNA only sample to minimize discrepancies 

between using different partial specific volumes that will affect the molecular 

weight calculation. In order to obtain the error limits of the fitted and calculated 

molecular weight of the samples, the data was fit with SEDFIT to determine the 

lowest root mean square deviation (RMSD). The statistical analysis component of 

SEDFIT was used for the critical RMSD at 1σ (1 standard deviation at 68% 

confidence level). The f/f0 values were systematically changed while fitting the 

data. The calculated molecular weights within the 1σ of the RMSD were used to 

determine the NS1-nuc to DNA stoichiometry.  
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2.3 Results 

2.3.1 Purification of NS1-nuc from B19V 

The nuclease domain (residues 2-176) of NS1 (NS1-nuc) was purified from E.coli 

as part of a codon optimized synthetic construct containing an N-terminal 6X his 

tag and Maltose binding protein tag. The tags were removed by introduction of a 

TEV protease cleavage site between the tags and NS1-nuc. In order for complete 

TEV cleavage to occur, three glycine residues were inserted to the N-terminus of 

the NS1-nuc. Following successful cleavage, the NS1-nuc was FPLC purified and 

concentrated to high concentration before storage at -80°C. To demonstrate the 

purity of the NS1-nuc, an overloaded SDS-PAGE was run and coomassie stained 

(Figure 2.2). No other protein bands are observed on the overloaded gel.  
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Figure 2.2 Coomassie stain of purified NS1-nuc from E. coli. Samples on gel are 

indicated above each lane: MWM=molecular weight marker standards, Different 

concentrations of NS1-nuc (i.e.: 5.7 µg, 17 µg, 34 µg, 68 µg), migration of NS1-nuc 

indicated on right of SDS-PAGE.  
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2.3.2 NS1-nuc is Monomeric 

To test the oligomeric state of the purified NS1-nuc, sedimentation velocity 

experiments on an analytical ultracentrifuge were performed (Supplementary 

Figure 2.1). The resultant c(s) distribution and calculated apparent molecular 

weight (22.5 kDa) was determined (Figure 2.3). The theoretical molecular weight 

based on protein sequence is 20.1 kDa. Therefore, the experimental derived 

molecular weight indicates NS1-nuc behaves as a monomer in solution without 

the presence of DNA.  

 

Figure 2.3 Sedimentation velocity experiments of NS1-nuc without DNA. The c(s) 

distribution calculated from NS1-nuc without DNA using the SEDFIT program. 

The apparent molecular weight is given above the peak which was derived from 

the fit of the data.  
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2.3.3 Binding of NS1-nuc to the Viral Origin of Replication 

To test the ability of the NS1-nuc to bind at the viral origin of replication, several 

different oligonucleotides representing the origin of replication were used in 

electrophoretic mobility shift assays (EMSA) and/or fluorescence polarization 

experiments (Figure 2.4).  

Since the NSBE regions constitute part of the origin of replication, EMSA and 

fluorescence polarization experiments were performed with NS1-nuc to measure 

the binding affinity to the NSBE DNA (Figure 2.5). The results demonstrated a 

cooperative binding characteristic as observed from the sigmoidal binding curve. 

In order to quantify the cooperative binding nature, the Hill equation was used to 

fit the data to obtain both the binding affinity, K1/2, and Hill coefficient, n. All 

binding and stoichiometry experiments were performed in triplicate with various 

oligonucleotides. The results of those experiments are summarized in Table 2.1 

with examples of the data fits given in Supplementary Figures 2.2-2.12.  
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Figure 2.4 Oligonucleotides used for binding assays representing B19V’s origin of 

replication. A. dsOri2 contains B19V’s origin of replication which is constituted of 

the NS1 binding elements (NSBE1-4 boxed) and the indicated terminal resolution 

site (TRS). dsOri2 contains extra base pairs past the ITR. B. NSBE DNA only 

contains the NSBE regions of the origin of replication without the TRS.  C. NSBE 

KO1 is the same as in B but with removal of the GC rich region in NSBE1 with 

random sequences (in red). D. NSBE KO2 is the same as in B but with removal of 

the GC rich region in NSBE2 with random sequences (in red). E. NSBE KO3 is 

the same as in B but with removal of the GC rich region in NSBE3 with random 

sequences (in red) F. NSBE KO4 is the same as in B but with removal of the GC 

rich region in NSBE4 with random sequences (in red). 
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Figure 2.5 DNA Binding measurements of NS1-nuc to NSBE DNA. A. EMSA of 1 

nM 32P labelled NSBE DNA with increasing concentrations of NS1-nuc. B. 

Quantification and fit of integrated intensities from A using the hill equation with 

resultant K1/2 of 930 nM and n of 2.8.  C. Fluorescence polarization experiment 

utilizing fluorescein labelled NSBE DNA with increasing concentrations of NS1-

nuc. Values were fit with the same equation as in B to give a K1/2 of 550 nM and n 

of 3.6.  
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Table 2.1 Binding Constants and Stoichiometries for NS1-nuc with 
DNA Sequences from B19’s Origin of Replication 

DNA K1/2 (µM) 
Hill 

coefficient n stoichiometry methoda 

Ori2-75 dsDNA 0.937±0.015 4.4 ±0.8       NDb GS 

NSBE_DNA dsDNA 0.930±0.05 2.60 ±0.13       6.94 ±0.08 GS 

Flo-NSBE_DNA dsDNA 0.61±0.14 3.1 ±0.9       NDb FPA 

NSBE KO1 dsDNA 1.09±0.14 3.4 ±0.5       5.27 ±0.08 GS 

NSBE KO2 dsDNA 1.58±0.18 2.7 ±0.3       5.6 ±0.4 GS 

NSBE KO3 dsDNA 1.39±0.02 3.7 ±0.6       5.3 ±0.1 GS 

NSBE KO4 dsDNA 1.27±0.12 3.0 ±0.19       6.0 ±0.4 GS 
 

aMethod used to measure binding: GS, gel shift assay; FPA, fluorescence 

polarization assay. bNot determined 

 

The largest DNA sequence derived from B19V’s origin of replication is Ori2-75 

dsDNA, which contains the four NS1 binding elements (NSBE1-4) and the 

terminal resolution site (TRS) implicated in binding and cleavage, respectively. 

The shortened version of the origin of replication, NSBE DNA, only contains the 

NSBE regions (NSBE1-4) without the TRS. Each NSBE boxed region was 

substituted with random sequences to help determine the contributions of 

binding affinity and stoichiometry measurements from each NSBE boxed region. 

These sequences were named for the boxed region which was substituted (Figure 

2.4).  Based on the results on Table 2.1, the NS1-nuc has high binding 

cooperativity (n ~2-4) but weak binding affinity (K1/2 ~1 µM). When comparing 

the larger Ori2-75 to the smaller NSBE DNA which removed the TRS from the 

sequence, there is essentially no difference in binding affinity but there is a 

difference in the Hill coefficient with a larger Hill coefficient for Ori2-75. 
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Comparing the 32P labelled NSBE DNA dsDNA to the fluorescein labelled Flo-

NSBE DNA dsDNA, the only difference is in the labelling of the DNA. When 

fluorescence polarization experiments from Flo-NSBE DNA dsDNA were 

compared to gel shift assays with NSBE DNA dsDNA, the difference in values 

obtained were in affinity values wherein the fluorescence polarization 

measurements performed in solution had higher affinity values than the gel 

based results. When removing each of the NSBE regions (NSBE KO1 dsDNA-

NSBE KO4 dsDNA), the K1/2 values increase (weaker binding) but they never lose 

their ability to cooperatively bind (n>1). Taken together, stoichiometry analysis of 

the NSBE DNA and KO versions of NSBE DNA (NSBE KO1 dsDNA-NSBE KO4 

dsDNA) indicate two NS1-nuc bind each NSBE in NSBE1-3 with the exception of 

NSBE4 where only one NS1-nuc binds. Therefore, a total of seven NS1-nuc bind 

the NSBE.  

2.3.4 Size of NS1-nuc Bound to Viral Origin of Replication 

In order to investigate the size of the NS1-nuc bound to NSBE region on the viral 

origin of replication, sedimentation velocity experiments were performed with an 

analytical ultracentrifuge using the NS1-nuc and NSBE DNA labelled with a 

fluorescein on a single-strand of the double-stranded DNA. The NSBE DNA 

sedimentation velocity scans with and without the NS1-nuc (Supplementary 

Figure 2.13-2.16) were performed at the appropriate wavelength to only track the 

fluorescein labelled NSBE DNA molecular weight species. The fluorescein NSBE 

DNA was analyzed alone to obtain the molecular weights of 29 and 13 kDa when 

using a partial specific constant of 0.55 mL/g (Supplemental Figure 2.13, 
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Supplementary Table 2.1). The predicted molecular weight of NSBE DNA is 27 

kDa, which closely resembles the experimental molecular weight of 29 kDa. The 

peak at 13kDa likely represents single-stranded DNA that was not annealed. 

When the NSBE DNA and NS1-nuc were combined, two separate and distinct 

peaks were found with a molecular weight of 166 and 44 kDa (Figure 2.6).  

 

 

Figure 2.6 Sedimentation velocity experiments of the NS1-nuc with NSBE DNA. 

The c(s) distribution calculated with NS1-nuc and NSBE DNA using the SEDFIT 

program. The apparent molecular weight is given above the peaks which is 

derived from the fit of the data.  
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The data were fit with a bimodal model to account for the different species, 

represented by the two distinct peaks in Figure 2.6. This allows the use of 

different frictional ratios to be used during the fitting of the distinct species with 

different s values. Utilizing this method, apparent molecular weights of 159, 92, 

and 38 kDa were calculated (Supplemental Figure 2.16 and Supplementary Table 

2.1). Table 2.2 summarizes sedimentation velocity results of the NS1-nuc and 

NSBE DNA utilizing different v-bar and bimodal fits to account for the distinct 

sedimenting species (Supplemental Figure 2.13-2.16).  

 

 

Table 2.2 Sedimentation Velocity Results of NS1-nuc with NSBE DNA 

sample 

v-bar (partial 
specific volume, 

mL/g) 

Apparent MW 
(kDa) (peak 

size) Interpretation 
NS1-nuc 0.72 22.5 (95%) Monomeric (20.1 kDa, 

theoretical)  
Flo-NSBE_DNA 0.55 29 (89%) dsDNA (27 kDa, theoretical) 

 13 (10%) ssDNA (14 kDa, theoretical) 
0.72 48 (90.5%) N/Aa 

 21 (8.8%)  
NS1-nuc/Flo-
NSBE_DNA 

0.72 166 (65%) 5.4:1 NS1-nuc:dsDNA 
 44 (23%) dsDNA 

NS1-nuc/Flo-
NSBE_DNA, 
bimodal fit 

0.72 159 (67%) 5.3:1 NS1-nuc:dsDNA 
 92 (7%) 2.4:1 NS1-nuc:dsDNA 

 

aNot applicable 
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From the derived sedimentation velocity molecular weights, the stoichiometry of 

the NS1-nuc to NSBE DNA was determined. Due to the differences in partial 

specific volumes between the protein and DNA, a single partial specific volume 

was used to determine the apparent molecular weights of DNA and DNA protein 

complexes. In this case, the partial specific volume of the NS1-nuc (0.72 mL/g) 

was used. From this, the apparent molecular weight of NSBE DNA using the 

partial specific volume of 0.72 mL/g was calculated to be 48 kDa (Table 2.2, 

Supplemental Figure 2.14). Using this partial specific volume for the NS1-nuc and 

NSBE DNA mixture, an apparent molecular weight of 44 kDa was calculated 

which is similar to that of NSBE DNA alone using the same partial specific 

volume (Table 2.2). From this, the stoichiometry was then calculated using the 

apparent molecular weight of the larger NS1-nuc/NSBE DNA mixture with the 

less apparent molecular weight of the NSBE DNA and divided by the apparent 

molecular weight of the NS1-nuc.  Specifically, the apparent molecular weight of 

166 kDa of NS1/NSBE DNA complex and the apparent molecular weight of 48 

kDa for NSBE DNA were used to get a stoichiometry of 5.2:1 NS1-nuc: NSBE 

DNA (Table 2.2). On the other hand, if the apparent molecular weight of 44 kDa 

is used for the NSBE DNA which was calculated from the NS1-nuc/NSBE2 DNA 

sedimentation velocity run, then a stoichiometric ratio of 5.4:1 NS1-nuc:NSBE 

DNA is obtained (Table 2.2). Similar analysis from the bimodal fit resulted in 

stoichiometric ratios of 5.3:1 and 2.4:1 NS1-nuc:NSBE DNA. 

Due to the nature of the obtained and calculated molecular weights, an error is 

associated with each measurement. The calculated apparent molecular weight 
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heavily depends on different values of the frictional ratio, f/fo. The fictional ratio 

is a measure of the effect of the size and shape a molecule has on the 

sedimentation of that species. Frictional ratios greater than 1 are due to 

deviations from the shape of a perfect sphere and/or hydration. The 

sedimentation value obtained during sedimentation velocity experiments is used 

to calculate the molecular weight of a species based on an estimate of the 

frictional ratio. SEDFIT estimates the frictional ratio from the experimental data 

using a diffusion dependent process which is used in the final determination of 

the molecular weight. In doing so, an RMSD is obtained from each fitting analysis 

as well as a critical RMSD indicating the point at which a fit can be considered 

equivalent within a set error limit. To determine the error limits, Supplemental 

Table 2.2 demonstrates the different fits from the sedimentation velocity data 

when the frictional ratio was held constant at different values within the critical 

RMSD of 1σ. To account for the error in the measurements, the calculated 

apparent molecular weight of the largest species in the c(s) distribution ranges 

from 146 to 209 kDa. The peak representing NSBE DNA only has an apparent 

molecular weight of 37 to 57 kDa as seen on the Supplemental Table 2.2 under 

the MW3 column. An intermediate complex is also identified under the MW2 

column in the Supplemental Table 2.2 at apparent molecular weights of 88 to 93 

kDa. Therefore when determining the stoichiometry of the NS1-nuc to NSBE 

DNA, the apparent molecular weight ranges were used to obtain values of 4.8 to 

6.7 copies of NS1-nuc to NSBE DNA (Supplemental Table 2.2). The stoichiometry 

calculation assumes only a single copy of the NSBE DNA is bound per complex. 
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Otherwise, two copies of NSBE DNA bound would result in only three NS1-nuc 

being bound in the formation of the complex.  

2.3.5 Binding of NS1-nuc to Promoter Regions.  

To test the ability of NS1-nuc to bind the identified minimum 53 bp segment of 

the human p21 promoter (Figure 2.7) implicated in NS1 transactivation, a gel 

shift assay was performed with varying concentrations of NS1-nuc. The NS1-nuc 

was found to bind the p21 dsDNA with a K1/2 of 5.7 ± 0.8 µM and a Hill coefficient 

of 2.3 ± 0.3 (Table 2.3 and Supplemental Figure 2.17). 
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Figure 2.7 Host promoter sequences implicated in NS1 transactivation. A. p21 

dsDNA sequence used in EMSA binding assay and sedimentation velocity 

experiments. The boxed regions represent areas of high GC content where the 

Sp1 transcription factor is known to bind. B. Segment of TNF-α promoter used in 

binding assays. Boxed region is known binding site for AP-1 transcription factor. 

C. Segment of IL-6 promoter used in binding assays. Boxed region is known 

binding site for NF-КB transcription factor. D. Random sequence with 72.6% GC 

content used in binding assays. E. Random sequence with 50% GC content used 

in binding assays.  
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Table 2.3 Binding Constants for NS1-nuc with Host 
Promoter DNA Sequences Using Gel Shift Assay 

DNA 
K1/2 

(µM) 

Hill 
coefficient 

n 

p21 dsDNA 5.7±0.8 2.3 ± 0.2 

TNF-α AP-1 43 bp dsDNA 4 ± 3 2 ± 1 

IL-6 NFКB 43 bp dsDNA 28 ±18 1.32 ±0.14 

Random 62 bp with 72.6% GC content 30 ± 4 6 ± 2 

Random 62 bp with 50% GC content 33 ± 6 1.6 ± 0.4 
 

 

Similarly, binding of the NS1-nuc to other host promoters were also investigated 

from Figure 2.7. Using the implicated sequences involved in NS1 mediated 

transactivation, the TNF-α and IL-6 sequences had much weaker binding with 

NS1-nuc as compared to the p21 dsDNA. The binding to TNF-α AP-1 site DNA 

had a K1/2 value of 4 ± 3 with a Hill coefficient of 2 ± 1 (Table 2.3, Supplemental 

Figure 2.18).  As for the IL-6 NFКB DNA, very weak NS1-nuc binding around 28 

± 18 µM for K1/2 and a Hill coefficient of 1.32 ± 0.14. (Table 2.3, Supplemental 

Figure 2.19). Due to the very weak binding of the IL-6 NFkB DNA, two random 

sequences consisting of 72.6 GC% content and 50% GC content were created to 

test the ability of NS1-nuc to bind random DNA (Figure 2.7). The resulting K1/2 

were very similar for the 72.6% random GC sequence and the 50% random GC 

sequence with K1/2 values of 30 ± 4 µM and 33 ± 6 µM, respectively. The 72.6% 

random GC sequence does have a higher Hill coefficient, 6 ± 2 vs 1.6 ± 0.4, than 

the 50% random GC sequence (Table 2.3). Interestingly, the K1/2 of the IL-6 NFkB 

DNA is very similar to the random GC content sequences likely indicating the 

NS1-nuc does not specifically bind the IL-6 NFКB DNA.  
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2.3.6 Size of NS1-nuc Bound to p21 

As the NS1-nuc was found to bind the p21 dsDNA, the size of the DNA-protein 

complex formed by NS1-nuc binding to fluorescein labelled p21 dsDNA was 

determined utilizing a similar method to that of the sedimentation velocity 

experiments of NS1-nuc and NSBE DNA (Section 2.4.4 Size of NS1-nuc Bound to 

Viral Origin of Replication).  Sedimentation velocity of p21 dsDNA indicated a 

molecular species with apparent molecular weight of 34 and 14 kDa using the 

partial specific volume of 0.55 mL/g (Supplemental Figure 2.22 and Table 2.4). 

Based on the sequence, the predicted molecular weight of p21 dsDNA is 32.6 kDa, 

which is close to the experimental molecular weight value of 34 kDa (Table 2.4). 

The sedimentation velocity data from the NS1-nuc and p21 dsDNA resulted in 

apparent molecular weight species of 115, 50, and 266 kDa (Table 2.4, Figure 2.8, 

and Supplemental Figure 2.24). From the apparent molecular weight of 57 kDa 

for the p21 DNA at the partial specific volume of 0.72 mL/g and 22.5 kDa for 

NS1-nuc, the stoichiometry of the NS1-nuc bound to p21 dsDNA (NS1-nuc:p21 

dsDNA) was determined to be 2.6:1 and 9.3:1 (Table 2). Using the apparent 

molecular weight of 50 kDa from the NS1-nuc and p21 dsDNA sedimentation 

velocity analysis, the apparent molecular weight corresponds to the p21 dsDNA 

and the stoichiometry values were determined to be 2.9:1 and 9.6:1 

(Supplemental Figure 2.24-2.25 and Table 2.4).  
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Figure 2.8 Sedimentation velocity experiments of the NS1-nuc with p21 dsDNA. 

The c(s) distribution calculated of the NS1-nuc with p21 dsDNA using SEDFIT 

program. The apparent molecular weight is given above the peaks which is 

derived from the fit of the data.  
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Table 2.4 Sedimentation Velocity Results of NS1-nuc with p21 dsDNA 

sample 

v-bar 
(partial 
specific 
volume, 
mL/g) 

Apparent 
MW (kDa) 
(peak size) Interpretation 

NS1-nuc 0.72 22.5 (95%) Monomeric (20.1 kDa, theoretical)  

Flo-p21 dsDNA 0.55 34 (82%) dsDNA (33 kDa, theoretical) 
  14 (6%) ssDNA (16 kDa, theoretical) 
 0.72 57 (81%) N/Aa 
  23 (6%)  
NS1-nuc/Flo-p21 
dsDNA 

0.72 115 (83%) 2.9:1 NS1-nuc:dsDNA 

  50 (13%) dsDNA 
  266 (2%) 9.6:1 NS1-nuc:dsDNA 
NS1-nuc/Flo-p21 
dsDNA, bimodal 
fit 

0.72 110 (76%) 2.6:1 NS1-nuc:dsDNA 

  51 (12%) dsDNA 
  266 (2%) 9.6:1 NS1-nuc:dsDNA 

 

aNot Applicable 

 

As previously described for the NS1-nuc and NSBE DNA sedimentation velocity 

data, the error of the calculated apparent molecular weights was determined 

utilizing different frictional ratios within the 1σ critical RMSD. The NS1-nuc:p21 

dsDNA stoichiometric ratios were determined to be in the range of 2.8-3:1 and 

9.6-9.7:1 (Supplementary Table 2.3). Therefore, the NS1-nuc binds the p21 

dsDNA as part of two discrete species at a complex of 10:1 and 3:1 NS1-nuc:p21 

dsDNA. The 3:1 complex is by far the predominant species while the 10:1 complex 

is only present at about 2% of the total sedimenting species.  Due to the small 

molecular weight size of the 3:1 complex, it is not possible for that complex to 
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contain more than one copy of bound p21 dsDNA. As for multiple bound single-

strand DNA species from unannealed p21 dsDNA, it is not likely since binding of 

single-stranded DNA could not be observed in the gel shift experiments. Single-

stranded DNA has a K1/2 much larger than 50 µM, indicating the double-stranded 

p21 DNA is preferentially bound by the NS1-nuc. Additionally, very little single-

stranded DNA was observed in sedimentation velocity experiments 

(Supplemental Figure 2.22).  

2.4 Discussion 

Several NS1 homologous proteins from other parvoviruses are known to bind 

similar repetitive sequences at their own origin of replication in order to facilitate 

DNA cleavage and replication8,56,59,144,165-168. NS1 from B19V has also been 

reported to bind its own origin of replication based on direct binding assays or 

through NS1 mediated promoter transactivation assays, which isn’t too surprising 

since B19V’s only single p6 promoter overlaps with the origin of replication76,77. 

Specifically, the NS1-nuc has been previously observed to directly bind NSBE1 

and NSBE2 with a single NS1-nuc for each NSBE and host factors were 

speculated to bind NSBE3-471. Whether NS1 binds to the NSBE to directly 

transactivate the B19V’s p6 promoter or accomplishes transactivation through 

cooperative protein-protein interactions with transcription factors is still 

unknown. Functional aspects of other parvoviral NS1 homologs are able to switch 

activities involved in viral replication and transactivation by post-translational 

modifications including phosphorylation, ubiquitination, and SUMOylation169-179. 

Utilizing a recombinantly expressed and purified NS1-nuc from E. coli without 
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post-translational modifications, the binding of the protein to the NSBE region 

was determined to be relatively weak (~1 µM) with a high cooperativity as 

quantified by the Hill coefficient values (~2-4). Weak binding to the viral origin 

of replication has also been observed from the minute virus of mice NS1 

endonuclease domain168.  It should be noted that the full length NS1 protein 

would be expected to have higher affinity to DNA because NS1 homologs are 

observed to oligomerize into higher order structures to promote cooperative 

binding interactions180. 

Analysis comparing binding of NS1-nuc to NSBE (K1/2 ~1 µM), which consists of 

72.1% GC content, and the NS1-nuc binding to random sequences consisting of 

different percentages (50 and 72.6%) of GC DNA (K1/2 ~30 µM) indicates 

nonspecific DNA has 30-fold less affinity. Comparing the binding affinities of the 

NS1-nuc to NSBE utilizing gel shifts and fluorescence anisotropy indicates there 

is a larger affinity observed from the fluorescence anisotropy experiment. The 

difference is most likely due to difference in methodological techniques; wherein, 

gel shift separate bound and unbound complexes relative to their concentrations 

while fluorescence polarization does not separate bound and unbound species 

and therefore does not disrupt the equilibrium. Once bound and unbound species 

are separated, it is possible to overestimate the affinity toward a larger K1/2 value. 

Fluorescence polarization may also increase the affinity of a protein to DNA due 

to nonspecific interactions between the fluorophore on the labeled DNA and the 

protein181. As for the high cooperativity observed in the NSBE and NS1-nuc 

binding assays, the cooperativity indicates there is a possible role for protein-



88 
 

protein interactions to occur. Once an initial NS1-nuc binds the NSBE DNA, the 

DNA bound NS1-nuc is able to facilitate additional DNA binding through protein-

protein interactions with the unbound NS1-nuc in a cooperative manner. An 

alternative explanation to the observed cooperative binding nature could be from 

induced DNA structural changes. Initial NS1-nuc binding to the NSBE region 

could promote DNA structural changes that facilitate easier binding interactions 

from unbound NS1-nuc to the DNA. 

In order to determine the number of NS1-nuc binding the NSBE, stoichiometric 

measurements with substituted versions of each NSBE (NSBE KO1-KO4 dsDNA) 

were performed. Gel shift analysis indicates there are two NS1-nuc binding each 

NSBE1-3 while only one NS1-nuc binds NSBE4. Therefore, a total of seven NS1-

nuc bind the NSBE region within the viral origin of replication. The binding 

affinities of the substituted NSBE DNA were decreased when compared to NSBE. 

The Hill coefficients varied amongst the NSBE and NSBE KO substituted DNA. 

Due to the cooperative binding nature, it is difficult to interpret the effects of each 

NSBE KO DNA on the ability of NS1-nuc to bind the NSBE. Sedimentation 

velocity experiments of the NS1-nuc with fluorescently labelled NSBE resulted in 

the measurement of a major complex of five to seven NS1-nuc binding the NSBE, 

which agrees with the gel shift analysis of a total of seven NS1-nuc binding the 

NSBE. A smaller species of two NS1-nuc binding NSBE was also identified in the 

sedimentation velocity analysis. The observed cooperativity also indicated 

multiple NS1-nuc bound NSBE and substituted derivatives. The Hill coefficients 

ranged from two to four indicating there are at least two and at most four NS1-
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nuc binding cooperatively. Taken together with the stoichiometry data, the 

binding by NS1-nuc to the NSBE DNA is not completely cooperative, since a 

larger Hill coefficient would have been expected to more accurately reflect the 

total of seven NS1-nuc binding the NSBE. The incomplete cooperativity indicates 

that complexes with fewer than five to seven copies of NS1-nuc are formed at 

subsaturating concentrations of the NS1-nuc.  

The crystal structure of the Rep nuclease domain bound to origin of replication 

from Adeno-associated virus contains five Rep nuclease domains bound to the 

DNA55. The DNA in crystal structure contains five direct RBE (Rep Binding 

Element) repeats analogous to the B19V’s NSBE. The RBE repeats contains 4 

base pairs per repeat while the NSBE contains 8 base pairs per repeat (NSBE1-4). 

It is possible each NSBE region (NSBE1-4) contains two recognition sites for the 

NS1-nuc binding since each NSBE region is twice as large as each RBE. The 

stoichiometric data of the NS1-nuc and NSBE DNA indicate this is, in fact, the 

case. The only exception is the last NSBE (NSBE4), wherein only one NS1-nuc 

binds likely due to containing only half a GC rich site. From the binding assays 

measuring cooperativity, affinity, and stoichiometry in addition to the 

sedimentation velocity data, a model of NS1-nuc binding to the NSBE origin of 

replication is shown in Figure 2.9. The NS1-nuc are positioned as alternating 

around the NSBE as is observed in the Rep nuclease domain and RBE structure. 

The Rep nuclease domain interacts specifically with mostly one strand of the 

DNA and spirals around the helical double-stranded DNA structure. Therefore, 

the NS1-nuc are positioned in alternating positions as if they would also spiral 



90 
 

around the DNA interacting preferentially with one strand of the DNA. Because 

of the helical structure of DNA; the two closest NS1-nuc would be those 

positioned at alternating sites since each site is 10 bp apart (i.e.: blue NS1-nuc are 

closer in proximity to each other as are red NS1-nuc). The same colored NS1-nuc 

would be on the same side of the helical DNA strand and are possibly close 

enough for protein-protein contacts between each NS1-nuc. In the Rep nuclease 

domain structure with the RBE, there are no protein-protein contacts. Sequence 

analysis of NS1-nuc contains several amino acid inserts when compared to the 

Rep nuclease domain. These extensions could serve as sources of protein-protein 

contacts and may explain some of the binding cooperativity observed. In order to 

determine if the binding model is valid, structural data will need to be produced.  

 

 

Figure 2.9 Model of NS1-nuc binding to the NSBE within the B19V viral origin of 

replication. Within the NSBE1-3, two NS1-nuc bind each NSBE region, but only 

one NS1-nuc binds NSBE4. In total, seven copies of NS1-nuc bind cooperatively 

to the NSBE in order to facilitate viral replication. 
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Transactivation of host genes by NS1 from B19V has been identified for several 

promoters. The NS1 mediated transactivation has been narrowed down to 

specific regions within cellular promoters. NS1 transactivation of TNF-α and IL-6 

could be a possible contributor to autoimmune disease78,79,182. Additionally, 

transactivation of genes involved in the cell cycle have also been observed for the 

p21 promoter, which arrests cell cycle progression at G180. In each of the 

examples of NS1 transactivation, transcription factors have been observed to 

cooperatively interact with NS1. In the case for TNF-α and IL-6 transactivation by 

NS1, the AP-1 and NFkB transcription factor are involved, respectively78,79. As for 

p21, the Sp1 transcription factor is observed to participate in NS1 mediated 

transactivation of p2180. Interestingly, Sp1 is also observed to interact with B19V’s 

p6 promoter that includes the NSBE GC rich region76,183. Based on these previous 

transactivation studies, NS1 host gene transactivation may occur through direct 

or indirect interactions between NS1 and host transcription factors.  

The host promoter sequences, which were identified to be involved in NS1 

mediated transactivation, were analyzed in gel shift assays in order to determine 

if the NS1-nuc could interact with these DNA sequences specifically. In the cases 

for the TNF-α AP-1 dsDNA and IL-6 NFКB dsDNA, there was little to no affinity 

from the NS1-nuc domain when compared to random sequences consisting of 

different percentages of GC. While the TNF-α AP-1 dsDNA gel shift data indicates 

a higher affinity (K1/2 of 4±3 µM) than the IL-6 promoter, IL-6 NFКB dsDNA had 

a K1/2 of 28±18 µM which is very similar to the measured K1/2 of 30±4 µM for the 

random sequence with 72.6% GC content DNA and 33±6 µM for random 



92 
 

sequence with 50% GC content DNA. On the other hand, the NS1-nuc was able to 

bind the p21 dsDNA in a cooperative manner with a Hill coefficient of 2.3±0.2 

and K1/2 of 5.7±0.8 µM. Due to ability of the NS1-nuc to bind the p21 dsDNA, 

sedimentation velocity experiments were carried out to determine the size of the 

DNA-protein complexes formed. The results indicated three NS1-nuc would bind 

the p21 dsDNA. Additionally, there was a small population species of ten NS1-nuc 

binding the p21 dsDNA. The weak to nonspecific binding observed for the TNF-α 

AP-1 and IL-6 NFКB dsDNA and to a much lesser extent the p21 DNA could be 

due to several reasons: absence of post-translational modifications to NS1-nuc, 

requirement of host transcription factors to facilitate DNA binding, and/or 

modifications to DNA, such as CpG methylation184. Additionally, the full length 

NS1 could increase DNA binding affinity as homologous NS1 proteins are able to 

oligomerize and utilize their C terminal domains to transactivate host genes185,186. 

Additional experiments will need to be performed in order to ascertain the direct 

interactions involved in host gene transactivation through NS1.  
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CHAPTER 3: DNA CLEAVAGE AND COVALENT ATTACHMENT BY 

NS1-NUC 

The following work in this chapter was published in Sanchez, J. L., Romero, Z., 

Quinones, A., Torgeson, K. R. & Horton, N. C. DNA Binding and Cleavage by the 

Human Parvovirus B19 NS1 Nuclease Domain. Biochemistry 55, 6577-6593, 

doi:10.1021/acs.biochem.6b00534 (2016). Permission to use figures is detailed in 

Appendix A.  

Abstract  

The ability of the NS1-nuc to cleave at the terminal resolution site (TRS) site 

located within the viral origin of replication was determined to occur most 

efficiently with Mn2+, Co2+, Ni2+, and Mg2+, in that order. The most important 

nucleotides imparting TRS cleavage specificity were from nucleotides located one 

to two nucleotides around the cleavage site as well as nucleotides located adjacent 

to the NSBE. When the NSBE is part of the substrate DNA, then cleavage occurs 

off-target at the start of the NSBE. The cleavage rates were largely unperturbed 

when utilizing different TRS substrate DNA of different lengths, with the 

exception of a small substrate DNA that is 15 nucleotides in length. As part of 

cleavage reaction, the NS1-nuc was identified to form a covalent bond to the 5’ 

end of the TRS after cleavage.  
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3.1 Introduction 

3.1.1 Replication Model   

As previously discussed in Chapter 2, B19V’s origin of replication is located 

within the inverted terminal repeat (ITR) and consists of an NS1 binding element 

(NSBE) and a terminal resolution site (TRS) (Figure 2.1)18. The TRS is located 11 

nucleotides away from the NSBE region and is critical for replication. The TRS 

serves as a point where the NS1 protein may cleave and become covalently 

attached. The replication mechanism of B19V is largely based on previous studies 

on Adeno-associated virus (AAV) and Minute virus of mice (MVM) (Figure 1.1). 

3.1.2 Terminal Resolution Site 

The replication of the 5’ ends of the genomic DNA through the use of palindromic 

sequences, which can form self-complementary hairpin loops, was first proposed 

in 1974 and named terminal resolution187. A similar process has been observed to 

occur in vitro for AAV where palindromic sequences fold into a T shaped 

telomeric structure that allows priming for DNA replication144. Rep68 and Rep78 

(homologs of NS1 from B19V) bind sequences at the RBE (analogous to NSBE 

from B19V discussed in Chapter 2) and nicks the DNA at a site located 20 

nucleotides away named the TRS and in doing so becomes covalently attached to 

the DNA188-190. Similarly, MVM replication is thought to occur in a similar 

manner for the 5’ but not the 3’ terminus where a mechanism known as junction 

resolution occurs191,192.  In order to accomplish efficient cleavage at the TRS by 

the nuclease activity of Rep68, a third recognition element is required from the 

arms of the hairpin and is known as the secondary structure element193,194. The 
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secondary structural element is thought to be important for generating single-

stranded DNA substrate instead of participating in the chemical steps of DNA 

cleavage55,146. The cleavage at the TRS results in the formation of a 

phosphodiester bond between the phosphoryl group of the 5’ terminal thymidine 

residue and the hydroxyl group from the tyrosine of the Rep protein188,190. The 

formation of single-stranded DNA is required for cleavage to occur by the Rep68 

in a process that utilizes ATP. The DNA-protein covalent adduct from the 

cleavage provides a new base paired 3’ hydroxyl from which DNA replication may 

continue to complete replication of the viral genome.   

3.1.3 NS1 Cleavage 

B19V’s replication model is largely based on AAV due to high homology between 

the NS1 protein from B19V and Rep68 from AAV. Several functions required for 

NS1 to facilitate viral replication have been previously documented from in vivo 

studies. The NS1 protein is able to bind at the viral origin of replication and 

cleave at the TRS18. Not only is NS1 able to cleave at the TRS but it has also been 

observed to cleave host genomic DNA and become covalently attached70,143. 

Identifying the mechanism behind NS1 and TRS specificity within the inverted 

terminal repeat (ITR) is important for understanding the DNA-protein 

interactions critical at the viral origin of replication. To better understand the 

specificity and conditions required for TRS cleavage and covalent attachment to 

occur, the NS1-nuc was utilized in several DNA cleavage reactions. As the rolling 

hairpin replication strategy behind parvoviral replication is considered an ancient 

replication mechanism based on the rolling circle replication strategy from many 
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circular prokaryotic species, any findings on the replication mechanism may aide 

in understanding how viral and prokaryotic proteins selectively bind DNA 

substrates. Identifying the elements involved in TRS specificity will aide in the 

understanding of parvoviral endonucleolytic proteins as well as unique properties 

inherent in B19V viral replication. 

3.2 Materials and Methods 

3.2.1 DNA Cleavage Assays 

Oligonucleotides used in single turnover kinetic measurements were 5’ end 

labelled with 32P in a similar manner as previously described in the DNA binding 

and cooperativity measurements in Chapter 2. Reactions were performed in 50 

mM HEPES-NaOH pH7, 150 mM NaCl, and 10 mM CoCl2. In cases where buffer 

conditions change, they are noted in the experimental results. The reactions are 

incubated at 37°C with 1 nM of oligonucleotide substrate and an excess of 1 µM 

NS1-nuc. At specific time points of the reaction, 5 µL aliquots are obtained and 

the cleavage reaction is quenched with an equal volume of 80% formamide, 50 

mM EDTA, 1 mg/mL XCFF dye, and 1 mg/mL BPB dye. The quenched reactions 

are run on a denaturing polyacrylamide gel (20% 19:1 

acrylamide:bis(acrylamide), 4 M urea, 89 mM Tris base, 89 mM boric acid and 2 

mM EDTA). The gels are run at 300V for 2-3 hours in 1X TBE (89 mM Tris base, 

89 mM boric acid and 2 mM EDTA). Gels are exposed to phosphor image plate 

and densitometry of cleaved and uncleaved products were performed as 

previously described in Chapter 2. The integrated product and substrate were 
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converted to percent product and normalized to the total amount cleaved. The 

percent product at each time point was fitted to single exponential function to 

obtain the single turnover rate of the DNA cleavage using Kaleidagraph (Synergy 

software) with the following equation: 

Percentage of product= C1 + C2 (1 - e-kt) 

C1 is the baseline and C2 is the total percent of cleaved DNA. The length of 

incubation time for each cleavage time point is represented by t and the observed 

rate constant is represented by k. Measurements were performed in triplicate and 

the average with standard deviations are given.  

3.2.2 Covalent Attachment of NS1-nuc to DNA 

A 3’ end fluorescein labelled Ori1-67-top oligonucleotide from Sigma-Genosys, 

Inc. was purchased. The PAGE purified oligonucleotide was used in a cleavage 

assay with NS1-nuc to determine if the protein covalently attaches to the 5’ of the 

oligonucleotide substrate after cleavage. The reaction was performed with 2.6 µM 

Ori1-67-top-3’ fluorescein DNA and 27 µM NS1-nuc in 10 mM Bis Tris Propane 

pH 9.5, 150 mM NaCl, and 8.5 mM MnCl2. The reaction was performed in a 

volume of 414 µL and incubated overnight at 37°C. The reaction was quenched 

with 100 µL of 5X SDS-PAGE loading buffer (0.4 M Tris-HCl pH 6.8, 0.5 M DTT, 

10 % SDS, and 50% glycerol). The quenched reaction was heated to 95°C for 5 

min. The quenched reaction was run on a 12% acrylamide SDS-PAGE and 

visualized with a Typhoon scanner from GE, Inc. using the Y520 filter setting 

(band pass filter, 500-540 nm, centered on 520 nm) and a 488 nm blue 
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excitation laser. The SDS-PAGE was also stained silver stained to stain nucleic 

acids and proteins, and coomassie stained to stain for protein only195-197.  

3.3 Results 

3.3.1 Cofactor Requirement 

In order to identify the site of cleavage by the NS1-nuc, the B19V’s minimum 

origin of replication was used in cleavage assays (Figure 3.1). The dsOri1 DNA 

sequence is a 67 bp oligo that contains the GC rich NSBE binding region (NSBE1-

4) and the TRS located 5’ to the NSBE.  
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Figure 3.1 Sequences from B19V’s viral origin of replication used in DNA cleavage 

assays with NS1-nuc. A. The dsOri1 is the identified minimum origin of 

replication of B19V also containing the NSBE and TRS sites but with no extra 

base pairs before the ITR. B. The Ori1-67-top single-stranded DNA is the top 

strand of dsOri1 in A. C. Ori1-24-top is a shortened version of B containing the 

TRS but no NSBE regions. D. Ori1-20-top is further shortened version of Ori-24-

top with less nucleotides to the 5’ of the TRS but with more nucleotides to the 3’ 

of the TRS. The oligonucleotide was used in cleavage assays with substituted 

nucleotides to determine the importance of bases around the TRS. E. NUC1 is the 

smallest sequence used in cleavage reactions and is a few nucleotides smaller 

than Ori1-top-20 on the 3’ side of the TRS.  
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To identify the site of cleavage, 1 nM of a single-stranded oligo (Ori1-67-top) 

representing the presumably cleaved strand was 5’ end labelled with 32P and 

incubated with 1 µM NS1-nuc. The reactions were incubated overnight at 37°C 

with different divalent cations. Figure 3.2 demonstrates cleavage products are 

observed for Mg2+, Co2+, Ni2+, and Mn2+. The main cleavage product was 

observed at 18 nucleotides from the 5’ end which corresponds to the location of 

the TRS as indicated on Figure 3.1 (labelled TRS). Minor cleavage products were 

also observed at 30 nucleotides from the 5’ end. The minor cleavage product 

correspond to the nucleotide at the start of the NSBE1. Although the cleavage 

reaction with Mg2+ produced the least amount of product, it also did not have off-

target minor products as in Co2+, Ni2+, and Mn2+. The optimal buffer conditions 

were determined by varying the pH and salt concentrations with 10 mM Co2+ or 

Mn2+. The optimal pH for cleavage was determine to occur around pH 7-7.5 with 

NaCl concentrations of 0-200 mM (Supplemental Figure 3.1).  
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Figure 3.2 Cleavage at the viral origin of replication using Ori1-67-top with NS1-

nuc to determine site of the TRS and divalent metal cofactor requirement. 

Reactions were performed with 1 µM NS1-nuc and 1 nM 32P labelled Ori-67-top at 

37°C for 18 hrs in 50 mM HEPES-NaOH pH 7.5, 150 mM NaCl, and 10 mM of a 

divalent metal cofactor as indicated in the figure. Different sized markers of 17-19 

and 28-30 nucleotides were run to determine the site of the TRS. The main 

substrate and cleavage product sizes are indicated in red (67, 30, and 18). The 

dotted white line is used to identify the correct point of cleavage within the Ori-

67-top. The red boxed product under the MgCl2 is present to illustrate the small 

cleavage product located at the 18 nucleotide marker.  
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3.3.2 Terminal Resolution Site Specificity 

Due to the large 67 oligonucleotide used to determine the site of TRS cleavage 

and cofactor requirement, smaller truncated oligonucleotides were used to 

identify the minimum sequence required for cleavage at the TRS (Figure 3.1). An 

oligonucleotide which eliminated the NSBE regions (Ori-24-top) was found to 

still be a suitable substrate for NS1-nuc cleavage (Figure 3.3 B). Similarly, a 

single-stranded substrate, which truncated half the nucleotides to the 5’ of the 

TRS from the original Ori1-67-top (Ori-20-top), was still capable of being cleaved 

by the NS1-nuc (Figure 3.3 C). With the truncated oligonucleotides, no off-target 

cleavage products were observed.  
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Figure 3.3 Cleavage at the viral origin of replication using truncated versions of 

Ori-67-top. A-C. Ori-1-67-top, Ori-1-24-top, and Ori-1-20-top were incubated 

overnight at 37 °C with 1 µM NS1-nuc and 1 nM 32P labelled single-stranded DNA 

in 60 mM HEPES-NaOH pH 7.5, 150 mM NaCl, and 10 mM CoCl2. The gray 

boxes in A represent each NSBE region (NSBE1-4), while the TRS arrow indicates 

the point of cleavage for A-C. The numbers to either side of the TRS arrow 

indicate the nucleotides to the left and right at the point of cleavage at the TRS. 

D. Each DNA substrate was run before and after (-/+ indicated) the cleavage 

reaction with NS1-nuc. Numbers in red represent the nucleotide size of the 

substrate and cleavage products. The red asterisk is the off-target cleavage 

product not located at the TRS.  
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To test the importance of recognition and specificity for cleavage around the TRS, 

a 29 oligonucleotide was used in cleavage reactions with single nucleotide 

substitutions around the TRS. Figure 3.4 demonstrates the 29 oligonucleotide 

sequence (labelled wild type in black) used in the reaction. The wild type 

oligonucleotide was changed with single nucleotide substitutions located 6 

nucleotides on either side (-6 and +6) of the TRS (labelled substitution in red). At 

positions -7 and +7 from the TRS, multiple nucleotides were changed. Since 

cleavage rates did not result in a significant differences, the percentage of 

cleavage from the NS1-nuc on the substituted sequences was then normalized to 

the wild type sequences (Figure 3.4).  The greatest inhibition of cleavage resulted 

from nucleotide changes directly adjacent to the TRS at positions -1, 1, and 2. 

Unexpectedly, the five nucleotide substitution at position 7 also resulted in a 

significant deficit of cleavage which is located before the start of the NSBE 

regions. No other substitution had significant changes in cleavage. The ACC from 

positions -1, 1, and 2 are the most important contributors for TRS cleavage 

located between the A and C (positions -1 and 1). The region adjacent to the 

NSBE (position 7) also seems to contribute to cleavage. Interestingly, inclusion of 

the NSBE seems to increase the cleavage product of the single-stranded DNA 

substrate, as seen in Figure 3.5.  
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Figure 3.4 Single site substitutions (in red) of Ori-20-top (in black) around TRS 

to determine percentage of cleavage. The site of cleavage at the TRS is between 

the -1 and 1 position on the plot. The percentage cleaved was normalized to the 

unsubstituted (wild type) sequence of Ori-29-top. Reactions were incubated for 

29 hrs at 37 °C with 1 nM DNA and 1 µM NS1-nuc in 50 mM HEPES-NaOH pH 

7.5, 150 mM NaCl, and 10 mM MnCl2. 
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3.3.3 Kinetics of Cleavage 

The rate of cleavage was determined for different single-stranded DNA substrates 

by obtaining timed measurements of the cleavage products with NS1-nuc. 

Measurements were performed in triplicate to obtain an average and standard 

deviation from first order fits to obtain the rate constant, kobs. Reactions were 

performed with 5’ end labelled 32P oligonucleotides and excess NS1-nuc at 1 µM. 

Unlike other substrates used in the cleavage reactions, the Ori1-67-top contains 

two products. A major product from cleavage at the TRS and a smaller off target 

cleavage product (Figure 3.5).  
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Figure 3.5 Cleavage time points of 1 nM Ori1-67-top with 1 µM NS1-nuc. A. Gel 

image of the cleavage time points of Ori-1-67-top. B. The bands from the gel in A 

were integrated and quantified.  The data were fit to a single exponential 

function. The blue points and blue fit line are from the cleavage product at the 

TRS while the red points and red fit line are from the off-target cleavage product.  

 

 

 

 

 



108 
 

Both products (TRS and off target) from the Ori1-67-top cleavage have similar 

cleavage rates (Table 3.1). When shortening the Ori1-67-top, the cleavage rate 

also decreased as seen for Ori-24-top, Ori-20-top, and NUC1 (Table 3.1). The 

smallest of the DNA substrates used, NUC1, had about a 10 fold reduction in the 

cleavage rate as compared to the larger substrates such as Ori1-67-top. Although 

Ori1-67-top had the largest kobs at about 0.006 min-1, it is a relatively slow rate 

constant since type II restriction endonucleases, such as EcoRV, have DNA 

cleavage rates of 70 min-1. The divalent cation used for different DNA substrates 

did not significantly change the cleavage rate observed.  

 

Table 3.1 Rate Constants of DNA Cleavage by NS1-nuc 

DNAa kobs (min-1)b 
Divalent 
Cationc Cleavage Site 

Ori1-67-top (2.3 ± 0.4) x 10-3 Co2+ TRS  
Ori1-67-top (5.5 ± 1.2) x 10-3 Mn2+ TRS 
Ori1-67-top (5.9 ± 0.8) x 10-3 Mn2+ Off-target site 
Ori1-67-top (1.48 ± 0.17) x 10-3 Ni2+ TRS 
Ori-24-top (3.2 ± 1.5) x 10-3 Co2+ TRS 
Ori-24-top (1.32 ± 0.17) x 10-3 Ni2+ TRS 
Ori-24-top (1.23 ± 0.4) x 10-3 Co2+ TRS 
Ori-24-top (4.1 ± 0.2) x 10-4 Mn2+ TRS 
NUC1 (5.4 ± 2.7) x 10-4 Mn2+ TRS 
NUC1 (2.26 ± 0.5) x 10-5 Ni2+ TRS 

 

aDNA sequences used. bkobs rate of cleavage for three independent reactions and ± 

standard deviation. cDivalent metal cation utilized in cleavage reactions 

performed overnight at 37°C  with the following conditions: 1 nM DNA, 1 µM 

NS1-nuc, 50 mM HEPES-NaOH pH 7 (Co2+) or pH 7.5 (Mn2+ or Ni2+), 150 mM 

NaCl, and 10 mM divalent cation as indicated.   
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3.3.4 Covalent Attachment 

As homologs of NS1 have been observed to covalently attach to DNA upon 

cleavage, the ability of NS1-nuc was tested to determine if it is able to form a 

covalent adduct to DNA during the cleavage reaction. Therefore, 2.6 µM of 

fluorescein 3’ end labelled Ori1-67-top was cleaved with 27 µM NS1-nuc. The 

reaction was performed with 8.5 mM Mn2+ and incubated overnight at 37°C. The 

cleavage reactions were quenched using SDS-PAGE loading buffer before 

samples were loaded onto an SDS-PAGE and run. The SDS-PAGE were visualized 

in several different manners in order to accurately determine the presence of 

both the NS1-nuc and DNA (Figure 3.6). The reactions were performed in the 

presence of protein only, DNA only, and protein and DNA. Figure 3.6 A 

demonstrates the coomassie staining of the reactions. As coomassie only stains 

protein, the only two samples visualized are the protein only and protein and 

DNA reaction. It can be seen that two bands are present in the NS1-nuc and DNA 

reaction sample. One band corresponds to the NS1-nuc while the larger 

molecular weight band could correspond to the NS1-nuc DNA covalent adduct 

complex. The silver stained SDS-PAGE (Figure 3.6 B) contains bands in all 

samples since silver stains both nucleic acids and protein. In this case, the NS1-

nuc and DNA reactions can also be seen as in A but with additional bands 

present. In the NS1-nuc lane, the NS1-nuc can also be seen with an additional 

band above it. The additional band likely represents a protein from the protein 

prep and can be seen due to the high sensitivity of the silver staining procedure. 

Figure 3.6 C clearly demonstrates where the DNA is located since it was scanned 
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at the appropriate wavelength for the fluorescein, which is attached to the 3’ end 

of the DNA. Because of this, only the DNA only and NS1-nuc and DNA reactions 

have visible bands. The boxed region in each SDS-PAGE indicates the larger 

molecular weight complex which is visible under the fluorescein scan, silver stain, 

and coomassie stain. The only possible source for this complex could be from the 

covalent attachment of the NS1-nuc to the fluorescein labelled DNA.  

 

 

Figure 3.6 Covalent attachment of the NS1-nuc to 3’ of fluorescein labelled Ori1-

top-67. The cleavage reaction was analyzed on 12% SDS-PAGE with (A) 

coomassie stain, (B) silver stain, and (C) fluorescein scan. 
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3.4 Discussion 

NS1 is crucial for viral genomic replication. Replication models require NS1 to 

bind at the origin of replication and cleave at the TRS. As part of the cleavage 

reaction, NS1 must cleave single-stranded DNA at a specific location. The NS1 

domain responsible for specific DNA binding and cleavage is the endonuclease 

domain (NS1-nuc), which is part of the HUH (histidine-hydrophobic residue-

histidine) superfamily. The HUH superfamily is known to use divalent cations to 

catalyze DNA cleavage with a tyrosine residue that acts as a nucleophile in a 

phosphodiesterase reaction. The resultant reaction forms a covalent bond 

between the tyrosine and DNA in a 5’phosphotyrosine complex and produces a 

free 3’ OH198. In order to identify if these same conserved characteristics across 

the HUH superfamily applies to the NS1-nuc, cleavage reactions with single-

stranded oligonucleotides representing the identified B19V minimum origin of 

replication were performed with the NS1-nuc. Cleavage of double-stranded DNA 

by NS1-nuc was not successful, which is consistent with previous studies on 

similar endonucleases that prefer single-stranded DNA55,146,198,199. Utilizing 

different buffer conditions varying the pH, NaCl concentration, and divalent 

cation, the optimum cleavage conditions were determined to be: pH range from 

7-7.5, NaCl concentration from 0-200 mM, and 10 mM Co2+ or Mn2+. Although 

Mg2+ is the typical divalent cation used, very little cleavage was observed with 

Mg2+. On the other hand, Ni2+, Co2+, and Mn2+ were able to more efficiently 

catalyze the DNA cleavage reactions. The use of other divalent cations other than 

Mg2+ by HUH superfamily endonucleases is not unheard of; as they have been 
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observed to use Mn2+, Ni2+, Ca2+, Zn2+, and Cu2+ 198. The use of Mn2+ in replacing 

Mg2+ in mutant endonuclease reactions has an effect of increasing the cleavage 

rate and increasing the affinity of the enzyme for the DNA substrate200. The 

substitution of Mg2+ with Mn2+ may also reduce the specificity of cleavage by 

endonculeases201. As the NS1-nuc is a truncated form of the full length NS1, it is 

possible the truncated form of NS1 has such a decreased DNA binding affinity 

that the cleaving function of NS1-nuc may be partially rescued by using Ni2+, 

Co2+, or Mn2+. Similarly, an NS1 homolog, Rep78, from AAV utilizes Mg2+ to 

catalyze reactions while the Rep nuclease domain has a strong preference of Mn2+ 

and very little activity from Ca2+and Zn2+ 202,203. 

From the optimized cleavage conditions, the position of the TRS cleavage site was 

mapped by comparing the cleavage product to size markers of the same sequence. 

The location of the TRS was located 18 nucleotides from the 5’ end of the Ori1-67-

top. The TRS location was cleaved preferentially than the minor off-target 

cleavage product located at the start of the NSBE. Normally, off-target site 

cleavage would be prevented as it would be in a double-stranded DNA form. 

Additionally, there are other GCC sequences in the Ori1-67-top sequence which 

were not cleaved, thereby suggesting that other recognition elements exist other 

than those around the TRS. Interestingly, cleavage at off-target locations has not 

determined to serve any function, but cleavage at other sites other than the TRS 

could be indicative as possible mechanisms involved in cellular apoptosis through 

observed DNA damage by cleavage of host genomes75,143. The apoptotic cells have 

been observed to release apoptotic bodies that trigger the production of autoanti-
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DNA antibodies, which possibly lead to loss of self-tolerance in the development 

of autoimmune diseases81.  

In order to identify the minimum sequence required for TRS cleavage, the Ori1-

67-top oligonucleotide was shortened on the 5’ and 3’ end. Shortened 

oligonucleotides without the NSBE region still produced successful cleavage of 

the TRS by the NS1-nuc. Even shortening the 3’ end of the TRS that doesn’t 

contain the NSBE regions was still able to produce cleavage products. As TRS 

cleavage still occurs without the NSBE, it indicates NSBE is not required for 

cleavage to occur. To identify the nucleotides responsible for TRS cleavage 

specificity, a 20 oligonucleotide without the NSBE and the TRS located 9 

nucleotides from the 5’ and 11 nucleotides from the 3’ end was used in cleavage 

reactions. The reactions were compared to reactions with single nucleotide 

substitutions located 6 nucleotides around the TRS or multiple nucleotide 

substitutions starting at 7 nucleotides away from the TRS (Figure 3.4). The 

majority of the single substitutions had no effect on cleavage when compared to 

the unsubstituted DNA. The largest effect was observed for substitutions directly 

around the TRS (positions: -1, 1, and 2) and at the 3’ end (position 7) of the 

oligonucleotide. The two positions after the TRS (positions 1 and 2) had the 

largest effect on cleavage with barely detectable levels of the cleavage product. It 

is not surprising that the largest difference in cleavage came from nucleotide 

substitutions around the TRS as the NS1-nuc needs to bind and cleave at that 

site. Therefore, substitutions will undoubtedly affect the binding affinity for the 

TRS and thus, effect the cleavage rate. Surprisingly, the nucleotide substitutions 
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at the 3’ end also had an effect. These substitutions were located before the start 

of the NSBE. As these were substitutions, the effect is not due to non-sequence-

specific affinity from a longer DNA strand. Interestingly, including the NSBE 

region in cleavage reactions facilitated the amount of DNA able to be cleaved 

even though the NSBE region is not required for TRS cleavage. These sequences 

located to the 3’ of the TRS could increase the affinity of the NS1-nuc through 

some unknown sequence specific interactions. When comparing the cleavage 

results to a full length NS1 homolog from AAV, Rep68 cleavage was effected by 

substitutions around TRS located 5 nucleotides to the 5’ of the TRS and 2 

nucleotides to the 3’ of the TRS148. Unlike the studies with NS1-nuc, Rep68 

contained the full length protein with both the endonuclease and helicase 

domains in cleavage reactions using Mg2+ with double-stranded DNA 

representing the origin of replication for AAV. These changes could have affected 

the specificity from the TRS for the NS1-nuc cleavage.  

The rate of DNA cleavage by the NS1-nuc on several oligonucleotides 

representing the minimum origin of replication and truncated forms of the 

minimum origin of replication were performed through measured time cleavage 

assays. The data was fit to a single exponential function. The fastest cleavage rate 

was observed for the longest oligonucleotide, Ori1-67-top, with a rate constant of 

~0.006 min-1. There wasn’t much difference in cleavage rates between different 

lengths of oligonucleotides with the exception of the smallest oligonucleotide, 

NUC1, which had a 10 fold slower rate. The off-target cleavage rate also had 

similar rate constants as the calculated rate constants from the TRS cleavage. 
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Although the off-target product is cleaved, it appears as if it is not cleaved again 

to produce the specific TRS cleavage, since the off-target cleavage reaches a 

maximal constant level and never decreases. This could be due to loss of DNA 

binding affinity from a shortened DNA strand, loss of enzymatic activity, or a 

combination of both. On a similar note, the NS1-nuc doesn’t have much affinity 

for the single-stranded DNA used in the cleavage assays; it is likely the rate 

constant is not the chemical step in the DNA cleavage reaction since DNA binding 

is likely not saturated.  

After cleavage of DNA, the NS1-nuc is expected to covalently attach to the 5’ end 

of the DNA using a tyrosine residue as the nucleophile in the reaction since 

homologs of NS1 accomplish DNA cleavage utilizing this 

mechanism56,144,173,188,204,205. To determine if a covalent adduct was formed from 

the NS1-nuc to DNA, a fluorophore 3’ end labelled Ori1-67-top was used in a 

cleavage reaction with the NS1-nuc. The reactions were run on an SDS-PAGE and 

visualized under coomassie and silver staining as well as a fluorescein scan. 

Samples under SDS-PAGE conditions will denature noncovalent complexes and 

reduce disulfide bonds from treatment with DTT. The boxed sample from Figure 

3.6 with the NS1-nuc and DNA reaction contained a large species migrating 

slower than the NS1-nuc only sample. When visualized by coomassie staining, 

silver staining, and fluorescein scan, the boxed region corresponds to the only 

visualized region at each parameter. Therefore, the NS1-nuc is able to form a 

covalent complex with the DNA upon cleavage, which would be in agreement 

with previous observed functions of NS1 homologs.  
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CHAPTER 4: FLUORESCENCE POLARIZATION ASSAY 

DEVELOPMENT FOR HIGH THROUGHPUT DRUG SCREENS 

Abstract 

A fluorescence polarization assay using a 3’ fluorophore (TAMRA) end-labelled 

single-stranded DNA consisting of the terminal resolution site (TRS) sequence 

was developed to analyze the ability of NS1-nuc to cleave and become covalently 

attached to the DNA.  The assay was optimized to produce the maximum 

fluorescence polarization values by treating the reaction with 2M urea and 

replacing the NS1-nuc with a tagged His-MBP-NS1-nuc protein.   

4.1 Introduction 

4.1.1 Detection and Diagnosis 

Diagnosis of B19V infections relies on accurate detection of B19V. The presence 

of large proerythroblast in the bone marrow or peripheral blood are suggestive of 

an active B19V infection but more accurate detection methods are required, 

especially considering this phenotypic observation doesn’t occur in patients with 

human immunodeficiency virus (HIV) or other chronic infections206.  

Testing for the presence of B19V DNA via PCR in serum is useful during the 

active viremic phase in acute infections where symptoms consist of fever and 

fatigue207,208. After secondary symptoms, such as arthropathy, rash appearance, 

or autoimmune manifestations develop post active viremia, typical PCR methods 

yield negative results209. Immunocompromised patients or those with chronic or 

intermittent viremia have much less viral DNA present, which makes 
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identification of B19V infections difficult. A better alternative to identify B19V 

infections are utilizing enzyme immunoassays. Individuals who don’t have active 

viremia typically have IgM antibodies against B19V. IgG antibodies are also 

present but not during the initial B19V infection as IgG appear after a few days 

post infection. Commercially available kits are able to detect B19V IgG or IgM 

with high specificity (94.2-98.5%) in patients with acute infections or patients 

who have developed autoimmune diseases following infection210. Successful 

identification of B19V in pregnant women after 8-12 weeks post infection is not as 

sensitive with only 63-70% sensitivity, which is likely due to fetal symptoms 

developing late post infection after maternal B19V IgM antibodies have 

declined210. Although identification of B19V infections have become robust, care 

must be taking when interpreting negative B19V IgM results during pregnancy.  

4.1.2 Treatment 

Due to the ubiquitous nature of B19V throughout the world, it is difficult to 

attempt to control the spread of infection in order to prevent exposure. Adding to 

complications, patients infected with B19V are frequently asymptomatic during 

the period when they are capable of spreading infection, but isolation of viremic 

patients has proven useful to decrease the level of B19V exposure in hospital 

settings211.  

Attempts to create a vaccine against B19V has not been successful. Based on the 

observation that production of VP1 specific antibodies against B19V’s capsid 

protein is associated with viral clearance and production of anti-VP2 antibodies 

occur during the early phase of viral clearance, an attempt to create a vaccine 



118 
 

from the formation of virus like particles from VP1 and VP2 have been attempted 

numerous times212,213. Both VP1 and VP2 capsid proteins were utilized for the 

vaccine development due to VP1 being unable to form virus like particles on its 

own without the presence of VP2. Additionally, VP1 is also responsible for 

containing many of the neutralizing epitopes observed for B19V214. Initial results 

from phase I clinical trials indicated mild to moderate symptoms were observed 

at the site of injection with associated redness, headache, fever, fatigue, and 

gastrointestinal distress215. Although the MF59 adjuvanted vaccine produced 

B19V neutralizing antibodies similar to those observed during actual B19V 

infections, aluminum hydroxide adjuvanted and nonadjuvanted vaccine trials did 

not produce the expected production of neutralizing antibodies216,217. Moreover, 

recent follow up clinical trials failed when skin rashes near the site of infection 

were observed possibly due to the presence of insect cell contaminants from the 

vaccine preparation and/or from phospholipase activity associated with VP1218.  

As for the development of specific antiviral therapy against B19V, no therapies 

have been identified219. Generally, treatment of B19V infection involves 

management of symptoms. For example, patients who develop acute aplastic 

crisis from erythrocyte loss will have blood transfusions performed. Similarly, 

blood transfusions have been used successfully to support fetuses during B19V 

infections that may cause severe anemia220. As for patients who develop 

arthropathy or other B19V associated autoimmune diseases, patients are treated 

with nonsteroidal anti-inflammatory drugs221. Not all therapies have been 

unsuccessful. Intravenous immunoglobulin treatment of persistent B19V 

infections in HIV immunocompromised patients without detectable levels of 
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B19V IgG and low levels of B19B IgM were able to rapidly reduce viremia 

concentrations and lead to recovery of red blood cell production104. It is unknown 

if immunoglobulin treatment could be useful for acute B19V infections or B19V 

infections associated with autoimmune disease.  

The development of novel antiviral therapeutics against B19V is of critical 

importance for the amelioration of symptoms from acute B19V infections and 

possibly for those B19V infections associated with autoimmune diseases. Due to 

the characterization of the NS1-nuc (Chapter 2 and 3), drug targets against NS1 

activity may begin to be investigated. One of the most robust activities of NS1 

includes the ability of NS1 to cleave DNA. This activity is necessary for viral 

replication and hypothesized to be involved in the production of autoantibodies 

from the release of apoptotic bodies due to the formation of DNA-NS1 covalent 

adducts to host genomic DNA known to trigger apoptosis18,81. Therefore, a 

fluorescence polarization assay was developed based on the property of NS1-nuc 

becoming covalently attached to DNA upon cleavage. The assay may serve as a 

method to perform high throughput drug library screens in order to identify 

potential compounds which may inhibit NS1-nuc DNA cleavage.  

4.2 Materials and Methods 

4.2.1 Fluorescence Polarization Cleavage Assay 

A 17 nucleotide 3’ end TAMRA labelled oligonucleotide (tr17-TAMRA) was used 

at various concentrations as indicated in results to measure the fluorescence 

anisotropy of the NS1-nuc and DNA cleavage reaction. Cleavage reactions were 

performed in 50 mM Tris-HCl pH 8, 150 mM NaCl, and 10 mM MnCl2. The 
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reactions were allowed to proceed overnight at 37°C with 1 µM of NS1-nuc or 1 

µM His-MBP-NS1-nuc. Urea was added to the reactions to a final concentration 

of 2M, where indicated. An excitation and emission scan was performed in a PC1 

(ISS) fluorimeter to determine the excitation (555 nm) and emission (582 nm) 

wavelength peak for the TRS17-3’ TAMRA. The emitted intensities from the 

fluorescence polarization were measured using 50.8 mm diameter and 570 nm 

cutoff filter with a 580−2750 nm transmittance range (ThermoOriel Inc., catalog 

no. 59510) and 1 mm slit widths. The measurement for each reaction was 

performed for 5 min, and the average of the data measurements between 50-250 

seconds were determined.   

4.3 Results 

4.3.1 Cleavage of Substrate DNA 

In order to develop a fluorescence anisotropy experiment, a 17 nucleotide 

sequence with the TRS was used in a cleavage reaction to verify that the NS1-nuc 

is capable of cleaving this sequence (Figure 4.1). Reactions were performed with 1 

µM NS1-nuc and 1 nM 32P labelled TRS17 at 37°C for the indicated time points in 

50 mM Tris-HCl pH 8, 150 mM NaCl, and 10 mM of MnCl2. The reactions were 

quantified and fit to single exponential as previously described in Chapter 3 

(Figure 4.2). As can be seen in Figure 4.2, the TRS17 is able to be cleaved by the 

NS1-nuc.  



121 
 

 

Figure 4.1 TRS17 sequence used in cleavage reactions with NS1-nuc in both 32P 

labelled cleavage assays and 3’ TAMRA labelled fluorescence polarization 

experiments. The TRS is indicated on the sequence.  

 

 

 

Figure 4.2 Cleavage time points of TRS17 with NS1-nuc. A. Gel image of the 

cleavage time points of TRS17. B. The bands from the gel in A were integrated 

and quantified.  The data was fit to a single exponential function. The blue points 

and blue fit line are from the cleavage product at the TRS.  Reactions were 

performed in 1 µM NS1-nuc with 1 nM 32P labelled TRS17 at 37 °C for the 

indicated time points in 50 mM Tris-HCl pH 8, 150 mM NaCl, and 10 mM of 

MnCl2. 
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4.3.2 Schematic of Assay 

Since TRS17 was a suitable substrate for NS1-nuc cleavage, a 3’ fluorophore 

(TAMRA) labelled TRS17 (TRS17-TAMRA) was designed and tested. Figure 4.3 

demonstrates the schematic for the cleavage reaction of NS1-nuc cleaving and 

attaching to the DNA by forming a 5’ covalent adduct with the TRS17.  Since the 

NS1-nuc TRS17 complex is larger than the uncut fluorophore labelled TRS17, the 

NS1-nuc DNA complex will have higher anisotropy values after cleavage222.  

 

 

 

Figure 4.3 Schematic of cleavage reaction for fluorescence anisotropy 

measurement. The TRS17-TAMRA is incubated with NS1-nuc. The cleavage 

reaction causes the NS1-nuc to become covalently attached at the 5’ end of the 

TRS. Due to the large size of the NS1-nuc covalently attached to cleaved DNA, the 

complex will tumble slower (red arrow) in solution giving it a higher anisotropy 

value as it doesn’t depolarize the emitted light after absorption (green arrows). 

The uncut TRS17-TAMRA is smaller and therefore has a faster rotation in 

solution, which causes it to depolarize more light after it absorbs and emits 

(green arrows).  
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4.3.3 Optimization of Assay 

In order to identify the excitation and emission wavelengths of the TRS17-

TAMRA in 50 mM Tris-HCl pH 8, 150 mM NaCl, and 10 mM of MnCl2, emission 

and excitation scans were performed. The excitation scan indicates the 

wavelength of excitation occurs at ~555 nm and the emission scan demonstrates 

an emission wavelength of ~582 nm (Figure 4.4).  

 

 

 

 

Figure 4.4 Excitation and Emission scans of TAMRA 3’ end labelled TRS17 in 50 

mM Tris-HCl pH 8, 150 mM NaCl, and 10 mM of MnCl2. A. TRS17-TAMRA was 

scanned to identify the excitation wavelength at 555 nm. B. TRS17-TAMRA was 

scanned to identify the emission wavelength at 582 nm.  
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With the optimum cleavage conditions previously identified in Chapter 3 and the 

excitation and emission parameters determined, several concentrations of 

TRS17-TAMRA were incubated overnight at 37°C with and without 1 µM NS1-

nuc. Figure 4.5 demonstrates the different concentrations of TRS17-TAMRA only 

reactions (red bar graphs) have smaller anisotropy values than the reactions with 

1 µM NS1-nuc (blue bar graphs). A pattern is observed of decreasing anisotropy 

values as the concentration of TRS17-TAMRA increase, which likely indicates the 

NS1-nuc is not completely cleaving the higher concentrations of TRS17-TAMRA. 

In any case, the test affirmed that fluorescence anisotropy may be used to identify 

the formation of a covalent adduct by NS1-nuc to cleaved substrate DNA. In order 

to verify the buffer components were not effecting the observed fluorescence 

anisotropy values, the reactions were repeated in the presence and absence of 

several buffer components including: Mn2+, glycerol, NS1-nuc, and urea.  
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Figure 4.5 Fluorescence anisotropy results at different concentrations of TRS17-

TAMRA. Overnight cleavage reactions at different concentrations of TRS17-

TAMRA (as indicated in bar graph legend) were performed with (blue bar graph) 

and without (red bar graph) 1 µM NS1-nuc at 37°C. 

 

 

 

 

 

 

 

 

 



126 
 

 

Focusing in on the blue bar graphs (solid and checkered) in Figure 4.6, it can be 

seen that the addition (solid blue bar graph) or absence (checkered blue bar 

graph) of Mn2+ has little to no effect on fluorescence anisotropy of the TRS17-

TAMRA samples. Similarly, glycerol also has little effect on anisotropy (solid 

green bar graph and checkered green bar graph). The only difference is observed 

between the addition (solid purple bar graph) or absence (checkered purple bar 

graph) of Mn2+ when 1 µM of NS1-nuc is also present with the TRS17-TAMRA. 

The anisotropy values are higher for the sample where the cleavage reaction was 

allowed to proceed, while the sample without Mn2+ could not catalyze the 

cleavage reaction. A similar trend is observed for the samples that were treated 

with urea after the reaction. These samples are located to the right of the blue 

line. It can be seen that the presence or absence of glycerol (red bar graph and 

red checkered bar graph) and Mn2+ (yellow bar graph and yellow checkered bar 

graph) have no effect on anisotropy values from the TRS17-TAMRA only samples 

after treatment with urea. Interestingly, a larger difference is observed between 

the addition and absence of Mn2+ in the presence of 1 µM of NS1-nuc following 

treatment with urea (black bar graph and black checkered bar graph) than that 

observed for the untreated urea sample under similar conditions (purple bar 

graph and purple checkered bar graph).  
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Figure 4.6 Fluorescence polarization of NS1-nuc and TRS17-TAMRA cleavage. 

Buffer constituents were added and removed to determine if fluorescence 

anisotropy is affected. – indicates removal of a component and + indicates 

addition of a buffer component. For example, the first blue bar graph has Mn2+ 

included while the second checkered blue bar graph has Mn2+ removed. The thin 

blue line divides the samples that were performed at 10 TRS17-TAMRA (left side) 

and those performed at 5 nM TRS17-TAMRA due to treatment with 2M urea 

treatment (right side). 
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As the treatment with urea increased anisotropy values from the TRS17-TAMRA 

and NS1-nuc reaction, the cleavage reactions were repeated with a His-MBP-NS1-

nuc protein, which has an N terminal hexahistidine and maltose binding protein 

tag on the NS1-nuc (hMBP-NS1-nuc). The use of a larger protein should increase 

the anisotropy values further than those with the NS1-nuc. Therefore, reactions at 

2.5 nM TRS17-TAMRA with 1 µM NS1-nuc (solid blue bar graph) or 1 µM hMBP-

NS1-nuc (checkered blue graph) were performed. Figure 4.7 demonstrates that 

the reaction with the larger protein, hMBP-NS1-nuc (checkered blue graph), has 

a larger anisotropy value than the NS1-nuc (solid blue bar graph). In order to test 

the ability of EDTA to inhibit the cleavage reaction, the cleavage reactions were 

treated with 50 mM EDTA (red bar graph and red checkered bar graph). In both 

cases, the use of EDTA inhibited the cleavage reaction as the anisotropy values 

were similar to those of the negative control sample which did not contain either 

1 µM NS1-nuc (solid green bar graph) or 1 µM hMBP-NS1-nuc (checkered green 

graph). 
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Figure 4.7 Fluorescence polarization of NS1-nuc and 2.5 nM TRS17-TAMRA 

cleavage after addition of 2M urea. The blue bar graph (either solid or checkered) 

contain the reaction with 1 µM NS1-nuc (solid blue bar graph) or His-MBP-NS1-

nuc (checkered blue bar graph). The red bar graph (either solid or checkered) 

contain the reaction with 1 µM NS1-nuc (solid red bar graph) or His-MBP-NS1-

nuc (checkered red bar graph) and 50 mM EDTA as an inhibitor. The green bar 

graph (either solid or checkered) contains 50 mM EDTA as an inhibitor but does 

not contain NS1-nuc (solid green bar graph) or His-MBP-NS1-nuc (checkered 

green bar graph).  
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4.4 Discussion 

The lack of any antiviral treatment available for B19V infections has created a 

need for the further development of inhibitors targeting mechanisms behind 

B19V infection. The NS1 protein from B19V is required for viral replication and 

has been associated with several autoimmune diseases. For NS1 to function 

properly in viral replication, one of its critical functions is to cleave single-

stranded DNA. The cleaving function of NS1 has also been speculated to cause 

apoptosis through host genomic DNA damage. Apoptosis results in the release of 

apoptotic bodies harboring DNA covalently attached to NS1, which leads to the 

immune system producing autoantibodies against DNA. Therefore, the well 

characterized cleavage activity of NS1-nuc was used in the development of an 

assay that may be used in high throughput manner to screen drug libraries.  

An oligonucleotide consisting of 17 nucleotides in length with the TRS, TRS17, 

was used in a cleavage assay with NS1-nuc (Figure 4.1). The 32P labelled TRS17 

was able to serve as an appropriate substrate for cleavage by the NS1-nuc. The 

fluorophore (TAMRA) 3’ end labelled TRS17 (TRS17-TAMRA) was then used in 

fluorescence anisotropy experiments as a means to identify cleavage and 

subsequent covalent attachment by the NS1-nuc. Initial experiments successfully 

demonstrated the use of NS1-nuc and TRS17-TAMRA as potential components 

for the development of the fluorescence anisotropy experiments (Figure 4.2). 

Assays with NS1-nuc and TRS17-TAMRA consistently had higher anisotropy 

values than those with only TRS17-TAMRA (Figure 4.5). An interesting pattern 

was observed as the concentration of TRS17-TAMRA increased. The increase in 
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concentration corresponded to reduced anisotropy value after NS1-nuc cleavage. 

It is likely this is due to incomplete cleavage and covalent attachment to the 

TRS17-TAMRA as the concentration increased. As the anisotropy values observed 

from the cleavage reaction is the average of the NS1-nuc attached to the TRS17-

TAMRA and unreacted TRS17-TAMRA, the increase in TRS17-TAMRA 

concentration resulted in a larger amount of uncleaved DNA substrate and 

therefore decreased the typical high anisotropy values observed at lower TRS17-

TAMRA concentrations.  

As the buffer components used in the cleavage reactions could affect the 

anisotropy values, several control experiments were performed in order to verify 

that the glycerol, Mn2+, and NS1-nuc didn’t affect anisotropy values on their own. 

As seen in Figure 4.6, the glycerol and Mn2+ had not effect on the TRS17-TAMRA 

anisotropy values whether the samples were treated with or without urea (solid 

or checkered blue bar graph, solid or checkered green bar graph solid or 

checkered red bar graph, and solid or checkered yellow bar graph). Interestingly, 

the only difference observed was for the samples containing NS1-nuc in the 

presence or absence of Mn2+. The sample with both NS1-nuc and Mn2+ allowed 

the cleavage reaction with the TRS17-TAMRA (solid purple bar graph) to proceed 

while the same reaction without Mn2+ did not result in an increase of anisotropy 

values (checkered purple bar graph). Unexpectedly, a larger difference was 

observed between the urea treated samples containing NS1-nuc and Mn2+ (solid 

black bar graph) and a sample containing only NS1-nuc and TRS17-TAMRA 

(checkered black bar graph). Since the NS1-nuc and TRS17-TAMRA sample 
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doesn’t have any Mn2+ to catalyze the cleavage reaction and form a covalent 

adduct, the anisotropy shouldn’t increase. The large difference between the urea 

and non-urea treated cleavage reactions (solid purple bar graph and solid black 

bar graph) was likely due to the denatured state of the NS1-nuc. The loss of 

globular structure would extend the NS1-nuc structure and decrease the rotation 

of the complex in solution and thereby increase its anisotropy values, since NS1-

nuc is covalently attached to the DNA222. Additionally, the use of urea also 

guarantees the NS1-nuc isn’t merely binding the TRS17-TAMRA to increase the 

anisotropy values. This is most likely not occurring since samples containing 

NS1-nuc with TRS17-TAMRA has similar anisotropy values whether they were 

treated with urea or not (purple checkered bar graph and black checkered bar 

graph).  

With the observation of urea being able to increase the anisotropy value after 

NS1-nuc cleavage, a version of the NS1-nuc with an N-terminal hexahistidine and 

maltose binding domain tag (His-MBP-NS1-nuc) was used in the cleavage 

reactions. Since the His-MBP-NS1-nuc protein is much larger than the NS1-nuc, 

the reaction with TRS17-TAMRA should result in higher anisotropy values than 

NS1-nuc. As expected, Figure 4.7 demonstrates the His-MBP-NS1-nuc (checkered 

blue bar graph) has higher anisotropy values than those of NS1-nuc (solid blue 

bar graph) after treatment with urea following the overnight reaction. The 

reactions were also incubated with EDTA as a means to inhibit the cleavage 

reaction (solid and checkered red bar graphs). When the EDTA treated samples 

are compared to the negative controls (solid and checkered green bar graphs), 
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which don’t contain NS1-nuc or His-MBP-NS1-nuc, they have similar values 

indicating EDTA is able to inhibit the cleavage reaction by chelating Mn2+. As 

previously seen in other endonucleases, EDTA may be used as an inhibitor of 

DNA cleavage reactions223.  

From the fluorescence anisotropy cleavage experiments, the His-MBP-NS1-nuc 

and TRS17-TAMRA cleavage reactions are useful in the development of an assay 

which can be used in a high throughput manner. In order to further increase the 

difference in anisotropy values between DNA cleavage and non-cleavage 

reactions, urea is observed to dramatically increase the anisotropy values. 

Therefore, future studies will have to focus on transferring this methodology to 

plate readers which are able to read fluorescence polarization data. The use of 

plate reader will allow multiple reactions to be performed simultaneously in a 

high throughput manner to screen drug libraries and identify molecules that may 

inhibit the ability of the NS1-nuc to cleave DNA, which may hold the potential to 

treat B19V infections and possible B19V associated autoimmune diseases.   
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CHAPTER 5. HETERONUCLEAR SINGLE QUANTUM COHERENCE (HSQC) 

OF NS1-NUC 

Abstract 

The 1H-15N Heteronuclear Single Quantum Coherence (HSQC) Nuclear Magnetic 

Resonance (NMR) spectra of 100 µM NS1-nuc resulted in well dispersed peaks 

but higher concentrations of 500 µM NS1-nuc resulted in protein aggregation 

and no spectra could be obtained. Treatment of NS1-nuc with 0.5 M 1,6 

hexanediol aides in solubilizing proteins without altering the secondary structure 

of the NS1-nuc as determined by circular dichroism. Future HSQC experiments at 

higher concentrations of NS1-nuc in 0.5 M 1,6 hexanediol will need to be 

performed to determine if a better chemical shift dispersion spectra can be 

obtained for structural analysis.  

5.1 Introduction 

5.1.1 HUH Superfamily 

The NS1-nuc is part of the large HUH (Histidine-Hydrophobic residue-Histidine) 

endonuclease superfamily that is conserved in all domains of life and is 

responsible for many biological processes198. The HUH superfamily is categorized 

into two major categories: Rep (replication) and Mob (mobilization), where Rep 

proteins are involved in DNA processing during replication and Mob proteins are 

involved in conjugation. The HUH superfamily have a conserved protein fold 

with a central four or five stranded antiparallel β-sheet surrounded around α-

helices. A single β-strand that is part of the core β-sheet contains the HUH motif 
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responsible for coordinating the divalent metal ion for the nicking. The tyrosine 

residue is located on a α-helix. In proteins in the relaxase group, the tyrosine is 

located upstream of the HUH motif while the tyrosine is located downstream of 

the HUH motif in the Rep group198. The tyrosine residue is used as a nucleophile 

to create a 5’phosphotyrosine bond onto DNA as part of the nicking reaction used 

by Rep proteins.  

5.1.2 NS/Rep Gene Endonuclease Domains 

Existing structures of the N-terminal endonuclease domains from the 

autonomous replicating parvovirus, Minute virus of mice (MVM) and Human 

Bocavirus 1 (HBoV1), and dependoparvovirus, Adeno associated virus, 

demonstrate the conserved active and catalytic sites typically observed for the 

HUH superfamily, which are critical of single-stranded DNA binding and nicking 

for successful viral replication57,199,224. The Rep endonuclease domain from AAV 

is shorter in amino acid length than the endonuclease domain in NS1 from MVM 

and HBoV1. Although these parvoviral endonuclease domains have similar folds, 

the amino acid sequences differ along the endonuclease domain, which could be 

attributed to additional functions besides the DNA nicking activity. In particular, 

post-translational modifications through phosphorylation and acetylation have 

been observed to be important for cytotoxicity, gene transcription, and viral 

replication within the endonuclease domains6. The sites of these post-

translational modification coincide with different amino acid conservation 

amongst the endonuclease domains within the parvovirus family. Therefore, the 

difference in amino acid sequence conservation and protein length could be an 
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indication of the differentiated specialization of these proteins as they relate to 

viral infectivity and tissue specific responses. In order to address the importance 

and location of some of these structural characteristics and unique amino acids 

compositions within the B19V’s NS1-nuc, initial NMR experimentation has been 

performed in order to determine the structure of NS1-nuc and any important 

conformational changes that may occur from DNA binding.   

5.2 Material and Methods 

5.2.1 NMR 

The NS1-nuc was grown and purified as previously described in Chapter 2 with 

the exception of using M9 minimal media with 15N ammonium chloride for 

nitrogen labeling instead of LB. The purified NS1-nuc was dialyzed into 10 mM 

Bis Tris Propane pH 9.5, 150 mM NaCl, and 2 mM DTT in 10% D2O. The 2D 1H-

15N HSQC NMR spectra were acquired using an 800 megahertz (MHz) NMR 

spectrometer with a cryoprobe at 298 K.  

5.2.2 Circular Dichroism Spectroscopy 

Far ultraviolet (UV) circular dichroism (CD) spectra were acquired using Olis 

DSM-20 CD spectrometer with the SpectralWorks software. Scans were 

performed from 250-200 nm at 1 nm intervals in a 0.5 mm pathlength cuvette at 

room temperature. The NS1-nuc was dialyzed into 10 mM potassium phosphate 

pH 7, 150 mM NaF, 0.5 mM DTT, and in the absence and presence of 0.5 M 1,6 

hexanediol. After subtraction of the baseline which consisted of the buffer only, 

the spectra of the NS1-nuc sample with 1,6 hexanediol was obtained with 5 scans 
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and 15 second integration time at 0.3 mg/mL of NS1-nuc, while the spectra of the 

NS1-nuc sample without 1,6 hexanediol was obtained with 5 scans and 5 second 

integration time at 0.33 mg/mL. The data obtained was converted from 

millidegrees (Ɵ) to Δε with the following equation: 

 Δε = Ɵ * [(0.1*MRW)/ (P*CONC*3298)] 

The machine units in millidegrees (Ɵ) measure the difference between the left 

and right handed light. To account for the difference in protein concentrations 

utilized between experiments, the millidegrees (Ɵ) are converted to Δε225,226. 

From the equation, the P is the pathlength of the cuvette in cm used in the 

experiments and CONC is the concentration of the protein in mg/mL. MRW 

represents the protein mean weight which can be obtained by the following 

equation: 

MRW= [Molecular Mass in Daltons/ (number of amino acids-1)] 

5.3 Results 

5.3.1 NS1-nuc 1H-15N HSQC 

In order to initiate structural characterization of the NS1-nuc, 15N-labelled NS1-

nuc was prepared and concentrated to 100 and 500 µM. 1H-15N heteronuclear 

single quantum coherence (HSQC) spectra of the NS1-nuc was obtained. Initial 

spectra were obtained from 8 scans at 100 µM NS1-nuc as can be seen in Figure 

5.1 A. The spectra indicate good peak distribution under these conditions. To 

determine if anymore peaks would appear with increased scans, 32 scans of 100 

µM NS1-nuc were performed (Figure 5.1 B). In order to accurately compare the 
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results between the different number of scans from the 100 µM NS1-nuc sample, 

the individual spectra from the 8 and 32 scans were overlaid (Figure 5.1 C). When 

viewing the overlaid spectra, it can be more easily seen that numerous peaks 

appear as indicated by boxed areas in Figure 5.1 C. When the concentration of the 

NS1-nuc was increased to 500 µM to further increase the peak distribution, the 

spectra could not be obtained due to aggregation of the protein (Figure 5.1 D).  

 

 

Figure 5.1 1H-15N HSQC of the NS1-nuc in 10 mM Bis Tris Propane pH 9.5, 150 

mM NaCl, and 2 mM DTT in 10% D2O. A. 8 scans of 100 µM of NS1-nuc. B. 32 

scans of 100 µM of NS1-nuc. C. Overlaid spectra from A (in red) and B (in blue). 

Boxed area indicates regions where peaks appeared after an increase in scans. D. 

500 µM of NS1-nuc spectra could not obtained due to protein aggregation. 
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5.3.2 Circular Dichroism Spectroscopy of NS1-nuc 

Previously identified buffer additives have been observed to increase the 

solubility of the NS1-nuc at high concentrations. 1,6 hexanediol has been 

observed to keep the NS1-nuc soluble at 10 mg/mL for several weeks. The NS1-

nuc was dialyzed into buffers with and without 0.5 M 1,6 hexanediol, and the 

circular dichroism spectra was obtained to assess whether 1,6 hexanediol 

structurally changed the NS1-nuc (Figure 5.2). Comparing the spectra of the NS1-

nuc in the presence (black spectra) or absence (green spectra) of 0.5 M 1,6 

hexanediol demonstrates there is no change in the secondary structure of the 

NS1-nuc. Further 1H-15N HSQC spectra analysis of NS1-nuc in 0.5 M 1,6 

hexanediol are required to determine if 1,6 hexanediol is a compatible buffer 

component for future NMR studies.   
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Figure 5.2. Far UV Circular Dichroism Spectra of NS1-nuc in the presence and 

absence of 0.5M 1,6 hexanediol. The baseline was subtracted from the spectra 

using a buffer only sample. The spectra were obtained from 200-250 nm with 

different number of scans per wavelength and integration time as indicated in the 

figure. The green data points are from 0.333 mg/ml of NS1-nuc in 10 mM 

potassium phosphate pH 7, 150 mM NaF, 0.5 mM DTT and the black data points 

are from 0.3 mg/ml of NS1-nuc in 10 mM potassium phosphate pH 7, 150 mM 

NaF, 0.5 mM DTT, and 0.5 M 1,6 hexanediol.  
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5.4 Discussion 

As there is no structural data of NS1 from B19V, there are many unknown 

remaining questions regarding specific interactions between the NS1 and DNA. 

As we have functionally characterized the endonuclease domain of NS1 (NS1-

nuc), the structural aspects of NS1-nuc function will elucidate many mechanisms 

important for DNA binding and cleaving. To address the dearth in structural 

data, NMR studies on the NS1-nuc have been started.  

The initial 1H-15N HSQC spectra of the NS1-nuc indicates that the spectra 

obtained at 100 µM NS1-nuc contained good chemical shift dispersion which may 

be increased with additional scans. Although the additional scans aided in 

identifying new chemical shifts, it was not enough to obtain a full spectra for the 

NS1-nuc. Therefore, a higher concentration of NS1-nuc would be required to 

increase the signal needed to perform a NMR resonance assignment for further 

structural studies227. 1H-15N HSQC spectra of 500 µM NS1-nuc proved 

detrimental for the NMR studies as the protein aggregated and precipitated in 

solution. Due to this, no spectra could be obtained.  

Additional studies of a higher concentrated NS1-nuc will prove beneficial for 

further NMR studies. In particular, the use of 1,6 hexanediol may facilitate the 

solubilization of the NS1-nuc at higher concentrations as has been previously 

observed for the NS1-nuc. The use of 1,6 hexanediol for NMR studies of proteins 

with a propensity to aggregate has proven useful, since 1,6 hexanediol binds to 

hydrophobic regions on proteins to prevent precipitation228. Circular dichroism 

spectra analysis of the NS1-nuc indicated the addition of 1,6 hexanediol does not 
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change the secondary structure of the NS1-nuc. DNA cleavage reactions of the 

NS1-nuc with 1,6 hexanediol does indicate the reaction is inhibited but not 

prevented (Data not shown). The inhibition could be due 1,6 hexanediol 

competing with DNA and/or the metal ion binding and coordination. Further 

NMR studies with the addition of 1,6 hexanediol might facilitate structural 

studies of the NS1-nuc.  
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CHAPTER 6: PURIFICATION AND NEGATIVE STAIN OF HIS-NS1 

FROM HEK 293T CELLS 

Abstract 

The B19V NS1 protein with an N-terminal His tag (His-NS1) was expressed and 

purified from HEK 293T cells using metal affinity magnetic resin. The purified 

protein was visualized with a western blot that indicated a smaller protein was 

also present in the purification, which likely was a His-NS1 truncation. Negative 

staining transmission electron microscopy of the His-NS1 purified sample 

demonstrates the formation of ring like complexes. Further analysis of the 

purified His-NS1 will need to be performed to obtain better images of the 

complexes that may be formed by His-NS1. 

6.1 Introduction 

6.1.1 Oligomerization of NS1 Homologs 

B19V NS1 homologs have been observed to oligomerize into ring shaped 

structures, which is a characteristic of proteins that harbor an AAA+ domain. In 

particular, Rep68 from Adeno-associated virus (AAV) oligomerizes into ring like 

complexes which may consist of six to eight members62. Binding of Rep68 to 

double-stranded or single-stranded DNA can also result in different Rep68 

oligomeric species consisting of five to eight members229,230. Larger ring 

formations from stacking of multiple rings have been observed for Rep68 when 

utilizing ATP/ADP or nonspecific single-stranded DNA62,230. The oligomeric 

properties of Rep68 are not only due to its helicase domain since the helicase 
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domain will only oligomerize in the presence of substrate binding231. The linker 

between the endonuclease and helicase domains have been determined to be 

crucial for the ability of Rep68 to form higher order oligomers180,186. Typical 

AAA+ proteins function as oligomers by forming hexamers in most cases232. The 

ability to oligomerize upon substrate binding has also been observed in other 

AAA+ proteins, such as katanin and DnaA233,234.  

The ability of Rep68 to oligomerize through cooperative interactions between its 

domains and linkers demonstrate the utility in characterizing the full length NS1 

from B19V. The cytotoxic apoptotic effects from NS1 expression in vivo have been 

mitigated through point mutations in the NTP binding/helicase domain74,75.  

Therefore in order to understand the structural and oligomeric properties of NS1, 

preliminary studies on the oligomeric state of full length NS1 were visualized with 

negative staining transmission electron microscopy. The preliminary data will 

hopefully provide a means by which to understand the dynamics and oligomeric 

properties of NS1 as it relates to its functions involved in viral replication, 

transactivation, and observed cytotoxic effects.  

6.2 Materials and Methods 

6.2.1 Transfection and Purification of His-NS1 

Two 10 mm plates of Human embryonic kidney (HEK) 293T cells were 

transfected with lipofectamine 2000 reagent (Thermo Fisher Scientific) in a 1:1 

molar ratio of pLVX-His-NS1 and tet-off vector (Clontech, Inc.). The pLVX-His-

NS1 vector contained the NS1 protein from B19V with an N-terminal 6x Histidine 

tag. The cells were harvested 72 hrs post transfection and purified with Talon 
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magnetic beads (Clontech, Inc.) according to a previously published protocol with 

a few buffer modifications to make the purification compatible with the Talon 

magnetic beads235. Specifically, the buffers consisted of 10X Buffer A (500 mM 

NaH2PO4 pH 8, 15 mM MgCl2, and 100 mM KCl), 1X Buffer C (50 mM NaH2PO4 

pH 8, 25% glycerol, 0.42 M NaCl, and 1.5 mM MgCl2), CESB (65.3% glycerol, 

920.6 mM NaCl, and 0.07 mM ZnCl2), and 2X NEEB (1.5 mM MgCl2, 20 µM 

ZnCl2, and 0.6% NP-40). The 2.3mL of lysate were split into equal volumes with 

30 µL of equilibrated talon magnetic resin. The mixture was incubated overnight 

at 4°C on a rotary shaker. Afterwards, each lysate and resin mixture were washed 

twice with 1mL HS Wash buffer (50 mM NaH2PO4 pH8, 2 M NaCl, 20% glycerol, 

1 mM 2-mercaptoethanol) and once with 0.5 mL. The same process was repeated 

for the Wash buffer (50 mM NaH2PO4 pH 8, 300 mM NaCl, 20% glycerol, 1 mM 

2-mercaptoethanol). The protein was eluted four times with 30 µL of elution 

buffer (50 mM NaH2PO4 pH 8, 300 mM NaCl, 250 mM imidazole, 20% glycerol , 

1 mM 2-mercaptoethanol) and once with 100 µL. The eluted samples were 

western blotted to determine if all the His-NS1 protein was purified. If not, the 

purification was repeated. The eluted His-Ns1 sample was saved in 50% glycerol.  

6.2.2 Western Blot 

The eluted His-NS1 sample was run on 12% SDS-PAGE and transferred to PVDF 

membrane using Trans-Blot SD Semi-Dry Transfer Cell (Bio-Rad, Inc.) according 

to manufacturer’s protocol236. The primary mouse His tag monoclonal antibody 

(GenScript, Inc.) was diluted to 1:5000 (0.1 µg/mL) and incubated overnight at 

4°C on a shaker. After washing the membrane, the secondary polyclonal HRP 
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goat anti-mouse antibody (BD Pharmingen, Inc.) was diluted to 1:2000 and 

incubated 1 hr on the membrane while shaking at room temperature. After 

removal of the secondary antibody, the membrane was washed and visualized 

with a mixture of 5 mL solution A (0.1 M Tris pH 8.5, 0.2 mM coumaric acid, and 

1.25 mM luminol) and 15 µL of 0.3% hydrogen peroxide237,238. The membrane 

was imaged using the ChemiDoc MP Imaging System (Bio-Rad, Inc.) under the 

Chemi and Colorimetric setting in the Image Lab software (Bio-Rad, Inc.).  

6.2.3 Negative Stain 

The purified His-NS1 sample was dialyzed into 10 mM Tris-HCl pH 8, 150 mM 

NaCl, 5 mM Magnesium Acetate, and 0.5mM DTT at a concentration of 1 µM. 

The protein sample was diluted 1:10 to around 100 nM and was subsequently 

used for the negative staining. A drop of the protein sample was added onto 

carbon Type-B 400 mesh copper (Ted Pella, Inc.). The grid was dried before 

placing the grid onto 1% uranyl formate and subsequently washed with buffer 

before being visualized on the FEI Tecnai G2 Spirit transmission electron 

microscope with BioTwin objective lens.     

6.3 Results 

6.3.1 Western Blot of His-NS1 

The purification of the His-NS1 from HEK 293T cells via metal affinity resin have 

yielded positive results. As His-NS1 is not abundantly expressed and/or difficult 

to purify, there is a small amount of protein obtained. Western blot analysis of 

the His-NS1 purified sample shows there are two proteins that were purified 
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(Figure 6.1). It is likely the larger protein is His-NS1 and the smaller protein 

could be truncated form of His-NS1 that still contains the His tag, since the 

western blot was probed with a primary His monoclonal antibody. 

 

 

 

Figure 6.1 Western Blot of eluted His-NS1 from transfected HEK 293T cells. The 

western blot was performed with a primary mouse His tag monoclonal antibody 

at a concentration of 0.1 µg/mL and secondary polyclonal HRP goat anti-mouse 

antibody (1:2000 dilution). The western blot was visualized under the Chemi and 

Colorimetric settings in Image Lab to view both the eluted His-NS1 and the 

molecular weight standards, respectively. The size of the molecular weight 

standards are indicated at the left of the gel in green.  
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6.3.2 Negative Stain of His-NS1 

Although the purification of His-NS1 was not complete as seen from the western 

blot, ~100 nM of His-NS1 protein was negatively stained on 1% uranyl formate 

and viewed under transmission electron microscopy. As can be seen in Figure 

4.2, the His-NS1 concentration used in the negative staining was too low as very 

few proteins can be observed. Focusing in on the boxed region and magnifying 

the view, it can be seen that there is a ring like structure. Although the ring like 

structure is hard to view, it appears to be constituted of multiple subunits and 

might comprise a hexamer. Further analysis of the sample at a higher 

concentration are required to accurately determine the oligomer make-up of the 

viewed ring like structure.  
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Figure 6.2. Negative stain of ~100 nM His-NS1 in 10 mM Tris pH 8, 150 mM 

NaCl, 5 mM Magnesium Acetate, and 0.5 mM DTT and stained with 1% uranyl 

formate. A. View of negatively stained mesh copper grid. B. Zoomed in view of 

boxed region from A that is forming a ring like structure.  
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6.4 Discussion 

The difficulty in purifying NS1 has been evident from the lack of any biochemical 

information. Attempts to purify NS1 from baculovirus expression has yielded very 

little protein239. Similar constraints were observed from the purification of His-

NS1 in HEK 293T cells. The expected size of His-NS1 is ~ 75 kDa but the western 

blot indicates the His-NS1 protein has a size of ~ 132 kDa, which could be due to 

extensive or large posttranslational modifications. The difficulty in purifying His-

NS1 is not surprising. Due to the cytotoxic effects of NS1, the presence of NS1 will 

cause cells to undergo apoptosis75,81,240-242. The ability of NS1 to bind and cleave 

DNA is speculated to be involved in causing DNA damage and subsequent 

apoptosis70,143. Future purifications of NS1 should consider mutagenesis in order 

to target the active site tyrosine responsible for DNA cleavage. This could 

increase the amount of NS1 purified from HEK 293T cells, and would remove the 

possibility of purifying any NS1 that might be covalently attached to DNA from 

host genomic DNA cleavage reactions.  

Western blot analysis of the purified His-NS1 indicated the protein was 

successfully purified via metal affinity purification, but the His-NS1 protein was 

not the major protein purified (Figure 6.1). The purification contained a larger 

quantity of an unknown smaller protein. The smaller protein likely represents a 

truncation of the expressed NS1, since the truncated protein was observed in the 

western blot that was probed by a primary His monoclonal antibody. Therefore, 

the N-terminal His tag should be placed on the C-terminal end of NS1 to remove 

the possibility of purifying any truncated forms of NS1.  
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The purified His-NS1 was negatively stained and viewed under transmission 

electron microscopy. The His-NS1 stained sample resulted in the visualization of 

ring like structures, which strongly resemble those of NS1’s homolog, 

Rep68/78229,230. Although it is difficult to see, it appears as if a hexamer is being 

formed. More analysis of His-NS1 will need to be performed at higher 

concentrations to be able to fully determine the oligomeric state of His-NS1. The 

oligomeric properties of NS1 will aide in understanding the oligomeric dynamics 

NS1 undergoes to perform various functions involved B19V replication and 

possibly the triggering of autoimmune diseases.   
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CHAPTER 7: CONCLUDING REMARKS 

The human parvovirus B19 (B19V) is a small nonenveloped DNA virus which is 

associated with a variety of illnesses and disease, including erythema infectiosum 

(Fifth disease), hydrops fetalis, arthropathy, cardiomyopathy, and with the 

potential to trigger numerous autoimmune diseases. Although B19V infects and 

replicates in erythroid precursor cells, B19V is able to infect but not replicate in 

many other cell types and its viral genomic DNA has been identified in many 

human tissues such as colon, heart, liver, lymphoid, synovial, and thyroid tissues. 

Several hypothesis have been stipulated as to how B19V is able to cause 

autoimmune disease. These hypothesis focus on the main replicative protein 

from B19V named NS1. Homology analysis of NS1 indicates it’s a multidomain 

protein with predicted nuclease, helicase, and gene transactivation capabilities. 

These activities are essential for viral replication and possibly involved in the 

onset of B19V induced autoimmune infections. NS1 is hypothesized to initiate 

autoimmune diseases through a couple of mechanisms: Infection of B19V in 

nonerythroid cell lines results in the expression of NS1 which is then capable of 

transactivating host inflammatory genes leading to the manifestation of 

autoimmune disease, and/or similar B19V infection and expression of NS1 in 

nonerythroid cell lines leads to cellular apoptosis from DNA damage caused by 

NS1 binding and cleaving host genomic DNA. In turn, this causes the release of 

apoptotic bodies with NS1 covalently attached to host genomic DNA and are 

thereby recognized by the immune system to produce an immune response to 
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both NS1 and the host genomic DNA, which would result in the production of 

autoanti-DNA antibodies.  

Due to the capabilities of NS1 to facilitate viral replication and possibly be 

implicated in autoimmune manifestations, functional biochemical analysis of NS1 

is of critical importance to understand the nature of NS1. Specifically, the N-

terminal domain of NS1 has a putative endonuclease function with specific DNA 

binding and nicking functionality. Both of these functions are required for viral 

genomic replication and would be required for either of the former hypothesis 

related to NS1’s ability to trigger autoimmune disease. Therefore, analyzing the 

nuclease domain of NS1 (NS1-nuc) for its ability to bind and cleave DNA at the 

viral origin or replication would establish a baseline of functionality that could be 

used to identify other possible DNA sequences from host genomic DNA that 

maybe bound or cleaved by NS1-nuc. Indeed, the NS1-nuc was found to bind the 

NS1 binding elements (NSBE) on the viral origin of replication in a highly 

cooperative manner with 5-7 copies of NS1-nuc. The NSBE consist of four GC 

repeats (NSBE1-4) and overlaps with the single B19V p6 promoter. Substituting 

each of the NSBE regions show that the NS1-nuc binds each NSBE (NSBE1-3) 

tandemly with the exception of the last NSBE (NSBE4) wherein only a single 

NS1-nuc binds. Due to the tandem cooperative nature of the NS1-nuc, it is 

interesting to speculate whether the cooperative nature is due to protein-protein 

and/or DNA alterations. The cooperative and stoichiometric binding results were 

obtained utilizing electrophoretic mobility shifts assays under low and high 
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binding conditions and through sedimentation velocity on an analytical 

ultracentrifuge.   

Since previous reports identified minimal regions of the B19V p6, and host p21, 

IL-6, and TNF- promoters required for NS1 mediated transactivation, binding 

by the NS1-nuc was measured with these sequences using the electrophoretic 

mobility shift assay. Binding to nonspecific random sequences of varying %GC 

was also performed to validate specific DNA binding. NS1-nuc bound tightest to 

the p6 and p21 promoter sequences and weakest to the IL-6 and TNF- promoter 

sequences. Binding was highly cooperative to the p6 and p21 sequences as well, 

but less so to the IL-6 and TNF-. The IL-6 promoter sequence had similar 

binding affinity as those observed for the random sequences, which indicates the 

NS1-nuc does not have specificity to the IL-6 sequence. Conversely, binding to 

the TNF- sequence was not able to be reliable measured indicating that weak to 

nonspecific binding was occurring.  

For viral replication to occur, the B19V’s genomic DNA must be nicked to 

facilitate DNA replication. Cleavage of DNA by NS1-nuc occurred at the expected 

viral sequence (the terminal resolution site) as observed on polyacrylamide urea 

denaturing gels. The cleavage reaction only proceeded with single-stranded DNA. 

Although the reaction was slow when utilizing Mg2+ as the cofactor, the nicking 

rate could be enhanced with Mn2+, Co2+, and Ni2+. Sequence specificity around 

the terminal resolution site (TRS) was analyzed by performing various nicking 

reactions with single base substitutions around the TRS, and it was found that 

specificity is limited to three nucleotides in the Mn2+ dependent reaction. It was 
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also determined that the nuclease domain does in fact become covalently 

attached to the 5’ end of the DNA at the cleavage site.  

Due to the binding and nicking characterization of the NS1-nuc, a baseline of 

function as to how the NS1-nuc behaves during B19V’s viral genomic replication 

is now known. Therefore, an assay was developed based the ability of the NS1-nuc 

to nick single-stranded DNA and thereby become covalently attached. To take 

advantage of this characteristic, single-stranded DNA with a labelled fluorophore 

was utilized to successfully measure the change in fluorescence polarization 

anisotropy values that coincide with the NS1-nuc becoming covalently attached 

the DNA. The assay serves as a potential method to perform high throughput 

screening assays to screen drug libraries to identify inhibitory molecules. 

Identification of any inhibitory molecules could be crucial in the development of 

novel therapeutics against not only active B19V infections but possibly function 

to ameliorate autoimmune diseases associated with NS1.  

The lack of biochemical and structural studies on the NS1-nuc and the full length 

NS1 protein serve as great roadblock in fully understanding the interactions 

required for the functional aspects in DNA-protein interactions and the interplay 

between the different domains of NS1. 1H-15N HSQC NMR spectra of the NS1-nuc 

indicate it is great candidate for further structural studies. The characterization of 

the full length NS1 will undoubtedly reveal many interesting interactions. 

Preliminary purifications of NS1 from HEK 293T cells has yielded the successful 

initial purification of the full length NS1 protein as observed via western blot. 

Subsequent negative staining electron microscopy has resulted in the 
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visualization of oligomeric structures. More analysis are required to fully confirm 

the presence and oligomerization properties of NS1. 

In any case, the biochemical research into NS1-nuc has yielded results wherein a 

model of cooperative NS1 binding and cleavage at the viral origin of replication 

has been established. Further research development is still required to build a 

complete model for B19V genomic replication. Future experiments focusing on 

structural characterization of the NS1-nuc and the full length NS1 will expedite 

our understanding on the impact of NS1’s functional capabilities in regard to both 

viral production and subsequent disease development.  
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APPENDIX A: PERMISSION TO USE FIGURES FROM PUBLICATION 
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APPENDIX B: SUPPLEMTARY FIGURES FOR CHAPTER 2 AND 3 

 

Supplemental Figure 2.1 Sedimentation velocity scan on analytical 

ultracentrifuge using 29 µM NS1-nuc. The image is a screenshot of SEDFIT using 

the predicted v-bar of 0.72 mL/g. The top panel is the data collected from 

absorbance of the protein. The lines are fits from the continuous c(s) model. The 

difference in color shows earlier runs in black followed by later runs in blue, cyan, 

green, yellow, and red. The middle panel represents the residuals from the fits in 

the top panel. Bottom panel is the calculated molecular weight from SEDFIT. The 

molecular weight is indicated above each peak.   
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Supplemental Figure 2.2 Example of DNA binding measurements of NS1-nuc to 

dsOri2 DNA. A-C. Triplicates of EMSA using 1 nM 32P labelled dsOri2 DNA with 

increasing concentrations of NS1-nuc. D-F. Quantification and fit of integrated 

intensities from A-C using the Hill equation with resultant K1/2 and n as indicated 

in fits. 
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Supplemental Figure 2.3 Example of DNA binding measurements of NS1-nuc to 

NSBE DNA. A. EMSA of 1 nM 32P labelled NSBE DNA with increasing 

concentrations of NS1-nuc. B. Quantification and fit of integrated intensities from 

A and other run triplicates (not shown in A). The demonstrated fit is of one trial 

run using the Hill equation with resultant K1/2 of 934 nM and n of 2.2. 

 

Supplemental Figure 2.4 Example of DNA binding measurements of NS1-nuc to 

NSBE KO1 DNA. A. EMSA of 1 nM 32P labelled NSBE KO1 DNA with increasing 

concentrations of NS1-nuc. B. Quantification and fit of integrated intensities from 

A and other run triplicates (not shown in A). The demonstrated fit is of one trial 

run using the Hill equation with resultant K1/2 of 1219 nM and n of 3.6. 
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Supplemental Figure 2.5 Example of DNA binding measurements of NS1-nuc to 

NSBE KO2 DNA. A. EMSA of 1 nM 32P labelled NSBE KO2 DNA with increasing 

concentrations of NS1-nuc B. Quantification and fit of integrated intensities from 

A and other run triplicates (not shown in A). The demonstrated fit is of one trial 

run using the Hill equation with resultant K1/2 of 1566 nM and n of 3.0. 

 

Supplemental Figure 2.6 Example of DNA binding measurements of NS1-nuc to 

NSBE KO3 DNA. A. EMSA of 1 nM 32P labelled NSBE KO3 DNA with increasing 

concentrations of NS1-nuc. B. Quantification and fit of integrated intensities from 

A and other run triplicates (not shown in A). The demonstrated fit is of one trial 

run using the Hill equation with resultant K1/2 of 1363 nM and n of 3.0. 
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Supplemental Figure 2.7 Example of DNA binding measurements of NS1-nuc to 

NSBE KO4 DNA. A. EMSA of 1 nM 32P labelled NSBE KO4 DNA with increasing 

concentrations of NS1-nuc. B. Quantification and fit of integrated intensities from 

A and other run triplicates (not shown in A). The demonstrated fit is of one trial 

run using the Hill equation with resultant K1/2 of 1150 nM and n of 2.9. 

 

Supplemental Figure 2.8 Stoichiometry measurements of NS1-nuc to NSBE DNA. 

A-C. Triplicates of EMSA using 10 µM NSBE DNA (1 nM 32P labelled) DNA with 

increasing concentrations of NS1-nuc. D-F. B. Quantification and linear fits of 

integrated intensities from A-C .The intersection of the linear fits represented the 

stoichiometry of NS1-nuc to the DNA. The intercept point and stoichiometry are 

indicated on the fits. 
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Supplemental Figure 2.9 Example of stoichiometry measurements of NS1-nuc to 

NSBE KO1 DNA. A. EMSA of 10 µM NSBE KO1 (1 nM 32P labelled) DNA with 

increasing concentrations of NS1-nuc. B. Quantification and linear fits of 

integrated intensities from A. The intersection of the linear fits represented the 

stoichiometry of NS1-nuc to the DNA. In this example, 5.3 (in red) is the 

stoichiometry of NS1-nuc to NSBE KO1. 
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Supplemental Figure 2.10 Example of stoichiometry measurements of NS1-nuc to 

NSBE KO2 DNA. A. EMSA of 10 µM NSBE KO2 (1 nM 32P labelled) DNA with 

increasing concentrations of NS1-nuc. B. Quantification and linear fits of 

integrated intensities from A.The intersection of the linear fits represented the 

stoichiometry of NS1-nuc to the DNA. In this example, 5.36 (in red) is the 

stoichiometry of NS1-nuc to NSBE KO2. 
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Supplemental Figure 2.11 Example of stoichiometry measurements of NS1-nuc to 

NSBE KO3 DNA. A. EMSA of 10 µM NSBE KO3 (1 nM 32P labelled) DNA with 

increasing concentrations of NS1-nuc. B. Quantification and linear fits of 

integrated intensities from A. The intersection of the linear fits represented the 

stoichiometry of NS1-nuc to the DNA. In this example, 5.37 (in red) is the 

stoichiometry of NS1-nuc to NSBE KO3. 
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Supplemental Figure 2.12 Example of stoichiometry measurements of NS1-nuc to 

NSBE KO4 DNA. A. EMSA of 10 µM NSBE KO4 (1 nM 32P labelled) DNA with 

increasing concentrations of NS1-nuc. B. Quantification and linear fits of 

integrated intensities from A. The intersection of the linear fits represented the 

stoichiometry of NS1-nuc to the DNA. In this example, 6.02 (in red) is the 

stoichiometry of NS1-nuc to NSBE KO4. 
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Supplemental Figure 2.13 Sedimentation velocity scan on analytical 

ultracentrifuge using 17 µM fluorescein labelled NSBE DNA. The image is a 

screenshot of SEDFIT using the predicted v-bar of 0.55 ml/g. The top panel is the 

data collected from absorbance of the protein. The lines are fits from the 

continuous c(s) model. The difference in color shows earlier runs in black 

followed by later runs in blue, cyan, green, yellow, and red. The middle panel 

represents the residuals from the fits in the top panel. Bottom panel is the 

calculated molecular weight from SEDFIT. The molecular weight is indicated 

above each peak.  
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Supplemental Figure 2.14 Sedimentation velocity scan on analytical 

ultracentrifuge using 17 µM fluorescein labelled NSBE DNA. The image is a 

screenshot of SEDFIT using the predicted v-bar of 0.72 ml/g. The top panel is the 

data collected from absorbance of the protein. The lines are fits from the 

continuous c(s) model. The difference in color shows earlier runs in black 

followed by later runs in blue, cyan, green, yellow, and red. The middle panel 

represents the residuals from the fits in the top panel. Bottom panel is the 

calculated molecular weight from SEDFIT. The molecular weight is indicated 

above each peak.  
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Supplemental Figure 2.15 Sedimentation velocity scan on analytical 

ultracentrifuge using 15 µM fluorescein labelled NSBE DNA and 107 µM NS1-nuc. 

The image is a screenshot of SEDFIT using the predicted v-bar of 0.72 ml/g. The 

top panel is the data collected from absorbance of the protein. The lines are fits 

from the continuous c(s) model. The difference in color shows earlier runs in 

black followed by later runs in blue, cyan, green, yellow, and red. The middle 

panel represents the residuals from the fits in the top panel. Bottom panel is the 

calculated molecular weight from SEDFIT. The molecular weight is indicated 

above each peak.  
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Supplemental Figure 2.16 Sedimentation velocity scan on analytical 

ultracentrifuge using 15 µM fluorescein labelled NSBE DNA and 107 µM NS1-nuc. 

The fits were performed with different f/fo to obtain different s-values.  The 

image is a screenshot of SEDFIT using the predicted v-bar of 0.72 mL/g. The top 

panel is the data collected from absorbance of the protein. The lines are fits from 

the continuous c(s) model. The difference in color shows earlier runs in black 

followed by later runs in blue, cyan, green, yellow, and red. The middle panel 

represents the residuals from the fits in the top panel. Bottom panel is the 

calculated molecular weight from SEDFIT. The molecular weight is indicated 

above each peak.  
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Supplementary Table 2.1 Fitted Parameters from SEDFIT Analysis of 
Sedimentation Velocity Data Using an Analytical Ultracentrifuge 

Fluorescein 
labelled 

DNA 
Protein 

v-bar 
(held 
fixed)
(mL/

g) 

Viscosity 
(held 
fixed) 

Frictional 
ratio f/f0 

(fit) 

Sw 
(20,w) 

of Main 
peak 
(fit) 

(kDa) 

MW 
Main 
peak 
(fit) 

(kDa) 

RMSD 
of fit 

 NS1-nuc 0.72 1.00 0.01567 2.034 22.5 0.0436 
NSBE_DNA  0.55 1.00 0.01567 3.188 28.8 0.0282 
NSBE_DNA  0.72 1.00 0.01567 3.177 47.7 0.0282 
NSBE_DNA NS1-nuc 0.72 1.00 0.01567 6.481 166 0.0229 
NSBE_DNA NS1-nuc 0.72 1.00 0.01567 6.486 159 0.0227 
p21 dsDNA  0.55 1.00 0.01567 3.505 34.3 0.0163 
p21 dsDNA  0.72 1.00 0.01567 3.509 56.5 0.0160 
p21 dsDNA NS1-nuc 0.72 1.00 0.01567 4.813 115 0.0082 
p21 dsDNA NS1-nuc 0.72 1.00 0.01567 4.808 110 0.0082 
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Supplementary Table 2.2 Stoichiometric Ratios of NS1-nuc:NSBE DNA 
Using Different Frictional Ratio, f/fo, on the Sedimentation Velocity Data. 

f/f0 RMSDa MW1 MW2 MW3 
Ratio 

Species 1b 
Ratio 

Species 2c 
1.6 0.022906 146 87.9 37.3 4.8 2.2 
1.7 0.022888 159 93.3 42.9 5.2 2.2 

1.75 0.022886 166 NOd 43.6 5.4 N/Ae 
1.8 0.022886 166 NOd 45.5 5.4 N/Ae 
1.9 0.022897 180 NOd 49.2 5.8 N/Ae 
2.0 0.022916 194 NOd 52.9 6.3 N/Ae 
2.1 0.022940 209 NOd 57.2 6.7 N/Ae 

 
aData in this table show only those fits with RMSD below the critical RMSD (at 1 

sigma) calculated by SEDFIT for the AUC sedimentation velocity data using the 

same fitting parameters. 

bRatio is calculated as follows: (Mw1-Mw3)/22.5, where Mw1 is the apparent Mw 

of species 1 derived from SEDFIT analysis of the AUC sedimentation data, and 

Mw3 is the apparent Mw of species 3 and assumed to be that of the free DNA 

derived from SEDFIT using the same fitting parameters. 22.5 is used as the 

apparent Mw in kDa of each copy of NS1-nuc determined by AUC (Table 2.2). 

Note: using a value of 20.1 kDa (theoretical molecular weight) for NS1-nuc gives a 

range of 5.4-7.6. 

cRatio is calculated as follows: (Mw2-Mw3)/22.5, where Mw2 is the apparent Mw 

of species 2 derived from SEDFIT analysis of the AUC sedimentation data, and 

Mw3 is the apparent Mw of species 3 and assumed to be that of the free DNA 

derived from SEDFIT using the same fitting parameters. 22.5 is used as the 

apparent Mw in kDa of each copy of NS1-nuc determined by AUC (Table 2.2). 

dNO, not observed. 

eN/A, not applicable. 
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Supplemental Figure 2.17 Example of DNA binding measurements of NS1-nuc to 

p21 dsDNA. A. EMSA of 1 nM 32P labelled p21 dsDNA with increasing 

concentrations of NS1-nuc. B. Quantification and fit of integrated intensities from 

A and other run triplicates (not shown in A). The demonstrated fit is of one trial 

run using the Hill equation with resultant K1/2 of 4843 nM and n of 2.2. 
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Supplemental Figure 2.18 Example of DNA binding measurements of NS1-nuc to 

TNF-α AP-1 site DNA. A. EMSA of 1 nM 32P labelled p21 dsDNA with increasing 

concentrations of NS1-nuc. B. Quantification and fit of integrated intensities from 

A and other run triplicates (not shown in A). The demonstrated fit is of one trial 

run using a linear fit as the Hill equation could not fit the data.  
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Supplemental Figure 2.19 Example of DNA binding measurements of NS1-nuc to 

IL-6 NF-КB DNA. A. EMSA of 1 nM 32P labelled p21 dsDNA with increasing 

concentrations of NS1-nuc. B. Quantification and fit of integrated intensities from 

A and other run triplicates (not shown in A). The demonstrated fit is of one trial 

run using the Hill equation with resultant K1/2 of 22109 nM and n of 1.2. 
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Supplemental Figure 2.20 Example of DNA binding measurements of NS1-nuc to 

70% GC random dsDNA. A. EMSA of 1 nM 32P labelled p21 dsDNA with 

increasing concentrations of NS1-nuc. B. Quantification and fit of integrated 

intensities from A and other run triplicates (not shown in A). The demonstrated 

fit is of one trial run using the Hill equation with resultant K1/2 of 26647 nM and 

n of 8.0. 
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Supplemental Figure 2.21 Example of DNA Binding measurements of NS1-nuc to 

50% GC random dsDNA. A. EMSA of 1 nM 32P labelled p21 dsDNA with 

increasing concentrations of NS1-nuc. B. Quantification and fit of integrated 

intensities from A and other run triplicates (not shown in A). The demonstrated 

fit is of one trial run using the Hill equation with resultant K1/2 of 31129 nM and n 

of 1.7. 
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Supplemental Figure 2.22 Sedimentation velocity scan on analytical 

ultracentrifuge using 14 µM fluorescein labelled p21 dsDNA. The image is a 

screenshot of SEDFIT using the predicted v-bar of 0.55 mL/g. The top panel is 

the data collected from absorbance of the protein. The lines are fits from the 

continuous c(s) model. The difference in color shows earlier runs in black 

followed by later runs in blue, cyan, green, yellow, and red. The middle panel 

represents the residuals from the fits in the top panel. Bottom panel is the 

calculated molecular weight from SEDFIT. The molecular weight is indicated 

above each peak.  
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Supplemental Figure 2.23 Sedimentation velocity scan on analytical 

ultracentrifuge using 14 µM fluorescein labelled p21 dsDNA. The image is a 

screenshot of SEDFIT using the predicted v-bar of 0.72 mL/g. The top panel is 

the data collected from absorbance of the protein. The lines are fits from the 

continuous c(s) model. The difference in color shows earlier runs in black 

followed by later runs in blue, cyan, green, yellow, and red. The middle panel 

represents the residuals from the fits in the top panel. Bottom panel is the 

calculated molecular weight from SEDFIT. The molecular weight is indicated 

above each peak.  
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Supplemental Figure 2.24 Sedimentation velocity scan on analytical 

ultracentrifuge using 16 µM fluorescein labelled p21 dsDNA and 130 µM NS1-nuc. 

The image is a screenshot of SEDFIT using the predicted v-bar of 0.72 mL/g. The 

top panel is the data collected from absorbance of the protein. The lines are fits 

from the continuous c(s) model. The difference in color shows earlier runs in 

black followed by later runs in blue, cyan, green, yellow, and red. The middle 

panel represents the residuals from the fits in the top panel. Bottom panel is the 

calculated molecular weight from SEDFIT. The molecular weight is indicated 

above each peak.  
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Supplemental Figure 2.25 Sedimentation velocity scan on analytical 

ultracentrifuge using 16 µM fluorescein labelled NSBE DNA and 130 µM NS1-

nuc. The fits were performed with different f/fo to obtain different s-values.  The 

image is a screenshot of SEDFIT using the predicted v-bar of 0.72 mL/g. The top 

panel is the data collected from absorbance of the protein. The lines are fits from 

the continuous c(s) model. The difference in color shows earlier runs in black 

followed by later runs in blue, cyan, green, yellow, and red. The middle panel 

represents the residuals from the fits in the top panel. Bottom panel is the 

calculated molecular weight from SEDFIT. The molecular weight is indicated 

above each peak.  
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Supplementary Table 2.3 Stoichiometric Ratios of NS1-nuc:p21 DNA 
Using Different Frictional Ratio, f/fo, on the Sedimentation Velocity Data. 

f/f0 RMSDa MW1 MW2 MW3 
Ratio 

Species 1b 
Ratio 

Species 2c 
1.8 0.008160 111 266 48.6 2.8 9.7 

1.85 0.008167 115 267 50.2 2.9 9.6 
1.9 0.008167 120 271 52.3 3.0 9.7 

 

aData in this table show only those fits with RMSD below the critical RMSD (at 1 

sigma) calculated by SEDFIT for the AUC sedimentation velocity data. 

bRatio is calculated as follows: (Mw1-Mw3)/22.5, where Mw1 is the apparent Mw 

of species 1 derived from SEDFIT analysis of the AUC sedimentation data, and 

Mw3 is the apparent Mw of species 3 and assumed to be that of the free DNA, 

derived from SEDFIT using the same fitting parameters. 22.5 is used as the 

apparent Mw in kDa of each copy of NS1-nuc determined by AUC (Table 2.2). 

Note: using a value of 20.1 kDa (theoretical molecular weight) for NS1-nuc gives a 

range of 3.1-3.4. 

cRatio is calculated as follows: (Mw2-Mw3)/22.5, where Mw2 is the apparent Mw 

of species 2 derived from SEDFIT analysis of the AUC sedimentation data, and 

Mw3 is the apparent Mw of species 3 and assumed to be that of the free DNA, 

derived from SEDFIT using the same fitting parameters. 22.5 is used as the 

apparent Mw in kDa of each copy of NS1-nuc determined by AUC (Table 2.2). 
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Supplemental Figure 3.1 Optimization of DNA cleavage conditions by NS1-nuc to 

Ori1-67 top DNA. Reactions of 1 nM 32P labelled Ori1-67 top single-stranded DNA 

were incubated with 1µM NS1-nuc in 10 mM CoCl2 and varying pH of 50 mM 

HEPES-NaOH and NaCl concentrations at 37°C for 16 hrs.  
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