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 Parvoviruses are among the simplest of viruses, with capsids composed of variants of a 

single structural protein. These capsids mediate many of the processes required for infection and 

are remarkably stable. However, antibody binding or mutations to the capsid can disrupt these 

processes and block infection. This dissertation discusses mutations to the canine parvovirus 

(CPV) capsid that result in loss of infection, the interaction between CPV and the transferrin 

receptor (TfR), and parvovirus endogenous viral elements (EVEs), which contain ancient 

parvovirus gene sequences. 

 I found that point mutations to CPV VP2 residues 270, 272, 273, and 299/300 result in 

loss of viral infectivity. Mutation of residue 270 results in loss of a sub-molar proteolytic 

cleavage event in VP2 and increases capsid stability, residue 272 mutation causes loss of capsid 

assembly, and residue 273 mutation results in assembled capsids being trapped in the nucleus. 

Mutation of VP2 residues 299 and 300, which are associated with TfR binding, to lysine disrupts 

the interaction between CPV and the TfR, inhibiting infection but still allowing receptor binding 

and uptake into cells.  

 I also found that CPV has different interactions with TfRs from different host species, 

binding strongly to some TfRs and very weakly to others, even though each TfR can mediate a 

successful infection. TfRs from different species also had varying levels of occupancy on CPV 

capsids, with up to 12 black-backed jackal TfRs, but only 1-2 feline TfRs binding to each capsid, 



and it is possible that the feline TfR induces a conformational change in CPV that inhibits 

binding of additional TfRs. Antibody binding could also disrupt the CPV/TfR binding 

interaction, suggesting a possible mechanism of virus neutralization. 

 To examine the structure and function of ancient parvovirus capsids, I expressed the VP2 

gene from three different parvovirus EVEs. VP2 expressed from an EVE in the M. spretus 

genome assembled into capsids, and I determined that these capsids were highly stable, could 

bind to N-Acetylneuraminic acid, and were endocytosed into murine cells.  

 The results in this dissertation provide new information about parvovirus infection, 

receptor binding interactions, and evolution, and further the understanding of how infection 

occurs and may be disrupted. 
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Introduction 
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 Parvoviruses are extremely small, single-stranded DNA viruses that infect a wide variety 

of hosts, ranging from invertebrates to mammals, and are divided into two types: autonomous 

parvoviruses and dependoviruses. Autonomous parvoviruses, which include canine parvovirus 

(CPV), feline panleukopenia virus (FPV), mink enteritis virus (MEV), the minute virus of mice 

(MVM), human parvovirus B19, and many others, are capable of independent replication in a 

host. Dependoviruses, which include the numerous types of adeno-associated viruses (AAV) and 

their relatives, require a helper virus in order to replicate. Many parvoviruses cause subclinical 

infection or result in mild disease, but others can be fatal. CPV and its close relatives, FPV and 

MEV, fall into the latter category. CPV and MEV can both cause severe enteritis in their hosts, 

while FPV infection often causes leukocyte depletion (1). CPV has also been reported to cause 

myocarditis in puppies and FPV to cause neurological damage in kittens (2–4). 

 In addition to causing disease, parvovirus infection can also result in the formation of 

endogenous viral elements (EVEs), which are segments of viral DNA that are integrated into the 

host genome and vertically transmitted from parent to offspring. What, if any, biological purpose 

parvovirus EVEs have remains unknown, but these integrated sequences can provide information 

about the structure and function of ancient parvovirus proteins and the long-term evolution of the 

parvoviruses. 

 

1.1 Emergence and importance of canine parvovirus  

 Canine parvovirus was first reported in 1978, although some estimates place the time of 

its emergence at as early as 1968 (1,5). Soon after it was first reported, it was discovered that 

CPV was a parvovirus and was similar enough to FPV, a long-established cat parvovirus, that 

FPV antisera cross reacted with it (6). CPV continued to evolve after its emergence, and by the 
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early 1980s, a new antigenic variant of CPV had completely replaced the original CPV strain 

from 1978, CPV-2 (7). This new strain, CPV-2a, and its minor variants (sometimes designated 

CPV-2b and CPV-2c) continue to circulate today in populations of unvaccinated canines and 

other susceptible carnivores (8–10). 

CPV’s emergence and subsequent evolution provide an important example of host 

jumping and adaptation, where viral mutations can be observed in real time. Because of the 

simplicity of the CPV capsid, which mediates most of the early steps of infection, it is possible to 

determine which residues are responsible for changes in tropism and infectivity and predict how 

the virus might change in the future. The capsid can also be studied to learn more about 

structures required for infection, many of which have yet to be discovered, and which may have 

analogs in more complex viruses, as well as in other parvoviruses.  

  

1.2 Viral proteins and capsid structure 

 CPV virions are composed of a ~5100bp single-stranded DNA genome and a non-

enveloped capsid that is 26 nm in diameter. The genome encodes two non-structural (NS1 and 

NS2) and two structural (VP1 and VP2) proteins, with overlapping open reading frames for 

NS1/NS2 and VP1/VP2 (Figure 1.1). The structural proteins make up the capsid, while the non-

structural proteins are involved in genome replication and packaging (NS1) or have an unknown, 

yet dispensable, function in CPV infection (NS2) (11). There is an additional open reading frame 

overlapping the VP1/VP2 genes in all autonomous parvoviruses, which encodes a protein called 

SAT and has been shown to facilitate viral spread in PPV (12). However, what, if any, roles it 

plays during CPV infection have not yet been reported.  

 The CPV capsid is a T=1 icosahedron composed of 60 copies of the viral structural  
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Figure 1.1. The CPV genome and mRNA transcripts. A) The CPV genome (13), showing the P4 

and P38 promoters and the open reading frames encoding the non-structural genes (NS1/NS2) 

and the structural genes (VP1/VP2). B) Transcripts of the CPV genome, with the encoded gene 

labeled and indicated by a colored rectangle. RNA splice sites are also shown. 
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proteins (10% VP1 and 90% VP2). VP1, the minor capsid protein, and VP2, the major capsid 

protein, share 584 amino acids that form the basic structure of the icosahedron. VP1 contains an 

additional 143 N-terminal amino acids that have phospholipase A2 (PLA2) enzymatic activity 

and a nuclear localization signal (NLS), which are required for infection but not capsid assembly. 

The shared residues of VP1 and VP2 assemble into an 8-stranded β-barrel, with long loops 

between some of the strands (Figure 1.2) (14). These connecting loops form the exterior surface 

of the capsid, while the β-barrel faces inwards and gives the capsid structural stability. Repeating 

motifs in the ssDNA genome interact with residues on the β-barrel on the interior surface of the 

capsid, creating regions of electron density that can be visualized in crystal structures of CPV 

(15).  

 On the exterior surface of the capsid, pores located at the 5-fold axes of symmetry serve 

as portals through which homo-hexamers of NS1 package the viral genome (16,17). NS1 has 

been shown to remain associated with the 5' terminus of the genome after packaging, and it, 

along with approximately 24 base pairs of DNA, remain outside of the capsid and exposed to 

nucleases after genome encapsulation (18,19). Other features on the exterior surface of the 

capsid include raised "spikes" at the 3-fold axis of symmetry and "dimples" at the 2-fold axis of 

symmetry, which serve as antigenic sites and also contain the receptor binding site (14) (Figure 

1.2).  

 In full capsids, where the genome has been packaged into the capsid, the N-terminus of 

VP2 can protrude from the 5-fold pore (except the pore through which the genome was 

packaged), resulting in the cleavage of 20 amino acids and producing VP3 (20). VP1 can also be 

exposed through the 5-fold pore, but does so only after capsids have entered the endosome and 

the endosomes have acidified or the capsids have been exposed to harsh conditions (heat, urea,  
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Figure 1.2. CPV capsid structure. A) One VP2 monomer (PDB ID: 2CAS) viewed from the side. 

Surface exposed portions of loops are color coded. B) A VP2 monomer viewed from the front, 

with surface exposed portions of loops labeled and color coded. C) A VP2 monomer shown in 

context of an assembled capsid, with surface exposed portions of loops color coded. One 5-fold 

axis of symmetry is indicated by a pentagon, two 3-fold axes of symmetry are indicated by 

triangles, and one 2-fold axis of symmetry is indicated by an oval. 
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etc.) in vitro (20,21). While empty capsids do not undergo proteolytic cleavage to produce VP3  

(20) and lack the genome, they are still able to bind to receptors and enter cells.  

 

1.3 Parvovirus receptor binding 

1.3a Canine parvovirus and the transferrin receptor 

 The transferrin receptor type-1 (TfR) is the cellular receptor that CPV uses to enter and 

infect cells (22). The TfR is a single-pass transmembrane protein, consisting of two identical 

subunits that dimerize to form a butterfly-shaped protein (Figure 1.3A). Each half of the TfR 

dimer contains an apical domain, a protease-like domain, a helical domain, and a 

transmembrane/stalk domain. The two subunits interface at the helical domain and are held 

together by hydrogen bonds and van der Waals interactions there, as well as by two disulfide 

bridges in the transmembrane/stalk domain, outside of the cell membrane (23,24). The 

interactions in the helical domain alone are sufficient to hold the subunits together, as TfR 

cleaved from the membrane crystallizes as a dimer (25) and soluble forms of the TfR lacking the 

transmembrane domain are secreted as dimers (24).  

 Transferrin, a protein responsible for transporting iron from the blood stream into the 

cell, binds to 1-2 molecules of iron and then attaches to the TfR across the protease-like domain 

at neutral pH (26,27). Two transferrin proteins typically attach to the TfR dimer at a time, one on 

each protease-like domain (27). The TfR/transferrin complex is then endocytosed into the cell 

via clathrin-mediated endocytosis (28). Iron molecules are released from transferrin upon 

endosomal acidification, likely with the help of a chelating agent present in the endosome, and 

the TfR/transferrin complex is then recycled back to the cell surface (26). Upon exposure to 

neutral pH outside of the cell, apo-transferrin (transferrin with no iron bound) is released from  
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Figure 1.3. The structure of the TfR. A) The TfR ectodomain (PDB ID: 1SUV), with the apical 

domain colored green, the protease-like domain colored red, and the helical domain colored 

yellow. The transmembrane/stalk domain consists of residues 1-121 and extends from the 

protease-like domain, but is not depicted. B) The TfR ectodomain bound to two iron-loaded 

transferrin proteins (blue) (PDB ID: 1SUV). 
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the TfR, allowing a new, iron-bound transferrin proteins to attach to the TfR (26,29). In the  

intestine, the iron-binding protein HFE (hemochromatosis protein) binds across the TfR 

protease-like domain similarly to transferrin to facilitate iron uptake (30,31). 

 CPV binds to the transferrin receptor apical domain, which is not sterically occluded after 

Tf or HFE binds to the TfR (27,32) (Figure 1.3B). On the surface of the capsid, the putative TfR 

binding site overlaps portions of both the 3-fold "spikes" and the 2-fold "dimple" (33) and 

mutations to these regions of the capsid have been shown to affect host cell tropism and viral 

uptake into cells. At the 2-fold "dimple", Gly299Glu mutation inhibits uptake of CPV into canine 

cells, preventing infection (34), while Ala300Asp mutation is a host adaptation mutation that has 

been observed in raccoons that have been infected in the wild and, rarely, after culture of CPV-2 

in feline cells (34–36). Other mutations around the 2-fold “dimple” at VP2 residues 297-301 

have been observed in nature, with residue variation depending on the carnivore species CPV 

was isolated from (35,37,38). Around the 3-fold "spike", mutations to VP2 residues 87, 93, 101, 

103, 224, and 426 have been observed in CPV isolates from different carnivore hosts (35,38), 

and experimental mutations at residues 93 and 103 have been shown to result in the loss of 

canine host cell tropism (39).  

 The interaction between CPV and the TfR is complex, and much about it is still not 

understood. CPV infection requires more than simple adhesion for uptake into cells, as 

modifications to the TfR that block infection still allow viral uptake into cells. These 

modifications include both point mutations to the TfR apical domain and chimeric receptors, 

where the entire apical domain has been replaced with an antibody fragment. Leu221Lys 

mutation of the feline TfR, in particular, has been shown to allow viral uptake into cells, but not 

infection (32). Similarly, when the TfR ectodomain was replaced with single-chain variable 
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fragments (scFvs) derived from either of two different anti-CPV monoclonal antibodies, cellular 

uptake occurred without infection (40). 

 Although an estimated 12 to 24 TfR binding sites exist on the capsid surface, depending 

on the angle at which the TfR binds, both in vitro and in vivo studies have shown that five or 

fewer copies of the feline TfR bind to CPV capsids (33,41). While TfR membrane attachment 

and cellular membrane curvature could explain low TfR occupancy on CPV capsids in cell 

binding experiments, soluble TfRs incubated with CPV capsids in solution show similar results, 

indicating that either a limited number of TfR binding sites are available or that the feline TfR 

induces conformational changes in CPV that inhibit the attachment of additional TfRs. If the 

former is true, the limited number of TfR binding sites must be clustered on one side of the 

capsid in order for the cell binding experiments, where binding is constrained by membrane 

curvature, to yield the same results as the experiments with soluble TfR.  

  

1.3b Sialic acid binding 

 MVM and PPV both use sialic acid as their primary cellular receptor. MVM binds to α2-

3 and α2-8 N-linked sialic acids (42,43), while PPV binds to α2-3 and α2-6 N- and O-linked 

sialic acids (44). The MVM sialic acid binding site has been characterized, and capsids that have 

mutations at residues involved in that binding interaction have been shown to have lower 

infectivity on neuraminidase treated cells than wild-type MVM particles, suggesting a lower 

binding affinity for sialic acid (45). While the sialic acid binding site for PPV has not yet been 

identified, one study revealed that PPV particles could also be taken up into cells via 

macropinocytosis, possibly with the help of a yet unknown cellular receptor in addition to sialic 

acid (44).   
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 CPV binds to N-glycolylneuraminic acid (Neu5Gc) (46), a modified form of sialic acid 

that has an N-linked glycolyl group at the carbon 5 position. However, western dog breeds lack 

the CMAH enzyme that produces Neu5Gc (46), and mutation of VP2 residues 323, 375, and 

377, which control sialic acid binding, do not result in loss of infectivity in dog cells (47,48). 

One possible explanation for CPV sialic acid binding is that this functionality was important for 

the CPV/FPV common ancestor, and CPV retained it after its emergence.  

 

1.4 Parvovirus infection 

Parvoviruses infect cells by first binding to a cellular receptor (TfR, sialic acid, etc.) and 

getting taken up into endosomes via receptor mediated endocytosis. In the endosome, the 

capsid’s VP1 N-termini become exposed and mediate escape from the nucleus and trafficking to 

the nucleus, where DNA uncoating occurs. Viral transcription, RNA splicing, and transcription 

of RNA into protein follow, along with capsid assembly and genome replication, resulting in the 

production of infectious virions. The progeny viruses then escape the nucleus and the cell, and 

are free to bind to a new cellular receptor, repeating the cycle. Failure to complete any of these 

steps results in a loss of infection, and can be caused antibody binding, improper interaction with 

the viral receptor, or mutations to viral proteins. Much is still unknown about how infection is 

mediated, and studying how loss of infection occurs can provide new information about how 

viruses work.  

 

1.4a Uptake, endosomal escape, and intracellular trafficking 

 Although CPV uses the TfR to enter both canine and feline cells, it has different patterns 

of uptake depending on cell type. Virions adhere primarily to the body of feline cells (Crandell-
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Rees Feline Kidney (CRFK) cells), but bind to the filopodia of canine cells (Cf2Th, an 

immortalized canine thymus cell line) (49). Approximately 15 seconds after binding to the TfR, 

CPV is taken up into the cell via clathrin-mediated endocytosis (41), and rapidly becomes 

associated with Rab 5, 7, and 11 positive endosomal compartments (49). These endosomes then 

travel to the cytoplasm near the nucleus in a dynamin and microtubule dependent manner 

(50,51). CPV and the TfR can remain associated inside the endosome at least 4 hours, as 

antibodies targeting the TfR cytoplasmic tail injected into the cell cytoplasm can inhibit infection 

up to this point (22), but some parvovirus capsids (such as AAV) have also been reported to 

reach the nucleus as early as 15 minutes after being added to cells (52). While inside the 

endosome, CPV releases the N-terminus of VP1 through the pore at the 5-fold axis of symmetry. 

This process requires both the prior cleavage of the VP2 N-termini on adjacent capsid subunits, 

to clear the 5-fold pore, and endosomal acidification (53,54). Inhibition of endosomal 

acidification with Bafilomycin A1, chloroquine, or ammonium chloride prevents the exposure of 

VP1 and results in loss of infectivity, but treatment of purified capsids with acidic pH does not 

result in VP1 exposure or restore infectivity, suggesting that cellular factors may also play a role 

in VP1 uncoating (50,55). The exposed VP1 N-terminus, which contains PLA2 enzymatic 

activity, then disrupts the endosomal membrane, allowing capsids to escape into the cytoplasm. 

It was shown that the holes that CPV opens in the endosomal membrane are likely small and/or 

localized as they do not allow escape of endocytosed alpha-sarcin (~18kDa) (50). 

 Upon release into the cytoplasm near the nucleus, a nuclear localization signal (NLS) also 

located on the VP1 N-terminus allows CPV to traffic to the nucleus. Microinjection of 

monoclonal anti-capsid antibodies into the cell cytoplasm blocks infection, indicating that intact 

capsids, as opposed to uncoated DNA, traffic through the cytoplasm (51). A small fraction of 
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capsids enters the nucleus (49), where uncoating occurs and viral DNA is released for 

transcription and replication. 

 

1.4b DNA uncoating, RNA splicing, and protein expression 

 The process by which DNA is uncoated from parvovirus capsids in the nucleus is still 

incompletely understood, but some experiments have shown that removing Ca2+ and Mg2+ from 

MVM capsids with ethylenediaminetetraacetic acid (EDTA) results in the 3’ to 5’ release of the 

genome at physiological temperature (56). Cellular conditions that might trigger the removal of 

divalent cations from parvovirus capsids include low cytoplasmic Ca2+ concentration, an influx 

of dNTPs during cellular genome replication, or an as yet unknown cellular chelator (56). 

Human parvovirus B19 has been shown to release its DNA in vitro when exposed to endosomal 

pH (57), which suggests that capsid conformational changes triggered by acidification may also 

play a role in uncoating. Studies with both MVM and B19 have shown that capsids remain 

associated with the 5’ end of viral DNA after uncoating, which the authors hypothesize may help 

with trafficking into specific nuclear compartments (56,57).  

 Once the parvovirus genome has reached the nucleus and is uncoated, transcription 

occurs, and several splicing events produce viral mRNA transcripts. As with MVM and other 

autonomous parvoviruses, CPV mRNA contains separate promoters for the nonstructural and 

structural proteins (P4 and P38 promoters, respectively) as well as two introns, resulting in a 

total of three distinct mRNAs after splicing (11,58,59) (Figure 1.1B). R1 mRNA, which encodes 

NS1, is formed when RNA is transcribed from the nonstructural gene promoter (P4) and only the 

small intron is removed. R2, which encodes NS2, is also transcribed from the nonstructural gene 

promoter (P4) and results from the splicing of both the large and small introns. R3 mRNA, which 
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encodes VP1 and VP2, is transcribed from the structural gene promoter (P38) and has the small 

intron removed (Figure 1.1B). Approximately 5 times more VP2 protein is produced than VP1 

both in vitro and in vivo (58,60), which must result from translational differences, as both genes 

share the same mRNA transcript. Activation of the P38 promoter also requires prior NS1 

expression, suggesting a mechanism that regulates the timing of capsid production (61,62). 

A non-structural protein, designated SAT, has been observed in PPV, with analogs in all 

autonomous, vertebrate parvoviruses (protoparvoviruses), including CPV (12). SAT knockout 

results in slower growth in tissue culture (12) and has been implicated in the endoplasmic 

reticulum stress response during infection and virion release (63). The adeno-associated viruses, 

which are more distantly related to autonomous parvoviruses like CPV, PPV, and MVM, 

produce transcripts for assembly-activating protein (AAP) from the mRNA encoding the 

structural proteins (64). AAP, which is expressed from an alternative open reading frame in the 

structural protein mRNA, has been shown to target capsid proteins to the nucleus and facilitate 

capsid assembly (64). No similar open reading frame exists for CPV or MVM, however, 

indicating that this protein is restricted to the adeno-associated viruses or dependoviruses.  

 

1.4c Capsid assembly, genome replication, and packaging 

VP1 and VP2 capsid subunits are produced in the cytoplasm, where they assemble into 

trimers before trafficking to the nucleus for assembly upon the induction of S phase of the cell 

cycle (65–67). Trimers consist of either three VP2 subunits or two VP2 subunits and one VP1 

subunit, and the two trimer forms exist in roughly equimolar amounts (65,67). VP1 and VP2 N-

termini are concealed from antibodies in the cytoplasm, and recent studies have shown that 

trimer subunits are phosphorylated in the cytoplasm, possibly causing the obscuring of the N-
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termini and/or preventing trimers from assembling into capsids prematurely (65). There is 

evidence that the cellular protein Raf1 causes this phosphorylation, as parvovirus capsid proteins 

expressed in insect cells, which do not express Raf1, assemble in the cytoplasm instead of the 

nucleus (68,69). If the insect cells are transfected to express Raf1, however, assembly occurs in 

the nucleus (68). 

After capsids have assembled in the nucleus during early to mid-S phase of the cell cycle, viral 

genome replication occurs (66). Parvoviruses use ‘rolling-hairpin’ replication to make new 

copies of the genome. First, complementary bases at each end of the genome pair with the DNA 

beside them, forming short hairpins on each end of the genome (Figure 1.4A) (70). Host DNA 

polymerases and enzymes (including DNA polymerase δ and proliferating cell nuclear antigen 

(PCNA)) initiate replication in a 5’ to 3’ direction, unfolding the short tandem repeat at the 

opposite end of the viral genome as it progresses, and resulting in a double-stranded DNA 

hairpin (Figure 1.4B) (66,70,71). The complementary bases at the end of the new hairpin fold 

back again (Figure 1.4C) and host DNA polymerases initiate replication, forming another hairpin 

containing two concatemeric, double-stranded parvovirus genomes (Figure 1.4D), and this 

process repeats, forming a double-stranded tetrameric hairpin (Figure 1.4E and F). Individual 

double-stranded DNA genomes are excised from these intermediates via the formation and 

separation of complex, hetero-cruciform DNA structures, which involves NS1 and host enzymes 

(70) (Figure 1.4G). The positive sense strand of the double-stranded DNA genome can then form 

a hairpin, beginning another round of replication and displacing the negative sense strand of the 

genome (72) (Figure 1.4H and I). The displaced negative sense strand can also serve as a 

template for DNA replication, or it can be packaged into an assembled capsid (72). Positive 

sense, single-stranded DNA genomes are generated when NS1 nicks the replication origin of the  
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Figure 1.4. Parvovirus genome replication. A-F) Replication of parvoviral DNA by host 

polymerases, starting with a negative sense DNA genome. G-I show production of negative 

sense, single-stranded DNA genomes for encapsidation starting from a double-stranded 

monomeric genome, which results from the steps depicted in A-F. Colored arrows indicate the 

direction of DNA synthesis, 5’ and 3’ ends of DNA are labeled, positive (+) and negative (-) 

sense genomes are indicated, and left (L) and right (R) hairpins are indicated. Information 

compiled from (70,72). 
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double-stranded dimer intermediate (Figure 1.4D), allowing host polymerases to use the negative 

sense strand as a template and displacing the positive sense strand (72).  

 Once viral capsids have assembled in the nucleus and single-stranded genomes have been 

generated, NS1 hexamers package the single-stranded DNA genome through a 5-fold pore in a 

3’ to 5’ direction (56). Some autonomous parvoviruses, including MVM, preferentially package 

negative sense ssDNA genomes (70)(69)(Cotmore and Tattersall, 1996), while the adeno-

associated viruses show no preference for positive or negative sense DNA (70). After the DNA is 

packaged into the capsid, NS1 remains attached to the 5’ end via a covalent bond at residue 

Tyr210 (MVM NS1) (18,73).   

 

1.4d Nuclear egress and release from the cell 

 Many aspects about how parvoviruses exit cells are still unknown, but growing evidence 

supports a model of active transport of full capsids from the nucleus prior to release from the cell 

or cell lysis. In order to exit the nucleus, MVM requires externalized VP2 tails, which occurs 

only in DNA containing capsids, and phosphorylated surface residues, as well as the nuclear 

exportin CRM1, which interacts with NS2 in a yet unknown way to facilitate nuclear egress (74–

76).  

Furthermore, while the majority of parvovirus capsids produced during an infection 

appear to be released from the cell upon cell lysis, some MVM capsids have been observed to be 

secreted from cells prior to lysis (77,78). After leaving the nucleus, MVM full capsids are 

incorporated into vesicles by the perinuclear endoplasmic reticulum, trafficked through the 

endoplasmic reticulum to the Golgi, where they undergo phosphorylation, and then transported 

to the plasma membrane for extracellular release (77). This process has been shown to be 
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dependent on NS1-mediated phosphorylation of gelsolin, which triggers the depolymerization of 

actin filaments, and which in turn has been hypothesized to promote microtubule-dependent 

vesicle transport to the plasma membrane (78). Transport of MVM capsids through the 

endoplasmic reticulum and the Golgi has also been reported to accelerate cell lysis, suggesting 

that this process regulates when parvoviruses trigger cell death (77). 

  

1.5 Evolution and host adaptation of canine parvovirus 

 CPV-2 emerged from feline panleukopenia virus, or a virus closely related to it, as early 

as 1968 (5). CPV and FPV share over 99% of their sequence identity, and while FPV can infect 

numerous carnivore species, dogs are resistant to infection as FPV cannot bind to the canine TfR. 

The primary differences between CPV and FPV are changes to the major capsid protein VP2, 

which include Asn80Arg, Lys93Asn, Thr101Ile, Val103Ala, Val232Ile, Tyr303Phe, Asp323Asn, 

Asp375Asn, Asn564Ser, and Ala568Gly. Only the mutations to residues 93 and 323 are required 

to give FPV canine cell tropism, however, and replacement of residues 93 or 323 in CPV-2 with 

the corresponding FPV residue, either singly or in combination, results in the loss of the canine 

host range (39). These mutations are believed to allow CPV to accommodate a bulky glycan on 

the canine TfR apical domain (residue 384) that prevents FPV binding (79). FPV can bind to and 

infect cells expressing the TfR from the black-backed jackal, the most closely related species to 

dogs that does not have this glycosylation site, but when the black-backed jackal TfR is modified 

to contain the glycosylation site (Lys384Asn mutation), FPV loses most of its ability to bind to 

and infect those cells (79). While the reverse experiment, mutating the canine TfR to remove the 

glycosylation site, was not performed, the canine and black-backed jackal TfRs differ in only 5 

amino acids on the apical domain (12 amino acids total), suggesting that the results would be 
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similar. 

 Only a few years after CPV-2 emerged, it acquired an additional 4 amino acid mutations 

on VP2 that allowed it to better infect dogs (Met87Leu, Ile101Thr, Ala300Gly, and Asp305Tyr 

(80). This new variant, designated CPV-2a, replaced CPV-2 worldwide by 1980 and could also 

infect cats, whereas CPV-2 could only infect cat cells (81). Evolutionary analysis of CPV 

isolates from raccoons suggest that CPV-2 passed through raccoons as an intermediate host, 

gaining mutations to VP2 residues 87, 101, and 300, before passing back into dogs and acquiring 

additional mutations to produce CPV-2a (35). Experiments where CPV-2 was mutated to contain 

all 16 combinations of the 4 residues distinguishing CPV-2 from CPV-2a showed that CPV-2 

likely had to acquire the four mutations in a specific order, as many combinations were much 

less fit than wild-type CPV-2 in feline cells and some were even non-viable (82).  

CPV-2a continued to evolve after replacing CPV-2, and additional mutations to VP2 

have been observed at residue 426, with Asn426Asp resulting in a variant designated CPV-2b 

and 426Glu resulting in CPV-2c (80,83). Numerous other mutations to VP2 have also been 

observed in CPV isolated from different host species or passaged on different species’ cells, 

particularly around residues 103, 300, and 375, where mutations have been shown to impact host 

range or virus binding (38). Mutation to residue 300 has also been shown to select for additional 

mutations to nearby residues when CPV is grown on different host cells (37), marking it as a 

major determinant of host cell tropism as well as a residue that overlaps the TfR binding site 

(33). Residue 103 is located adjacent to residue 300 and also overlaps the TfR binding site, while 

residue 375 affects binding to Neu5Gc sialic acid, which is absent in Western dog breeds, but is 

present in many carnivore species. 
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1.6 Parvovirus/antibody interactions 

1.6a Antibody recognition of canine parvovirus 

 Monoclonal antibodies (Mabs) generated against CPV and FPV recognize one of three 

potential antigenic sites on the capsid surface. The "A-site" is located around the 3-fold axis of 

symmetry and the "B-site" is located around the 2-fold axis of symmetry, and both overlap 

regions on the capsid that have been associated with TfR binding (Figure 1.5). Antibodies that 

bind around the 5-fold axis of symmetry have not yet been characterized for CPV or FPV, but 

have been reported for other parvoviruses (84,85). While a number of labs have generated 

monoclonal and polyclonal anti-CPV antibodies, the most structurally characterized anti-CPV 

antibodies are monoclonals derived either from mice immunized with CPV (Mabs 1-25) or rats 

immunized with FPV (Mabs A-F) (86–90). 

Antibodies recognizing the "A-site" include Mabs 6, 14, and B, as determined by cryo-

electron microscopy (cryo-EM) structures (91) and Mabs 7, 13, and I, which lose binding 

activity to viruses that have mutations to A-site residues (90,92). The shared footprint for Mabs 

6, 14, and B includes VP2 residues 93, 222-224, and 423-428, with residues 93, 222, and 224 

predicted to directly interact with the three antibodies (91). Viral escape mutations to antibodies 

that target the "A-site" include residues 93 (Mabs 7, 13, 14, and 2A9), 222 (Mabs 6,14, B, and I), 

and 224 (all A-site Mabs tested), indicating that these residues are directly involved in the 

virus/antibody interaction (92,93).  

 Antibodies recognizing the "B-site" include Mabs 8, 15, 16, E, and F, as determined by 

cryo-EM structures (91,94), and antibodies 1, D, and J, which lose capsid binding activity when 

B-site residues are mutated (92). The shared footprint for Mabs 8, 15, 16, E, and F includes VP2  
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Figure 1.5. Antigenic sites on the CPV capsid. A) Antigenic sites shown in the context of an 

assembled CPV capsid. Shared “A-site” residues are colored in red, with residues predicted to 
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directly interact with antibodies shaded dark red. Shared “B-site” residues are colored blue, with 

residues predicted to directly interact with antibodies shaded dark blue. Residues 93 and 300, 

which are predicted to interact with the TfR, are colored green. B) Magnification of A). C) 

Stereographic projection of the capsid surface generated with the program RIVEM (95) and 

colored as in A). 
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residues 298, 300, 301, 302, and 387, with residues 300 and 302 predicted to directly interact  

with all five antibodies (91). Viral escape mutations at the "B-site" include residues 299,  300 (all 

B-site antibodies except Mab F) and 302 (Mabs 1, 8, 16, and D) (34,92).   

 Because of the high sequence similarity between FPV, CPV, and similar parvoviruses 

including mink enteritis virus (MEV), many of the monoclonal antibodies generated against CPV 

or FPV will recognize one or more of the other viruses. Antibodies 15, 16, E, and F, in particular, 

have been shown to recognize all three of these viruses well (90). On the other end of the 

spectrum, antibodies 7, 11, 13, 14, and 25 have been shown to only bind strongly to CPV (90). 

This differential binding ability has been used to distinguish viral serotypes including CPV-2, 

CPV-2a, and CPV-2b (7,80,96). 

 

1.6b Mechanisms of antibody neutralization  

 Antibodies have been shown to neutralize unenveloped viruses in numerous different 

ways, including by blocking receptor binding sites, crosslinking capsids, either inhibiting or 

prematurely triggering uncoating of the genome, and targeting the viruses for destruction by 

immune cells (97). All of the monoclonal antibodies derived from the mouse anti-CPV and rat 

anti-FPV immunizations (Mabs 1-25 and A-F) that have been tested are capable of neutralizing 

virus in tissue culture if they are at high concentrations (89,90,93). Some of this neutralization is 

likely by crosslinking virions in solution, as all of these antibodies can inhibit hemagglutination 

of red blood cells, which requires either viral crosslinking or near-complete steric blocking of 

capsid surface structures (89,90).  

In some cases, antigen binding fragments (Fabs) derived from these antibodies are also 

capable of neutralizing infection, even though they are monovalent and incapable of 
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crosslinking. Most of these Fabs neutralize virus only at very high concentrations (93), indicating 

that they inhibit infection by binding over all of the available capsid surfaces and obstructing the 

receptor binding site or preventing uncoating of capsids. Fab E (derived from Mab E), however, 

has been reported to neutralize capsids at a ratio as low as 6.5 Fabs per capsid, whereas other 

Fabs neutralize at close to 30-60 copies per capsid, the maximum number of Fabs that can bind 

depending on angle of attachment and steric hindrance (93). Cryo-EM reconstruction of Fab 

E/CPV complexes has shown that Fab E binds across three different capsid protein subunits at 

once, crosslinking them, and also induces a conformation change in the capsid structure (94). 

This could result in inhibition of capsid uncoating during infection or increase the capsid stability 

and prevent necessary conformational changes, thus neutralizing infection. Some anti-CPV 

monoclonal antibodies were reported to have low hemagglutination inhibition activity, but 

normal viral neutralization in tissue culture (90), suggesting that, like with Mab E, they may also 

have additional means of neutralizing viral capsids aside from crosslinking capsids. 

  

1.7 Biophysical and biochemical properties of parvovirus capsids 

 Canine parvovirus is remarkably stable and can withstand temperatures of up to 70°C 

(98), urea concentrations to 4 M (20) and changes in pH ranging from 3.1 to 11.4 (69) before the 

capsid will begin to disassemble. Full capsids (which have packaged genomes) are more resistant 

to urea than empty capsids, with some intact particles detectible at 7 M concentration, but full 

and empty capsids are equally susceptible to changes in pH and thermal denaturation (69,98). 

Other parvoviruses, including AAVs (99), MVM (100), and parvovirus B19 (101) also have high 

thermal stability, with temperatures triggering capsid disassociation ranging from 65-90°C 

depending on the virus.   
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 Assembled CPV capsids are largely resistant to external proteases, with Proteinase K and 

trypsin incubation resulting in some cleavage products, but leaving most capsid subunits intact 

(20,98). In spite of CPV's resistance to external proteases, capsids that are denatured and run on 

an SDS-PAGE gel show numerous sub-molar proteolytic cleavage fragments (98), suggesting 

capsids are proteolytically cleaved prior to assembly or undergo auto-proteolytic cleavage after 

assembly, as has been reported for AAV serotypes 1-9 after exposure to pH 5.5 (102).   

 Although CPV capsids are intact and stable at endosomal pH, incubation at pH 5.5 has 

been shown to result in a conformational change to the capsid focused around surface loop 4, 

which contains VP2 residues 359-397 and is responsible for sialic acid binding and 

hemagglutination of red blood cells (47,48,103). AAV capsid structure also undergoes a 

conformational change upon exposure to endosomal pH, with minor shifts to capsid surface 

loops II, IV, and VI and the capsid/DNA interactions becoming disordered, possibly in 

preparation for genome uncoating (104). Shifts were also seen in AAV interior surface residues 

R392, Y707, E566, and H529, which are associated with the auto-proteolytic cleavage seen in 

AAV capsids (102,104).  

 

1.8 Critical structures in parvovirus capsids 

Although parvovirus capsids are robust and can survive harsh environmental conditions, 

single mutations to the major capsid protein can result in loss of infectivity if they occur in 

critical structures on the capsid. These mutations can either prevent capsid subunits from 

assembling or disrupt one of the capsid functions during the infectious cycle. Aside from the 

receptor binding sites, where mutations affect host cell tropism or eliminate infection altogether 

(34,37,105,106), other critical structures include the 5-fold pore (69,107), the N-terminus (108), 
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a VP2 nuclear localization determinant near the C-terminus (109), and, for the adeno-associated 

viruses, residues that trigger pH-dependent, autocatalytic cleavage of the major capsid protein 

(102) and residues that are required for genome transcription (110). 

Mutations that affect capsid assembly occur around the 5-fold pore and the VP2 N- and 

C-termini. In CPV, point mutations around the 5-fold pore (Val522Gly or 

Lys536Thr/Lys538Thr) result in loss of capsid assembly (69), and in MVM, the point mutation 

Leu172Trp has been shown to block the 5-fold pore, inhibiting genome packaging and 

preventing infection even though capsids assemble (107). Parvovirus B19 capsids that have 24 or 

more amino acids truncated from the VP2 N-terminus are unable to assemble, as are capsids that 

had a deletion of VP2 residue 25 (108). Furthermore, if B19 VP2 has more than 30 N-terminal 

amino acids truncated, assembly of co-expressed truncated and wild-type capsids is also 

inhibited (108). Multiple different point mutations to the MVM C-terminal VP2 protein (residues 

528-538) have been shown to prevent capsid assembly by preventing VP2 from trafficking to the 

nucleus (109). 

In the adeno-associated viruses, capsid surface residues termed the ‘pH quartet’ (AAV2 

and 8 VP1 residues 389, 526, 563, 704) undergo a conformational change upon exposure to pH 

5.5 (104). Mutations to these conserved residues result in up to a 6-log-fold reduction to 

infectivity, and recent studies have shown that they are required for autocatalytic cleavage of 

AAV capsid proteins at acidic pH, but that they are not catalytic residues of a protease (102). 

Another mutation to the AAV capsid protein (Y704A) causes loss of infectivity by decreasing 

viral transcription (110,111), suggesting that the AAV capsid protein is involved in transcription. 

No studies on the autonomous parvoviruses have yet reported either pH-dependent viral protease 

activity or capsid-dependent genome transcription, but it is possible that their capsid proteins 
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perform similar functions during infection.  

 

1.9 Endogenous viral elements  

 1.9a Origin of endogenous viral elements 

 Endogenous viral elements (EVEs) are segments of viral nucleic acid that have been 

converted into dsDNA, integrated into the genome of a germline cell, and vertically transferred 

from parent to offspring. Once integrated into the host genome, EVEs acquire mutations at the 

same rate as the host, rather than of circulating viruses under selection, creating what is 

effectively a molecular fossil of an ancient virus. These ‘fossils’ can provide information about 

how old particular genera of viruses are, what range of species they infected, how different 

viruses evolved over long-term time scales (millions of years instead of decades), and how hosts 

containing EVE sequences have responded to either disrupt or maintain viral genes. Some 

characterized EVEs, for example, appear to have undergone selection to maintain open reading 

frames, resulting in a lower mutation rate than otherwise expected, and RNA-sequencing for 

multiple species has revealed that genes from some EVEs are transcribed (112).  

EVEs derived from retroviruses, which encode their own reverse transcriptase and 

integrase, are most common, with some studies estimating that they comprise up to 8% of the 

human genome (113), but EVEs have been reported from many classes of viruses (ssDNA, 

dsDNA, ssRNA, dsRNA, etc.) (114). Double-stranded DNA viruses and single-stranded DNA 

viruses, which have a double-stranded DNA intermediate during replication, might become 

integrated into the host genome during double-stranded break repair. Alternatively, if a cell is co-

infected with a retrovirus or expresses reverse transcriptase or integrase from an endogenous 

retrovirus (retrotransposon), RNA might be converted into dsDNA and integrated into the host 
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genome. Sometimes, non-retroviral EVEs are flanked by retroviral insertion sequences (long 

terminal repeats (LTRs)) (115), supporting the hypothesis of retrovirus involvement.  

 Parvoviruses and circoviruses are disproportionately represented among endogenized 

DNA viruses, possibly because they encode an endonuclease that could help facilitate integration 

into the genome (116). These nucleases (NS1 or Rep for autonomous parvoviruses and the 

adeno-associated viruses, respectively) recognize specific sequences in viral DNA and cleave it 

during viral genome replication, but host cell DNA sometimes has matching sequences that the 

nuclease can target. AAV2, for example, is predisposed to integrate into human chromosome 19 

during infection and targets a site that closely resembles one of the terminal repeats at the end of 

its genome (117,118). The parvoviral EVE sequences that have been examined so far, however, 

frequently lacked their 5’ and 3’ terminal repeats and were flanked by LTRs or other TE 

sequences, suggesting an alternative method of integration (115). Regions containing TEs are 

unstable and are prone to dsDNA breaks as TEs move/replicate (115,119–121), and host 

machinery could potentially use dsDNA parvoviral replication intermediates to repair those 

breaks, resulting in parvoviral EVEs flanked by TEs. 

 

1.9b Identification and dating of endogenous viral elements 

Retroviral endogenous viral elements, including LINEs, SINEs, and retrotransposons are 

common in mammalian genomes and are readily identified by their multiple integrations in the 

host genome (122–124). Non-retroviral EVEs, however, frequently do not contain open reading 

frames or LTRs and have few or no duplicates within the genome, making this method of 

identification difficult. Instead, these EVEs are discovered by compiling a library of all the 

existing genomes for a particular class of virus, identifying conserved motifs, and searching 
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through deep sequencing databases for sequences that contain those conserved motifs (114). 

Because many species are infected by exogenous viruses at the time of sequencing, the results 

are then checked for sequence segments that overlap the end of the putative EVE and the host 

genome, to make sure that the EVE was integrated (115). Frameshift mutations or stop codons 

located in the EVE sequence provide further support of integration, as exogenous viruses 

containing these mutations would not be viable (115). Expressed sequence tag (EST) deep 

sequencing databases can be searched similarly, looking for EVE gene expression, but must be 

matched by sequence to an EVE in the host genome in order to differentiate EVE transcripts 

from exogenous virus transcripts. 

The age of endogenous viral elements can be approximated in several ways. If the EVE 

insertion is in the same location in multiple host genomes, it can be inferred that it is at least as 

old as the most recent common ancestor that each of those hosts shared, but no older than the 

most recent common ancestor shared between those species and species that do not contain the 

EVE (114). For EVEs that contain LTRs, including retroviruses and retrotransposons, age of 

insertion can be approximated by comparing the 5’ and 3’ LTRs, which are identical to each 

other in exogenous viruses, to one another to determine the number of mutations per base pair 

that have accumulated in the EVE. If the host DNA mutation rate is known, the ratio of 

mutations per base pair can be converted into estimated age (125). For EVEs that do not contain 

LTRs, a similar technique can be used if stop codons or other identifiable mutations (insertions, 

deletions, etc.) are present in the genome, with an estimated maximum sensitivity of 90 million 

years if the EVE is under neutral selection (117). 

 

1.9c Reconstruction of endogenous viral elements 
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 In the case of recent EVE insertions, where relatively few mutations have occurred, it is 

possible to repair the EVE sequence and express proteins in order to study how ancient viruses 

functioned. Human endogenous retrovirus K (HERV-K), an extinct retrovirus that integrated into 

the human genome less than five million years ago (126), was repaired by deriving a consensus 

sequence from multiple human genome sequences and synthesizing it (127). Although the 

complete genome was never tested because of concerns about viral release, experiments with 

individual proteins showed that they were functional. Expression of the gag and protease proteins 

resulted in the assembly of virus-like particles, pseudotyping of the envelope protein onto HIV-1 

particles allowed entry into cells, and expression of reverse transcriptase and integrase showed 

that the viral replication machinery was still functional (126,127).  

 For the parvoviruses, one study describes an in silico reconstruction of a capsid derived 

from an adeno-associated virus EVE that was integrated into marsupial (macropodid) genomes 

approximately 30 million years ago (116). While the insertions in some macropodid species had 

large deletions of 1.2-1.6kbp of the genome, others contained the complete genome, allowing for 

comparison to extant AAVs, with which the EVE shared around 60% amino acid sequence 

identity of its capsid protein. Most of the residues that were conserved between the marsupial 

EVE and modern AAVs were located within the β-barrel on the interior surface of the capsid, 

while variable residues were located on exposed surface loops (116), a trend that also emerges 

when comparing extant AAVs to one another. The Rep protein was reported to be most similar 

to that of AAV5, with the phospholipase domain, rolling circle replication motifs, and nuclease 

domain being readily apparent (116). 

 

1.9d Host suppression of endogenous viral elements 
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Some endogenous viral elements, transposable elements in particular, are detrimental to 

the host if expressed at the wrong time or inserted into the wrong place in the genome, disrupting 

critical gene function and causing diseases, including cancer. To avoid this, host cells suppress 

transposable elements using several mechanisms, including DNA methylation, cytidine 

deamidation, and small RNAs (128). Selective methylation of transposons in host DNA occurs 

during gametogenesis and prevents transposons from being transcribed. In mice, knocking out 

the cytosine methyltransferase has been shown to result in the reactivation of transcriptional 

elements and the death of male germ cells (129). Cytidine deaminases, including the APOBEC3 

family of deaminases, can deamidate transposable element cDNA, resulting in its degradation or 

in the mutation of the transposon (128). Small RNAs, though primarily described in plants and 

invertebrates, have also been reported to inhibit expression of L1 retrotransposons in mammals 

(130). L1 retrotransposons contain sense and antisense promoters in their 5’ untranslated regions 

(UTR), giving rise to L1 mRNA transcripts and chimeric transcripts of adjacent genes, which 

also contain portions of the L1 5’ UTR (130). These mRNA transcripts can base pair to produce 

dsRNA, which can then be recognized and processed by Dicer and used to degrade L1 mRNA 

transcripts (130).  

 

1.9e Host benefits of endogenous viral elements 

 In some cases, the host has been reported to co-opt endogenized viral sequences for its 

own use, particularly for regulation of gene expression (131), showing that some EVEs are 

beneficial to the host and may be under selection to be maintained. Transmissible elements 

derived from retroviral DNA including long interspersed nuclear elements (LINEs), short 

interspersed nuclear elements (SINEs), and endogenous retroviruses with LTRs have been shown 
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to contain transcription factors as wells as promoters and enhancers, which can directly affect 

gene expression (131). Depending on how these transmissible elements are inserted into the 

genome, they can also isolate a gene from its regulatory elements, introduce or remove splicing 

sites, add nonsense mutations, or convert DNA to heterochromatin (131).  

Some species have been reported to use whole genes or series of genes of viral origin. 

Female parasitic wasps have specialized ovary cells that contain endogenized viral DNA and 

produce polydnavirus particles. These viral particles are injected into lepidopteran larvae along 

with wasp eggs, and package genes that manipulate the larvae’s immune system so that it 

tolerates the wasp eggs. The polydnavirus particles, believed to originate from nudiviruses that 

integrated into the wasp genome, do not contain encapsulated structural genes, nor are they 

capable of replicating in caterpillars. Instead, the genes encoding polydnavirus structural genes 

are found in the wasp genome, in a separate location from the genes which are incorporated into 

viral particles (132). This exaptation of the nudivirus genome has occurred at least three separate 

times in different species of parasitic wasps, as evidenced by the unique position of nudivirus 

DNA in the genomes of three distinct species, and supports a hypothesis of convergent evolution 

in the acquisition of polydnavirus EVEs (132).   

In humans, the placentally expressed genes Synsytin-1 and Synsytin-2 are responsible for 

cell-to-cell fusion in the trophoblast and syncytiotrophoblast, respectively (133). Syncytin genes, 

which are derived from retroviral envelope/fusion proteins, have been exapted at least 5 separate 

times for use by different mammalian species including humans, mice, ruminants, carnivores, 

and rabbits/hares, with insertions into the host genome ranging from 12 to 80 million years ago 

(133). Knockout of syncytin-A in mice, which corresponds to Synsytin-1 in humans, prevents 

proper placental development and results in embryonic death (133). In both mice and humans, 
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syncytin expression is regulated by the placental transcription factor GCM1, showing that these 

hosts have extensively repurposed the retroviral gene.  

Recent studies of endogenous retroviruses have suggested that EVEs can also function as 

restriction factors targeting modern-day viruses in a process known as ‘receptor interference’ 

(134). Some species, including cats, mice, mink, sheep, and chickens (134), have acquired 

integrated copies of retrovirus envelope genes which are similar to those of circulating 

retroviruses but lack the transmembrane domain that anchors the envelope protein to a 

membrane. When these genes are expressed, cells secrete a soluble form of the envelope protein 

(and the signal peptide domain) that can bind to the host receptors on adjacent cells. When the 

secreted envelope proteins have attached to host receptors, it blocks circulating viruses from 

binding to them for uptake or infection (135). This mechanism has also been used for regulation 

of syncytins in mammalian placental tissue, where the protein Suppressyn competes with 

syncytin for binding to the ASCT2 receptor (134).  

Other studies have shown that endogenous viral element genes from bornaviruses and 

filoviruses are expressed and are under selective pressure to maintain open reading frames (112). 

Although the mechanism that mediates it is unknown, it appears that expression of these ORFs 

protects the host from bornavirus or filovirus infection, as there is a positive correlation between 

species that have bornavirus or filovirus EVE insertions and resistance to infection by modern-

day strains of these viruses (112). Mice that are genetically modified to express the bornavirus 

nucleocapsid protein gene in neurons, furthermore, become resistant to bornavirus infection 

(136), indicating that these expressed proteins may actively inhibit viral replication.  

 For the parvoviruses, almost all EVEs reported thus far contain stop codons and 

frameshift mutations that disrupt open reading frames, and while genes from some parvovirus 
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EVEs have been transcribed into mRNA, the presence of these mutations makes it unlikely that 

the translated proteins maintain their functionality (114–116,137). Some of these truncated 

proteins might interfere with infection of related, extant parvoviruses, providing a form of 

immunity to the host, but no reports confirming or disproving this hypothesis have been 

published yet.  

 

1.10 Dissertation overview 

 This dissertation examines the structure and function of canine parvovirus capsids and 

how the interactions of those capsids with monoclonal antibodies or TfRs from different species 

either facilitate or inhibit infection of cells. It also investigates parvovirus endogenous viral 

elements from three different species of rodents and explores the structures and functions of 

capsids derived from those endogenous sequences. 

  Chapter 2 discusses mutations to the CPV major capsid protein that result in loss of viral 

infectivity and examines how the mutations cause that loss, with impacted functions and 

properties including receptor binding, capsid stability, proteolytic cleavage, and nuclear 

trafficking. 

 Chapter 3 discusses the interactions between CPV, the TfR, and different monoclonal 

antibodies, and how those interactions impact infection. 

 Chapter 4 discusses the repair and expression of the major capsid protein of parvovirus 

endogenous viral elements from three different rodent species, as well as the properties of 

assembled EVE-derived parvovirus capsids. 

 Chapter 5 summarizes the results of chapters 2-4 and discusses the implications to the 

field of virology. 
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CHAPTER TWO 

Parvovirus capsid structures required for infection: mutations controlling receptor 

recognition and protease cleavages 
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2.1 Abstract 

Parvovirus capsids are small but complex molecular machines responsible for 

undertaking many of the steps of cell infection, genome packing, and cell-to-cell as well as host-

to-host transfer. The details of parvovirus infection of cells are still not fully understood, but the 

processes must involve small changes in the capsid structure that allow the endocytosed virus to 

escape from the endosome, pass through the cell cytoplasm, and deliver the ssDNA genome to 

the nucleus where viral replication occurs. Here, we have examined capsid substitutions that 

eliminate canine parvovirus (CPV) infectivity, and have identified how those mutations changed 

the capsid structure or altered interactions with the infectious pathway. Amino acid substitutions 

on the exterior surface of the capsid (Gly299Lys/Ala300Lys) altered the binding of the capsid to 

the transferrin receptor type 1 (TfR), particularly during virus disassociation from the receptor, 

but still allowed efficient entry into both feline and canine cells without successful infection. 

These substitutions likely control specific capsid structural changes resulting from TfR binding 

required for infection. A second set of changes on the interior surface of the capsid reduced viral 

infectivity by >100-fold, and included two cysteine residues and neighboring residues. One of 

these substitutions, Cys270Ser, modulates a VP2 cleavage event found in ~10% of the capsid 

proteins which also was shown to alter capsid stability. A neighboring substitution, Pro272Lys, 

significantly reduced capsid assembly, while a Cys273Ser change appeared to alter capsid 

transport from the nucleus. These mutants reveal additional structural details that explain cell 

infection processes of parvovirus capsids. 

 

2.2 Importance 

Parvoviruses are commonly found in both vertebrate and invertebrate animals and cause 
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widespread disease. They are also being developed as oncolytic therapeutics and as gene therapy 

vectors. Most functions involved in infection or transduction are mediated by the viral capsid, 

but the structure-function correlates of the capsids and their constituent proteins are still 

incompletely understood, especially in relation to identifying capsid processes responsible for 

infection and release from the cell. Here we characterize the functional effects of capsid protein 

mutations that result in the loss of virus infectivity, giving a better understanding of the portions 

of the capsid that mediate essential steps in successful infection pathways, and how those 

contribute to viral infectivity. 

 

2.3 Introduction 

 The parvovirus infectious cycle is a complex process that includes cell receptor binding, 

endosomal and cytoplasmic trafficking, nuclear transport, DNA replication within the nucleus, 

capsid assembly, nuclear export, and escape or release of the newly formed virions (1, 2). 

Parvoviral capsid proteins are therefore required to perform a variety of complex functions in 

order to complete these steps, and those capsids are assembled from only a few forms of a single 

viral protein. The capsid encloses the viral genome and protects it during transfer between cells 

and between animal hosts, but also performs a variety of functions required to deliver the 

genome to the nucleus for infection (2-10).  Some of these capsid-dependent processes are host-

specific, and result in viral host range variation that determines an animal's susceptibility to 

different viruses. Many parvovirus capsid structures have been determined to near atomic 

resolution (11-14), but the details of how the various components of the capsid and their 

structures mediate cell infection and the other steps in the replication cycle that involve dynamic 

changes in the capsids are still poorly understood.  
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 The canine parvovirus (CPV) capsid is a T=1 icosahedron that is assembled from 60 

copies of combinations of the viral proteins VP1 and VP2. A VP3 form is generated in full 

(DNA-containing capsids) through the proteolytic cleavage of ~19 residues from the N-terminus 

of a proportion of the VP2 molecules (15). VP1 is an extended form of VP2 that has 143 

additional N-terminal amino acids which include a nuclear-targeting sequence and a PLA2 

enzyme domain (6, 16, 17). VP1 comprises ~10% of the capsid subunits (15, 18). The surface of 

the CPV capsid is structurally complex, and includes features such as pores passing to the capsid 

exterior at the fivefold axes, raised surface regions (spikes) around the threefold axes, and 

surface valley regions located about the twofold axes and fivefold axes of symmetry (the dimple 

and canyon, respectively) (19-21). The capsid binds the transferrin receptor type 1 (TfR), and 

TfR is the essential and apparently only receptor required by CPV and its relatives for binding to 

and infection of carnivore host cells (22, 23). The capsid may also bind sialic acids, specifically 

the modified form N-glycolylneuraminic acid (Neu5Gc), which is present in some hosts but not 

others, and while that binding is not an essential receptor interaction, it may reduce infectivity of 

cells (24). The capsid stimulates the formation of and is the target for host antibodies that 

efficiently block infection and aid in recovery from disease (25, 26).  

The TfR binds the capsid through a structure on the threefold spikes that appears to 

center around VP2 residue 300, but involves other residues that are 20 to 30Å apart, suggesting a 

broad interaction with the capsid (27, 28). The threefold spikes are also the major antibody 

binding motif, and the antibody binding sites have been divided into two somewhat distinct 

groupings which are termed the A- and B-sites (29, 30). The modified sialic acid N-glycolyl 

neuraminic acid (Neu5Gc) binds to a site within the twofold dimple (31, 32). 

  CPV infects cells by binding to the TfR on the cell membrane, quickly followed by 
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clathrin-mediated endocytosis (8, 23, 33). This results in exposure of the capsid to lower pH as 

the endosome acidifies, which likely causes the release of some of the capsid-bound calcium ions 

and movement of capsid loops that also facilitate the release of the VP1 unique region (34). 

Many changes in the capsid structure resulting from low pH treatment (to ~pH 5.0 or possibly 

lower) appear to be reversible (8, 34), and do not appear to alter the structure in a way that 

changes the overall capsid susceptibility to external protease treatment (15, 35). However, small 

or asymmetric changes may be occurring that result from TfR binding, perhaps in combination 

with low pH or proteolytic cleavage of a proportion of capsid proteins after assembly, and which 

are necessary for cell infection by the virus. 

 While viruses related to feline panleukopenia virus (FPV) have been infecting a wide 

variety of carnivore hosts for many years (commonly including domestic cats), the variant that 

infects dogs (CPV) arose during the 1970s initially through the acquisition of mutations that 

changed surface residues in two regions of the capsid – VP2 residues 93Lys to Asn (Lys93Asn), 

and 323Asp to Asn (Asp323Asn) (36). An additional region that controls canine and other host 

ranges was subsequently defined by examining mutations of residues 299 (Gly to Glu or Asp), or 

300 (Ala or Gly to Asp) (37-39). The mutation Ala 300Asp has been observed repeatedly after 

natural transfer of CPV-2 from dogs to raccoons or during passage of CPV strains in raccoon 

cells (40), and that change also arose (along with a change of residue 301) during CPV-2 passage 

in feline cells in vitro (41, 42). The presence of 300Asp also results in reduced canine in vivo and 

in vitro infection, and in decreased binding to the feline TfR (43-45).  The 300Asp substitution 

results in more extensive structural changes in the capsid than are seen for the 300Ala or Gly, 

due to the formation of a salt bridge between VP2 Asp300 and Arg81 on adjacent subunits, 

which stabilizes the extended loop that contains residue 300 in a new position (44). The change 
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of the adjacent VP2 residue 299 from Gly to Glu results in a CPV capsid that no longer binds the 

canine TfR or infects canine cells, but that does not significantly reduce the efficiency of 

infection of feline cells (39, 41). Residues 299 and 300 fall in the middle of one of the two 

principle antibody binding sites (the B-site) on the capsid, and may also influence the binding of 

monoclonal antibodies (MAb) that recognize that site (11, 30, 38, 46). 

 The CPV capsid is very stable and retains infectivity after exposure to temperatures 

above 60°C (35), yet it likely changes side-chain and loop conformations during cell infection. 

Small differences in the structures and dynamics of various parvovirus and adeno-associated 

virus (AAV) capsids have been reported (35, 47, 48). Although the crystal structures of empty 

particles or VLPs appear structurally highly similar to infectious DNA-containing capsids when 

different crystal structures are compared, some differences in the structures and dynamics have 

been revealed (49-51). Residues on the interior of the capsid recognize and interact with the 

ssDNA genome by recognizing the splayed out DNA bases (11, 14, 52), and changes in the 

capsid-DNA interactions may control the packaging of the DNA, as well as its release of the 

genome during infection. The cleavage of VP2 to VP3 in full capsids may also play a role in 

facilitating DNA release, and has been shown to alter the capsid infectivity of minute virus of 

mice (MVM) (53-55). Submolar proteolytic cleavages were consistently observed within a small 

proportion of the capsid proteins (35), although the specific sites cleaved, the origins of the 

cleavages, or any functions were not defined.  

The CPV capsid may also undergo structural changes after assembly, possibly upon 

binding to the host TfR or to host antibodies, either outside the cell or after uptake into an 

endosome and exposure to low pH. However, it does not appear to contain a pH-sensitive 

domain that changes structure in the acidic environment of the endosome that are reported for 
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adeno-associated virus (AAV) capsids, and which triggers an autocatalytic cleavage event when 

those viruses encounter low pHs (48).  

Here we define key positions and functions within the parvovirus capsid involved in the 

cell infectious process by revealing the functional effects of single or double changes in the CPV 

capsid protein which make the capsid non-infectious. Some changes altered receptor binding and 

blocked infection after cell entry, while others were associated with a submolar cleavage of the 

capsid protein, which altered the interior of the capsid and changed its stability.   

 

2.4 Materials and Methods  

Mutant viruses and VLPs. Mutations were introduced into the full length infectious 

plasmid clone of the CPV-2 genome (56) using the Phusion mutagenesis method (New England 

Biolabs) according to the manufacturer's instructions, and then sequenced to confirm the 

mutations. Plasmids were transfected into NLFK cells using Lipofectamine (Invitrogen) 

according to the manufacturer's protocol, after which viral infectivity was determined or viruses 

recovered. Mutations introduced included the VP2 substitutions of H137A, C270S, K271A, 

K271R, C273S, G299E, G299K, A300D, A300K, and G299K/A300K.  

The CPV VP2 sequence was used for production of virus like particles (VLPs) by 

expression in High Five insect cells with the FastBac plasmid system (Invitrogen), and mutations 

were also introduced using the Phusion mutagenesis method. Plasmids were sequenced to verify 

the presence of the mutations, then transformed into DH10Bac E. coli to generate bacmids. 

Bacmids were transfected into Sf9 cells with Cellfectin II (Invitrogen) according to the 

manufacturer's protocol to generate baculovirus. Mutations included the VP2 substitutions of 

H137A, C270S, K271A, K271R, P272K, C273S, and G299K/A300K.  
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Cells, viruses and VLP preparations. Norden Laboratory Feline Kidney (NLFK) cells 

were grown in 1:1 McCoy’s/Lebovitz L15 media (Corning) with 5% fetal calf serum (FCS). Sf9 

and High5 insect cells were grown in Grace's Insect Medium (Invitrogen) with 10% FCS, and 

Express Five Serum Free Media (Invitrogen), respectively.  

The CPV-2 strain of virus was used to prepare full (DNA containing) and empty particles 

by growth of the virus in NLFK cells, and capsids were purified as described previously (11). 

VLPs were prepared by expressing CPV-2 VP2 in High5 cells using baculoviruses as described 

above, followed by purification. Briefly, after 4 days of incubation with baculovirus, High5 cells 

were re-suspended in 25 ml of lysis buffer (10mM NaCl; 10mM Tris-HCl (pH 7.5); 15mM 

MgCl2; 5mM Triton X-100; 0.4 × M221 Protease Inhibitor (Amresco)), then freeze-thawed 4 

times. Lysates were treated with a Branson sonifier 250 (output 3, duty cycle 50% for 30s) then 

debris was pelleted at 12,400×g for 30 mins, and the supernatant collected. Capsids were then 

either purified by 1) polyethylene glycol (PEG) precipitation and sucrose gradient centrifugation 

as described previously (11), followed by size exclusion chromatography in a BioRad A5M 

column, or 2) by centrifuging on a CsCl step gradient (3.5 ml of 1.25 g/cm3, 3 ml of 1.35 g/cm3, 

and 0.5 ml of 1.5 g/cm3 CsCl), followed by banding in a isopycnic gradient formed from 1.35 

g/cm3 CsCl, as described in Jager et. al. (57).  

Production of soluble feline TfR ectodomain. BHK cells expressing the soluble 6-His-

tagged feline TfR ectodomain were grown in roller bottles with Dulbecco's Modified Eagle 

Medium (DMEM)/F12 (Lonza) with 10% FCS. DMEM/F12 media was then replaced with 

production media (Pro293A-CDM (Lonza) with added L-glutamine (2mM) and butyric acid 

(1mM)), and media was collected at one day intervals (37).  

Molecular images and homology modeling. Images of the major capsid protein were 
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generated in UCSF Chimera (version 1.10.1) (RBVI). The homology model of the 

Gly299Lys/Ala300Lys mutant was generated via the mutagenesis function in PyMOL (version 

1.7.4) (Schrödinger, LLC). 

Hemagglutination Inhibition (HAI) assays. HAI assays were used to determine the 

relative activity of monoclonal antibodies (MAbs) for VLPs. Four HA units of VLP were added 

to MAbs 14, E and 8 (25, 26) that were diluted two-fold in Bis-Tris Buffered Saline (BTBS) (25 

μl total volume) in a 96-well V-bottom plate and incubated for 1 h at room temperature, then 50 

μl of 0.5% feline red blood cells were then added to each well and the plates were incubated at 

4°C for 2 h.  

TCID50 assays. 2.5μg of mutant virus infectious plasmid was transfected into NLFK 

cells seeded at 2 × 104 cells/cm2 in 9cm2 plates, as described above. 4 days after transfection, 

supernatant was collected and serially passaged twice at 1:4, with supernatant collected at 4 days 

after each passage. For virus titrations, NLFK cells seeded at 2 × 104 cells/cm2 in 96-well plates 

were incubated with 50 μl of 10-fold diluted viruses for 1 h at 37°C, then 200 μl of tissue culture 

media was added and cells were incubated at 37°C. After 2 days, cells were fixed, incubated for 

1h with rabbit polyclonal anti-FPV antibody, washed, incubated with goat anti-rabbit horse 

radish peroxidase (HRP) antibody, and stained with amino ethyl carbazol (AEC) substrate (20mg 

AEC in 0.035M sodium acetate pH 5.0, with 0.015% H2O2). Infected wells were determined and 

used to calculate TCID50 by the automatic drop through method using the NIH ID50 Server 

available at http://www.ncbi.nlm.nih.gov/CBBresearch/Spouge/html_ncbi/html/id50/id50.html 

(58). Three separate transfections and serial passages were performed for each virus.  

Bio-layer interferometry of capsid-TfR binding kinetics. Binding kinetics between the 

CPV capsids or VLPs and the purified feline TfR ectodomain were determined in a ForteBio 
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BLITz bio-layer interferometer, using 240 μg/ml of capsid (as CPV empty capsids or insect cell 

expressed VLPs). The assay procedure is as follows: 1) hydration of Nickel Nitrilotriacetic Acid  

(NiNTA) tips for 10 min in kinetics buffer (PBS with 0.02% ovalbumin and 0.02% Tween-20), 

2) 30s baseline wash in kinetics buffer, 3) 300s TfR loading, 4) 60s baseline wash in kinetics 

buffer, 5) 300s capsid association, and 6) 300s analyte disassociation in PBS with 0.02% Tween-

20. The feline TfR was added as a culture supernatant prepared from BHK cell expression, 

which contained the expressed dimeric ectodomain with a 6-His tag, and that was loaded onto 

tips to give 0.8nm of binding. For each capsid or VLP sample, experiments were repeated 6 

times to obtain an averaged kinetic curve with standard error of the mean.   

Binding and uptake analysis using immunofluorescence assays (IFA). NLFK cells 

seeded on cover slips at 2 × 104 cells/cm2 were incubated in DMEM with 0.1% bovine serum 

albumin (BSA) for 30 min at 37°C. Cells were incubated with 40 μl of 4 μg/ml CPV capsids or 

VLPs diluted in DMEM with 0.1% BSA for 1 h at 37°C, then fixed in 4% paraformaldehyde 

(PFA) for 10 min at room temperature. Cells were washed with PBS, and incubated with 

polyclonal rabbit anti-FPV and mouse anti-TfR cytoplasmic tail (Affymetrix) antibodies for 1 h 

at room temperature. Cells were then washed with PBS, incubated with goat anti-rabbit 

Alexa594 and goat anti-mouse Alexa 488 for 1 h at room temperature and mounted on slides 

using Prolong Gold Antifade with 4',6-diamidino-2-phenylindole (DAPI) (Life Technologies).  

Cells were imaged using a Nikon TE300 fluorescence microscope.  

Flow cytometry. NLFK cells seeded at 2 × 104 cells/cm2 in 9 cm2 plates were incubated 

in DMEM with 0.1% BSA for 30 min at 37°C. Cells were then incubated with 500μl of 4μg/ml 

of CPV or VLP diluted in DMEM with 0.1% BSA for 1 h at 37°C. Cells were trypsinized and 

centrifuged at 500 × g for 5 min, washed with PBS and fixed in 4% PFA, washed with 
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permeabilization buffer (PBS with 0.1% BSA, 0.1% Triton-X 100, and 0.1% NaN3) and 

incubated with 1.5 μg/ml MAb 14 for 30 min at room temperature. Cells were washed with 

permeabilization buffer, incubated with goat anti-mouse Alexa647 for 30 min at room 

temperature, then washed with permeabilization buffer and resuspended in PBS. Measurements 

were taken using an A94291 Gallios flow cytometer (Beckman Coulter) running Kaluza 

Analysis Software (Beckman Coulter) and graphs were prepared using FlowJo V10 (FlowJo, 

LLC). 

Immunofluorescence assays to monitor capsid assembly. NLFK cells seeded at 2 × 

104 cells/cm2 on cover slips in 9 cm2 plates were transfected with 2.5μg of infectious plasmid 

with Lipofectamine (Invitrogen) according to the manufacturer's instructions. Four days later, the 

cells were fixed in 4% PFA for 10 min at room temperature, washed with PBS, then incubated 

with polyclonal rabbit anti-FPV antibody (recognizing VP2 subunits and assembled capsids) or 

mouse MAb 8 (recognizing only the assembled capsid) for 1 h at room temperature. Cells were 

washed with PBS, incubated with secondary antibody (goat anti-rabbit Alexa488 or goat anti-

mouse Alexa 488 as appropriate) for 1 h at room temperature, then mounted on slides using 

Prolong Gold Antifade with DAPI (Life Technologies). Cells were imaged with a Nikon TE300 

fluorescence microscope. 

Quantitative western blotting. Samples of 40 μg CPV or VLP were run on 10% SDS-

PAGE gels and transferred to nitrocellulose membranes. Membranes were blocked in Odyssey 

blocking buffer (LI-COR) for 1 h at room temperature, then incubated with primary antibody: 

polyclonal rabbit anti-FPV antibody, polyclonal mouse antibody prepared against VP2 peptide 

258-270 (15), or monoclonal mouse antibody P1F6 against the CPV-2 C-terminus (15). 

Membranes were incubated either for 1 h at room temperature or overnight at 4°C, washed in 
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PBS, and incubated with secondary antibody (goat anti-rabbit IRDye 800CW or goat anti-mouse 

IRDye 680RD (LI-COR)) for 1 h at room temperature. Membranes were washed again in PBS 

and imaged on an Odyssey infrared imager (LI-COR).  

 Peptide mapping. Wild-type CPV capsid proteins were run on a 10% SDS-PAGE gel 

and stained with Coomassie blue. Gels were stored in distilled water and sent to the Cornell 

Biotechnology Resource Center Proteomics Core, where the N-terminal ~30kDa proteolytic 

cleavage fragment was excised from the gel, digested in separate preparations with trypsin and 

Glu-C enzymes, and peptide mapped using an Orbitrap fusion or Orbitrap elite mass 

spectrometer.  

Quantification of capsid nuclear or cytoplasmic localization. NLFK cells seeded at a 

density of 4 × 104 cells/cm2 in 9 cm2 plates were transfected with 2.5μg of wild-type or 

Cys273Ser infectious plasmid with Lipofectamine (Invitrogen) according to the manufacturer's 

instructions. Cells were fixed with 4% paraformaldehyde 24 h later, then stained with MAb8 

(recognizing assembled capsids) and goat anti-mouse Alexa488 secondary antibody in 

permeabilization buffer (see above), and mounted with ProLong Anti-Fade Gold containing 

DAPI (Life Technologies). Cells imaged using a Nikon TE300 fluorescence microscope were 

scored according to whether assembled capsids localized only to the nucleus or were also visible 

in the cytoplasm. Data were from 6 replicates. 

Tryptophan fluorescence spectroscopy. CPV empty capsids or VLPs were diluted to 

0.5 μg/ml in 500 μl PBS (pH 7.4). Tryptophan fluorescence was measured using 1cm path length 

cuvettes in a Cary Eclipse Spectrophotometer (Agilent Technologies), with 5 nm excitation and 

emission bandwidths. Samples were excited at 295 nm and read at 331 nm, as described 

previously (35), and measurements were taken every 0.5°C as samples were heated from 25°C to 
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85°C at 0.5°C/min. The melting temperature (TM) for each sample was determined by finding the 

minimum of the first derivative of the resulting curve using GraphPad Prism 6 (GraphPad 

Software, Inc.). 

Differential Scanning Fluorometry (DSF). CPV empty capsids or VLPs were diluted to 

0.1-0.2 mg/ml with PBS (pH 7.4), 100 mM citric acid (pH 5.5), or 10mM EGTA (pH 8.0) to a 

total volume of 22.5 μl and incubated for one h at room temperature. 2.5 μl of 1% SYPRO 

Orange dye (Life Technologies) was added to samples in a 96-well qPCR plate, and samples 

were then loaded into a StepOne Plus qPCR machine (Applied Biosystems). Measurements were 

taken every 0.2°C as samples were heated from 25°C to 85°C (1°C/min). TM for each sample 

was determined by finding the maximum of the first derivative of the resulting curve using 

GraphPad Prism 6 (GraphPad Software, Inc.). 

 

2.5 Results 

To better understand the capsid controls of cell infection, we examined a panel of point 

mutations in the CPV capsid, of which VP2 mutants Gly299Lys/Ala300Lys, Pro272Lys, and 

Cys273Ser did not result in the production of viable viruses and Cys270Ser resulted in 100-fold 

less viable virus. These mutations were prepared in infectious plasmid clones of the viruses and 

tested for sustained growth of the viruses after transfection into NLFK cells, which are 

susceptible to all of the natural isolates of CPV. Mutations blocking viral infectivity included 

those changing residues on the capsid surface (VP2 299 and 300), and others on the interior of 

the capsid (VP2 270, 272, and 273).  

To allow us to produce sufficient particles to study the properties of the capsids 

containing substitutions that produced non-viable viruses, VLPs were prepared from the VP2 
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gene expressed in insect cells, and the capsids were purified and compared to both wild-type 

VLPs and wild-type empty capsids recovered from cell infections.  

VP2 residue 299/300 surface mutations allow feline TfR binding, but block infection. 

VP2 residues 299 and 300 are within a surface-exposed loop (Figure 2.1A and B) that previously 

has been shown to play a crucial role in the infectious interactions with both the canine and 

feline TfRs (22, 44, 56). Some mutations to VP2 residue 300 have been structurally 

characterized (Gly300 and Asp300) (Figure 2.1C) and have been shown to minimally affect the 

capsid surface structure, with the greatest change being the formation of a salt bridge between 

Asp300 and Arg81. We predict that other mutations to residues 299 and 300 will similarly affect 

only the local capsid surface structure, and we have constructed a homology model of what a 

Gly299Lys/Ala300Lys mutation may look like (Figure 2.1C). 

To compare the properties of infectious and non-infectious CPV mutants, Gly299Glu and 

Ala300Asp empty capsids were compared as controls, as both are viable in NLFK cells (Figure 

2.1D), but show loss of binding to the canine TfR (Gly299Glu), or reduced infectivity in canine 

cells (Gly299Glu and Ala300Asp) (22, 39, 44). Both of these mutants also showed decreased 

binding by some MAbs recognizing the B antigenic site (Gly299Glu and Ala300Asp), indicating 

that they create sufficient alteration of the capsid surface to block antibody binding (30, 39, 44, 

46) (Figure 2.1E).  

The Gly299Lys/Ala300Lys double mutant exhibited a contrasting profile, as the capsid 

assembled (identified by VLP hemagglutination of feline red blood cells), but it was not viable in 

NLFK feline cells (Figure 2.1D) and VLPs showed a complete loss of binding of the B-site 

specific MAb 8 (Figure 2.1E). By fluorescence microscopy, the Gly299Lys/Ala300Lys mutant 

VLPs showed significant binding and uptake into feline cells, and although levels appeared  
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Figure 2.1. Protein structure, surface morphology, and viability of the external capsid surface 

mutations. (A) CPV VP2 full capsid (PDB ID: 4DPV) (exterior surface facing out) with VP2 

residues 299 and 300 displayed in yellow. (B) Magnification of region of (A) showing 

surrounding subunits (gray), and residues within 5 Å of Gly299 and Ala300 displayed and 

labeled. (C) From left to right: WT CPV full capsid (Ala300) (PDB ID: 4DPV); Gly300 CPV 

(PDB ID: 4QYK); Asp300 CPV, with salt bridge to Arg81 (PDB ID: 1IJS); and a homology 



 

67 

 

model of Gly299Lys/Ala300Lys. (D) Reactivity of wild-type or mutant capsids with mAbs 14 

(A-site), 8 (B-site), and E (B-site), using a hemagglutination inhibition assay (HAI). Data were 

collected from 3 independent experiments and analyzed via ANOVA. (E) Relative infectivity 

and growth of mutant CPVs compared to wild-type, measured by TCID50, over three passages in 

NLFK feline cells. Data was collected from 3 independent experiments and analyzed via 

ANOVA. Error bars display standard error of the mean, and asterisks denote p<0.05. 
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lower than seen for wild-type CPV or VLPs, they were higher than the levels seen for either 

Gly299Glu or Ala300Asp, which produced viable and naturally transmissible capsids (Figure 

2.2). When levels of virus binding and uptake into NLFK cells were determined by flow 

cytometry (Figure 2.3), we observed similar results to the immunofluorescence assay, with wild-

type CPV capsids and VLPs showing the highest levels of cell association after 60 mins of 

incubation at 37°C, followed by the Gly299Lys/Ala300Lys mutant VLPs, while the Gly299Glu 

and Ala300Asp mutants showed low levels of binding and uptake that were similar  

to the isotype control (Figure 2.3).  

In vitro binding analysis. In order to determine whether changing residues 299 or 300 

affected affinity of virus for the feline transferrin receptor (fTfR), we used bio-layer 

interferometry to measure the binding and unbinding rates of CPV and VLPs to fTfR-coated 

probe surfaces. Both CPV and VLPs showed a fast association phase and a biphasic 

disassociation phase, with an initial fast disassociation followed by a slower disassociation rate 

(Figure 2.4). VLPs with Gly299Lys/Ala300Lys substitutions had association curves comparable 

to wild-type CPV and VLPs, but the dissociation curves for Gly299Lys/Ala300Lys VLPs were 

much steeper (Figure 2.4). Capsids with Gly299Glu and Ala300Asp substitutions had diminished 

association rates and increased dissociation rates. Variations in binding rates could not be 

explained by variations in capsid concentrations, because these were kept constant for all 

samples.  

 To provide a more quantitative comparison of dissociation behaviors, we sought kinetic 

models that could fit the dissociation curves. Characterizing the dissociation curves can also be 

useful for determining if adhesion-strengthening mechanisms are present, as demonstrated by 

related work on tracking contact times between individual parvoviruses and TfRs (43). Because  



 

69 

 

 

 

 

 

 

Figure 2.2. Binding and uptake of 4μg/mL CPV or VLP into NLFK cells determined by 

immunofluorescence assay. (Top) Images show a merge of TfR expression (detecting the 

cytoplasmic tail) (green), CPV capsids (red) and DAPI/nuclei (blue) for wild-type or mutant 

CPV or VLP or (bottom) CPV capsids only.  
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Figure 2.3. Flow cytometry showing binding and uptake assay of 4μg/mL CPV or VLP into 

NLFK cells. (A) Representative flow cytometry histogram and (B) quantification of mean 

fluorescence intensity (MFI) from 3 experiments with 2 replicates, analyzed via ANOVA. Error 

bars display standard error of the mean, and asterisks denote p<0.05. 
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Figure 2.4. Binding of CPV or VLP to soluble feline TfR using bio-layer interferometry. 

Sensorgram data shows association of CPV or VLPs to feline TfR for 5 min of incubation, 

followed by disassociation for 5 min. Curves and error bars represent the averaged data from 6 

replicates. Fitted dissociation curves using the adhesion-strengthening model are shown as black 

lines. Error bars display standard error of the mean.  
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the dissociation curves here did not fit the basic 1:1 binding model, we used the adhesion-

strengthening model (43, 59). This model assumes that the binding force can change with contact 

time, perhaps due binding-triggered conformational changes of the capsid (43). However, the 

initial adhesion-strengthening model only applies to studies where contact times for each capsid 

particle can be measured, whereas here we measured the collective loss of many capsids from the 

surface over time. We therefore used the ensemble-averaged form of the model (Eq. 1) as 

explained elsewhere (59).  

Ndiss(t) =∑ B[ln
t−t′

∆t
]
−A

𝑡′=𝑡𝑑𝑖𝑠𝑠−∆𝑡

𝑡′=0

Eq. 1 

 In Eq. 1, parameter A reflects how fast a virus-receptor contact can transition into a 

stronger contact, with lower A values representing faster transition times and stronger contacts. 

Parameter B reflects how many binding attempts are made by virus particles, which include 

diffusion-limited transport of the virus to the surface and also rebinding attempts made by 

weakly-bound viruses. Results of the fits are provided in Table 2.1. We are mainly interested in 

comparing A values amongst the mutated capsids to determine if certain residues affect the 

ability of parvovirus to form stronger bonds with the TfR. Wild-type VLPs and CPV both have 

the lowest A values of ~1 and 2 respectively, which suggests that these capsids quickly form 

strong contacts with the TfR. Capsids with the Gly299Lys/Ala300Lys double mutation have a 

moderately high A value, suggesting a high delay time for forming strong contacts with the TfR. 

Capsids with Gly299Glu and Ala300Asp mutations have the highest A value, suggesting that 

these capsids have the most difficulty undergoing changes that stabilizes contact with TfR. 

Overall, these results agree with those derived from the virus binding and uptake studies shown 

above.  
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Table 2.1. Fitting constants for CPV and VLP external capsid mutants, derived from fitting bio-

layer interferometry sensorgrams to Eq.1. 

 

 

Fit of Averaged Curve 

 

 

Aa Ba R2 

WT CPV 2.12±0.21 0.026±0.004 0.996 

G299E CPV 4.68±0.86 1.100±1.054 0.952 

A300D CPV 4.51±0.46 1.000±0.215 0.962 

WT VLP 1.02±0.33 0.003±0.002 0.936 

G299K/A300K VLP 3.56±0.50 0.333±0.224 0.985 

 

a Values are ± SD. 
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 Mutations on the interior capsid surface that affect infection. Other mutations that 

affected viral infectivity were found on the interior of the capsid (Figure 2.5A-C), and did not 

affect receptor binding by the VLPs. Mutations examined were clustered in a region that contains 

the only four Cys residues in the capsid (VP2 residues 270, 273, 490, 494). Cys490 and Cys494 

form an intra-chain disulfide bond, while Cys270 and Cys273 are free and point away from each 

other in crystal structures of the capsid (Figure 2.5A-C) (14). The 270-273 amino acid region of 

CPV VP2 is exposed on the internal surface of the capsid, and while it is not known to be in 

direct contact with the DNA or to differ greatly in position between full and empty capsids, the 

position of residue 269 is influenced by the loop containing VP2 residues 490-494, which 

directly interacts with viral DNA (Figure 2.5C)  (11, 19, 34, 52). Cys490 is conserved in other 

parvoviruses, but the sequences surrounding this region of the capsid are not conserved in other 

parvoviruses such as the minute virus of mice (MVM) or porcine parvovirus (PPV) (Figure 

2.5D), where residues that align with 270 are Thr and with 273 are either Val or Leu. 

 The Cys270Ser and Cys273Ser substitutions in CPV allowed capsid expression and 

assembly (Figure 2.6A), but significantly impaired viral infectivity. The Cys270Ser change 

resulted in a 100-fold decrease in viral titer after 3 passages compared to wild-type CPV, while 

the Cys273Ser mutation completely eliminated infection in NLFK cells (Figure 2.6B). 

Pro272Lys mutation also eliminated viral infectivity in NLFK cells (Figure 2.6B), but the low 

infectivity appears to be due to that substitution preventing capsid assembly, leading to a 

degradation of capsid subunits in the cytoplasm after transfection of the infectious plasmid 

(Figure 2.6A) and greatly decreased VLP production after baculovirus expression of the mutant 

VP2 (data not shown).The Lys271Ala and Lys271Arg substitutions were also located between 

Cys270 and Cys273, but they showed capsid assembly and viral infectivity similar to the wild- 
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Figure 2.5. Structure and sequence conservation of the capsid region on the interior surface of 

CPV that was mutated. (A) CPV VP2 empty capsid (PDB ID: 2CAS) (interior surface facing 

out), with VP2 residues 270-273 and 137 colored orange, residues within 5 Å of 270-273 and 

137 colored green, and associated DNA colored red. (B) Magnification of (A), with residues 

270-273 and 137 labeled. (C) Diagram of (B), showing the overall structural arrangement, the 

relative positions of residues 270-273, 137 and residues within 5 Å of those. (D) Amino acid 

sequence alignment generated using Clustal Omega for CPV (UniProtKB Q11213) and the 

parvoviruses porcine parvovirus (PPV) (UniProtKB P18546) and minute virus of mice (MVM) 

(UniProtKB P07320). Residues labeled in (C) are underlined. 
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Figure 2.6. Capsid assembly, viability, and proteolytic cleavage of the mutations changing 

residues on the internal capsid surface. (A) Immunofluorescence assay of NLFK cells four days 

after transfection with WT or mutant CPV infectious plasmid. Cells were stained with MAb 8 

(which recognizes only assembled capsids) or a polyclonal anti-VP1/2 antibody (recognizing 

both monomeric VPs and capsids). (B) Relative infectivity of mutant CPVs compared to wild-

type, measured by TCID50, over three passages in NLFK feline cells. Data was collected from 3 

independent experiments and analyzed via ANOVA. (C) Western blot of wild-type CPV empty 

capsids or wild-type or mutant VLPs. Peptides were stained with polyclonal anti-VP1/2 antibody 

(top), monoclonal antibody recognizing a peptide containing residues 362-373 (middle, red 
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outline), or a polyclonal antibody recognizing a peptide containing residues 258-270 (bottom, 

green outline). (D) Diagram showing results of peptide mapping experiments, with the identified 

proteolytic cleavage site located between residues Asp269 and Cys270. (E) Diagram showing the 

proteolytic cleavage site in the context of the surrounding protein structure. Error bars display 

standard error of the mean. 
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type (Figure 2.6A and B). 

 The Cys270Ser mutant assembled normal levels of capsids in NLFK cells and VLPs in 

insect cells, but lacked a submolar proteolytic cleavage fragment when capsid proteins in the 

VLPs were examined by Western blotting (Figure 2.6C). This cleavage product occurs in ~10% 

of the wild-type VP2 proteins in either capsids or VLPs, and mass spectrometry peptide mapping 

after trypsin and Glu-C protein digestion of wild-type capsids showed that the cleavage 

generating that peptide occurred between Asp269 and Cys270 (Figure 2.6D and E). 

The Ser270 mutation directly altered that cleavage recognition site, but the source of the 

proteolytic activity was not clear. We asked whether Cys270 might itself be a component of a 

cysteine protease, and therefore examined the surrounding region for His or Asp/Glu residues 

which could complete a catalytic triad of residues typically observed in cysteine proteases (60, 

61). There were no Asp or Glu residues within 5Å of Cys270, but His137 was close enough to 

Cys270 to interact with it, and in some cases, Cys/Ser-His dyads have formed functional 

proteases (60). However, changing His137 to Ala did not change the formation of the VP2 

peptide compared to wild-type VLPs (Figure 2.6C) or result in a loss of infectivity (data not 

shown). 

 The Cys270Ser substitution significantly increased the melting temperature of the viral 

capsid compared to wild-type VLPs, as measured by both tryptophan fluorescence spectroscopy 

and differential scanning fluorometry (Figure 2.7). This increase was also present when capsids 

were incubated at pH 5.5, which has previously been shown to induce a conformational change 

in the capsid (34), and when capsids were incubated in 10mM EGTA, which removes two 

calcium ions per subunit (34).  

 The Cys273Ser substitution allowed capsids to assemble efficiently as VLPs (data not  
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Figure 2.7. Stability of wild-type or mutant VLPs determined using tryptophan fluorescence 

spectroscopy or differential scanning fluorometry. (A) Tryptophan fluorescence spectroscopy of 

WT, C270S, and C273S VLPs heated from 25°C to 85°C at 0.5°C/min at pH 7.4. (B) Melting 

temperatures of the different capsids determined from tryptophan fluorescence spectroscopy 

experiments in (A). (C) Differential scanning fluorometry (DSF) of WT, C270S, and C273S 

VLPs heated from 25°C to 85°C at 0.5°C/min at pH 7.4. (D) Melting temperatures of the 

different capsids determined from DSF experiments at pH 7.4 (as in C), pH 5.5, and with 10mM 

EGTA. Data was taken from 3 independent experiments and analyzed via ANOVA. Error bars 

display standard error if the mean, and asterisks denote p<0.05. 
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shown), but resulted in complete loss of viability. At 24 h after transfecting NLFK cells with  

infectious plasmid, unassembled capsid subunits were localized throughout the cell cytoplasm, 

but assembled capsids were located primairly in the nucleus, unlike wild-type virus, where 

assembled capsids were found in both the nucleus and cytoplasm (Figure 2.8A and B). 

 

2.6 Discussion 

 Here we studied two capsid structures, one surface exposed and one internally located, to 

reveal new details about how the parvovirus capsid controls the successful infection of cells. In 

both cases the effects appear to be due to changes in the dynamic properties of the capsid that are 

required for successful cell infection. The Gly299Lys/Ala300Lys mutations on the outer surface 

of the capsid resulted in a non-infectious particle, despite the mutant being able to bind the TfR 

and to enter cells at apparently normal rates. Those changes therefore appear to interfere with a 

capsid structural change that is required for infection after the initial receptor binding. The 

internal capsid substitution of Cys270 to Ser also inhibited cell infection, but it was associated 

with loss of a proteolytic cleavage product and increased capsid stability, again indicating a 

structure that functions after receptor binding and cell entry. The Pro272Lys change likely 

decreased infectivity because it interfered with efficient capsid assembly, while the specific role 

of the Cys273Ser mutation is not clear, but it appears to prevent egress of assembled capsids 

from the nucleus. 

Key structural interactions between the TfR and the capsid are required for 

infection. The external surface changes show that there are essential interactions between the 

TfR and the CPV capsid in addition to simple binding that are required for cell infection. Most of 

our studies were of the Gly299Lys/Ala300Lys double mutant, but the Ala300Lys mutation alone  
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Figure 2.8. Intracellular localizations of the Cys273Ser mutant compared to wild-type capsids. 

(A) IFA showing nuclear localization of capsid subunits detected with a polyclonal anti-VP1/2 

antibody (left column) and assembled capsids detected with MAb 8 (right column) 24 h post-

transfection. (B) Percentage of cells that had assembled capsids only in the nucleus out of all 

transfected cells, from a total of 6 transfections in 3 independent experiments, analyzed via 

ANOVA.  Error bars display standard error of the mean, and asterisks denote p<0.05. 
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also eliminated infectivity. Since the nonviable Gly299Lys/Ala300Lys mutant bound to TfR and  

entered feline cells to higher levels than either of the viable Gly299Glu or Ala300Asp mutants, 

and residues 299 and 300 are located directly on the receptor binding site, there must be an 

additional interaction between CPV and the TfR that is required for infection. We suspect that 

the 300 residue governs a conformation change that is triggered by specific receptor binding 

events that precede viral genome delivery. In support of this hypothesis, previous work has 

suggested that parvoviruses require structural cues from the receptor to infect cells, as 

replacement of the TfR ectodomain with a scFv (single-chain variable fragment) allows CPV to 

enter cells, but prevents infection (62). A substitution in the apical domain of the feline TfR 

(Leu221Lys) also results in reduced infection despite allowing efficient cell binding and uptake 

of CPV capsids (63). The TfR-capsid interaction is likely highly asymmetric, with only a small 

number of TfRs binding per capsid – indeed, capsids were shown to only engage one or two 

TfRs during initial cell binding and entry (33), and biochemical and imaging analysis also show 

fewer than 5 TfR bound per capsid in vitro (27). In summary, one or a few TfRs bind the capsid 

to allow uptake and infection, but the structural interaction with the capsid is highly specific and 

involves contacts between the TfR apical domain, which likely include residue 221 of the feline 

TfR, and the three-fold spike surface, including residue 300.  

 These results add to our previous understanding of how the specific structures of the CPV 

capsid controls infection and host cell tropism, where variation in the capsid controls the host 

range (23, 36, 37, 40, 44). Residue 300, which we showed here controls the virus after cell entry, 

has also been shown in other cases to control receptor binding, tropism and host range. One of 

those processes was the gaining of the canine host range by CPV in the 1970s (45). The 

structural challenge encountered appears to have been particularly difficult as the canine TfR has 
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an additional glycan within the virus-binding region of its apical domain, and changes in three 

different areas of the capsid have been shown to influence binding to that TfR and infection of 

canine cells (36, 39, 64). The Lys93Asn and Asp323Asn substitutions in the original CPV 

allowed canine TfR binding and canine cell infection, while the single change of Gly299 to Glu 

blocked those activities (39). Variation of VP2 residue 300 and nearby residues are associated 

with the specific adaptation to other hosts or their cultured cells, most likely due to small 

accommodations to allow efficient binding and infection using the variant TfRs of the different 

host animals (37). Altogether, it is clear that infection requires specific interactions between the 

capsid and the TfR that involve not just binding but also the ability to induce small asymmetric 

allosteric changes in the capsid that are essential for successful infection.  

 Internal capsid structures controlling infection. A second structural region that 

appeared to undergo key changes that were required for infection was identified on the interior of 

the capsid. We confirmed that about 10% the VP2 (and presumably VP1) molecules in 

assembled capsids were cleaved between Asp269 and Cys270. The substitution of Ser for Cys at 

residue 270 resulted in loss of infectivity, and  there was little or no proteolysis of that site and a 

small but significant increase in capsid melting temperature, indicating increased capsid stability. 

This suggests that proteolytic cleavage of a small number of capsid subunits may give the capsid 

a specific structure or conformational flexibility required for infection. Many different viruses 

use proteolytic cleavage of one or more of the viral capsid proteins for maturation into an 

infectious form, including poliovirus (65), rhinovirus (66), flockhouse virus (67), and adenovirus 

(68). It is unclear what introduces the submolar proteolytic cleavage of the CPV VP2 at Cys270, 

but this must be either an autocatalytic cleavage or due to a cellular protease.  

The Cys270 cleavage occurred in capsids from virus-infected cells as well as in VLPs to 
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similar levels, so any cellular protease must be present in feline (NLFK) cells and insect (High 

Five) cells. The identity of a catalytic structure in the capsid that would cleave at Asp269/Cys270 

is not obvious. The His137Ala substitution had no effect on formation of the submolar cleavage 

product, and the presence of a Cys/Lys dyad protease was not supported by the finding that the 

Lys271Ala mutation had no effect on the formation of the submolar cleavage product, and there 

are no other lysine residues are nearby. Although there are reports of cysteine/serine/threonine 

residues using the N-terminal amine group as a base during proteolysis (60, 61), it is much more 

common to find the conserved catalytic triad (serine/cysteine, histidine and glutamate/aspartate) 

(60). The cleavage in CPV has parallels in the capsids of various AAV serotypes, which have a 

variety of low pH-activated protease cleavages that may also activate the capsid for infection, 

where the sources of the apparent auto-proteolytic activities are still unclear (48). 

 Of the other mutations examined, the Pro272Lys mutation prevented assembly of capsids 

both in the virus and in VLPs, likely due to disruption of the local structure of the capsid. The 

Cys273Ser mutation resulted in a non-viable virus that could not be passaged successfully, and 

those capsids appeared to be primarily nuclear localized, in contrast to the wild-type CPV or 

other mutations where capsids were distributed in both the cytoplasm and nucleus. Similar 

results were seen in the minute virus of mice (MVM) when serine residues on the N-terminus of 

VP2 were mutated to prevent phosphorylation, and the capsids could no longer be recognized by 

nuclear export machinery (69).  Residue 273 is on the interior of the capsid and distant from the 

5-fold pores, so the Cys273Ser change seems unlikely to act through such a mechanism, and 

additional experiments will be needed to determine its role in the CPV infection and replication 

process.  

 Summary. These studies confirm that the parvovirus capsid is a finely tuned molecular 
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machine, and its highly specialized functioning can be disrupted by as little as a single amino 

acid change in critical positions. Here we show that small and likely submolar asymmetric 

changes within the capsid control key steps of infection – some being triggered by receptor 

binding, while others appear to involve proteolytic cleavages. Because all the steps in infection, 

replication, and release are mediated by a single protein structure (shared by VP1 and VP2), 

understanding those functions will require analysis of fine-scale and often submolar processes, 

and defining their different roles in the replication cycle and in controlling cell-cell and animal-

animal transmission.  
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CHAPTER THREE 

Complex and dynamic interactions between parvovirus capsids, transferrin receptors and 

antibodies control cell infection and host range. 
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3.1 Abstract 

Antibody and receptor binding are key virus/host interactions that control host range and 

determine the success of infection. Canine and feline parvovirus capsids bind the transferrin 

receptor type-1 (TfR) to enter host cells, and specific structural interactions appear necessary to 

prepare the stable capsids for infection. Here we define the details of binding, competition, and 

occupancy of wild-type and mutant parvovirus capsids with purified receptors and antibodies. 

TfR/capsid binding interactions depended on the TfR species and varied widely, with no direct 

relationship between binding affinity and infection. Capsids bound feline, raccoon, and black-

backed jackal TfRs at high affinity, but barely bound canine TfRs, which mediated infection 

efficiently. TfRs from different species also occupied capsids to different levels, with an 

estimated 1-2 feline TfRs but 12 black-backed jackal TfRs binding each capsid. Multiple alanine 

substitutions within loop 1 on the capsid surface reduced TfR binding, but substitutions within 

loop 3 did not, suggesting that loop 1 directly engaged the TfR and loop 3 sterically affected that 

interaction. Binding and competition between different TfRs and/or antibodies showed complex 

relationships. Both antibodies 14 and E competed capsids off TfRs, but antibody E could also 

compete capsids off itself and antibody 14, likely by inducing capsid structural changes. In some 

cases, the initial TfR or antibody binding event affected subsequent TfR binding, suggesting that 

capsid structure changes occur after TfR or antibody binding and may impact infection. This 

shows that precise, host-specific TfR/capsid interactions, beyond simple attachment, are 

important for successful infection.  

 

3.2 Importance 

Host receptor binding is a key step during viral infection, and may control both infection 
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and host range. In addition to binding, some viruses require specific interactions with host 

receptors in order to infect, and anti-capsid antibodies can potentially disrupt these interactions, 

leading to neutralization. Here, we examine the interactions between parvovirus capsids, the 

receptors from different hosts, and anti-capsid antibodies. We show that interactions between 

parvovirus capsids and host-specific TfRs vary in both affinity and in the numbers of receptors 

bound, with complex effects on infection. In addition, antibodies binding to two sites on the 

capsids had different effects on TfR/capsid binding. These experiments confirm that receptor and 

antibody binding to parvovirus capsids are complex processes and the infection outcome is not 

determined simply by the affinity of attachment.   

 

3.3 Introduction 

Interactions of animal viruses with host cell receptors are key events that control cell 

infection, tissue tropism, and host range. Specific virus-receptor interactions lead to cellular 

attachment and initiate cell entry and infection, which generally occur through receptor-mediated 

endocytosis. However, in addition to the tethering process, receptor binding may also result in 

structural changes to the capsid that are important for allowing binding to secondary receptors or 

for controlling later intracellular steps in infection (1–5). Variation in different host receptors 

also creates host range barriers, and virus adaption to those receptors may be associated with host 

range expansion (6–8). Other important virus-host interactions occur through antibody binding, 

where host antibodies bind viral proteins and can directly neutralize viral infectivity or protect 

against infection through a variety of different mechanisms (9–12) . Despite the importance of 

these different interactions, we still lack a detailed understanding of how receptor or antibody 

binding dynamics control cell binding and infection, cause disease, or influence transmission to 
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new hosts. 

Canine parvovirus (CPV) and feline panleukopenia virus (FPV) have single-stranded 

DNA genomes of about 5,100 bases that encode at least 4 genes, including the major capsid 

protein VP2, and the minor capsid protein, VP1. The genomes are packaged into small, non-

enveloped and stable capsids consisting of 60 subunits, ~90% of which are VP2 and the 

remaining ~10% of which are VP1. CPV and FPV show natural variations in host range that are 

primarily controlled by differences in viral capsids and their interactions with the host receptor, 

the transferrin receptor type-1 (TfR) (13–16). The TfR is the natural cellular receptor for iron-

loaded transferrin (Tf) and the hemochromatosis protein (HFE), which regulates transferrin 

binding and iron uptake in the intestine (17, 18). Once bound to the TfR, diferric Tf or viral 

capsids are efficiently transported into cells via clathrin-mediated endocytosis (19, 20). While Tf 

recycles to the cell surface after releasing iron, the virus/TfR complex appears to be retained in 

the endosomal system for a prolonged period before entering the cytoplasm and releasing viral 

DNA into the nucleus (21). Both Tf and HFE bind on the side or underneath the TfR protease-

like and helical domains (22, 23), while CPV binds to the apical domain (15, 24), making it 

unlikely that either Tf or HFE binding to the TfR would affect CPV binding.  

Canine parvovirus type-2 (CPV-2) arose in the mid-1970s as a variant of a virus similar 

to FPV (25, 26). In 1978, CPV spread world-wide, causing a pandemic of disease among dogs, 

wolves, and coyotes, and during 1979 and 1980 a virus variant, designated CPV-2a and 

containing 5 mutations on or near the capsid surface, arose and replaced the original CPV-2 

strain worldwide (27–29). In previous studies, we have shown that CPV acquired the canine host 

range as the result of mutations to a small number of residues on the capsid surface (30, 31). Two 

of those mutations (VP2 residues 93Lys to Asn and 323Asp to Asn) acted together to give CPV 
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the ability to bind to the canine TfR and infect canine cells and dogs (13, 31), although CPV has 

been shown to bind to the canine TfR with much lower affinity than to the feline TfR (13, 14). 

The canine TfR differs from other host receptors both in amino acid sequence and in having an 

additional (fourth) glycosylation within the apical domain (attached to Asn384 of the canine TfR 

sequence), which blocked the binding of FPV-like viruses (15, 32). Other mutations that blocked 

the infection of canine cells were observed in VP2 surface loop 3, around residue 300 (33, 34). 

The CPV-derived viruses in dogs have continued to evolve since the emergence of the CPV-2a 

common ancestor, and many different studies have reported VP2 sequences from infected dogs 

or other carnivore hosts from different regions of the world (35–38). Those studies show that a 

variety of mutations have become widespread in the virus population, including a number of 

changes in the capsid surface that fall close to or within the predicted receptor binding site or 

antigenic epitopes. 

The CPV-like viruses have broad host ranges, and naturally infect many different animals 

within the Order Carnivora, with infections and sometimes disease being commonly observed in 

dogs, mink, raccoons, foxes, domestic cats, large cats, and skunks (26, 37, 39, 40). However, 

these hosts differ naturally in their susceptibility to infection by FPV, CPV and closely related 

viruses, and infection of different hosts, including raccoons, mink, foxes, was often associated 

with selection of additional mutations that alter residues on the capsid protein structure (37, 39). 

Similar mutations also arose after passaging viruses in cultured cells from different hosts, 

showing that the selection occurs at the level of the host cell, most likely the receptor (37).  

Those previous studies therefore show that TfR/capsid interactions are highly specific, 

and that capsid mutations affect the functional interactions between capsids and the TfR. The 

variant interactions resulting from virus and TfR differences may involve both the affinity of 
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capsid binding to the TfR, as well as additional structural interactions essential for virus 

infectivity of cells. This was seen most clearly in studies where we showed that some capsid 

variants bound efficiently to the TfR and were endocytosed into cells, but did not result in 

infection (41). However, the details of the TfR/capsid interactions are not yet well understood, 

including the stoichiometry of receptor binding, the structures involved in attachment, and 

whether the number of bound receptors is important for successful infection. For CPV and FPV 

infection, the number of receptors that mediate binding during cell infection appears to be very 

low. The T=1 parvovirus capsid should display 60 equivalent receptor binding sites, with an 

estimated maximum occupancy of between 12 and 24 TfRs per capsid after accounting for steric 

interference between neighboring receptors (42). However, it was seen that single CPV particles 

bound less than 5 feline TfR molecules on the surface of cells prior to endocytosis and infection 

(43), and incubating CPV capsids with purified feline TfR ectodomains resulted in only 1 to 4 

TfR being co-purified with each capsid on average (44).  

 Antibodies bind to a number of overlapping epitopes on parvovirus capsids, and for CPV 

and FPV, monoclonal antibodies have been classified into two broad groups recognizing two 

different structures on the capsids (45). Eight different antigen binding fragments (Fabs) derived 

from monoclonal antibodies were examined for their interactions with the CPV and FPV capsids 

using cryo-electron microscopy (cryoEM), and their combined footprints covered more than 60% 

of the viral surface (46). Three of those antibodies recognized the “A” site and bound close to the 

top of a raised region surrounding the threefold axis of the capsid (the threefold spike), while the 

other five antibodies tested recognized the “B” site and attached to the side of the threefold spike 

(also called the “shoulder”) (46, 47). In contrast to the TfRs, most of the Fabs tested appeared to 

fully or nearly fully occupy the 60 possible binding sites on the capsids when added in excess 
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(46). However, those Fabs differed significantly in their neutralization efficiencies, with some 

being poorly neutralizing even when present in excess of the binding sites, and others 

neutralizing the virus with as few as 5 to 10 Fabs per capsid (48). The reasons for the large 

differences in neutralization efficiency are not yet fully understood, but the high resolution 

structure of a complex between the Fab of one highly neutralizing antibody (FabE) and the CPV 

capsid showed structural variation of non-bound regions of the capsid, suggesting that the Fab 

triggered allosteric changes that interfered with infection (47).  

 Other parvoviruses and adeno-associated viruses (AAV) use a variety of different 

receptors for binding and infection of cells. The AAVs use a protein receptor (the AAV 

receptor), which they bind through different domains, in addition to a variety of other 

glycoprotein or glycan receptors, including heparin sulfate proteoglycans and sialic acids (49–

51). Those distinct interactions determine the tissue tropism of the AAVs and the gene delivery 

vectors derived from them (52). Cell infection and the tissue tropisms of the minute virus of mice 

(MVM) and H1 viruses are in some cases determined by variation in the specific interactions of 

the capsids with the host sialic acids (53, 54). Complex virus/receptor interactions also occur in 

many other systems. For example, some New World arenaviruses differ in their cell and host 

tropism due to variation in their interactions with host TfRs (55–57). Picornavirus receptors may 

trigger structural changes in the capsid after binding, either at high occupancy or when groups of 

receptors bind to one region of the capsid (58). HIV gp120 also undergoes conformational 

changes after binding CD4 that reveal the binding site for the second receptor, either CXCR4 or 

CCR5 (2, 4, 5). Likewise, antibody binding has been shown to induce changes in the structures 

of some viral proteins after binding (9, 10, 12, 59). 

Here, we further explore this key area in the natural history of animal viruses by 
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examining the specific interactions of the parvovirus capsids and their receptors involved in 

infection and in determining viral host range. We use a variety of approaches to reveal the 

dynamic interactions between parvovirus variants and TfRs from different hosts, as well as with 

antibodies against defined capsid epitopes. These interactions proved to be surprisingly variable 

and were influenced by mutations in both capsids and TfRs, which altered the binding affinity 

and occupancy of TfR on the capsids.  

 

3.4 Results 

Here, we define the specific interactions of TfRs from various animal hosts with capsids 

of viruses from different hosts, or with engineered virus-like particles (VLPs), in order to explain 

how those interactions alter binding and control infection. The receptors examined were derived 

from cats (Felis catus) (felTfR), dogs (Canis lupus familiaris) (k9TfR), raccoons (Procyon lotor) 

(racTfR), black-backed jackals (Canis mesomelas) (bbjTfR), and humans (Homo sapiens) 

(huTfR). These receptors have all been shown to have distinct interactions with capsids when 

expressed on cells (14, 16, 32, 39, 60), including the canine TfR, which acts as a host range 

barrier to FPV binding and infection in dogs (60). The protein sequences of these TfRs are 

largely conserved, but loops with low sequence conservation exist in the apical domain, where 

CPV has been shown to bind (Figure 3.1A). Antibodies against two different sites on the capsids 

were also examined, both as Fabs and after cloning and expression as single-chain variable 

fragments fused to antibody constant fragments (scFv-Fcs). The soluble TfR, an scFv-Fc, and the 

engineered VLPs are diagrammed in Figure 3.1, along with an outline of how they were used in 

the binding studies carried out here, and Table 3.1 lists the differences between the different 

parvoviruses and VLPs used in this study. Figure 3.1 also contains silver stains of proteins to  
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Figure 3.1. Composition of ligands and VLPs used in this study.  A) Structure of the human 

TfR (PDB ID: 1suv) with residues color coded by sequence conservation among the canine, 

feline, raccoon, black-backed jackal, and human TfRs. B) Soluble TfR, consisting of the 

transferrin receptor type 1 ectodomain fused to a 6x His-tag. Helical, apical, and protease-like 
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domains are labeled. C) Silver stain showing purified TfRs. D) scFv-Fc structure, with variable 

heavy (VH), variable light (VH), heavy constant 2 (CH2), and heavy constant 3 (CH3) domains 

labeled. E) Silver stain showing purified scFv-Fcs and Fabs. Figures (F-J) show the design of 

the bio-layer interferometry binding experiments used throughout the study. F) A capsid binding 

to soluble TfR, which is attached to a Ni-NTA biosensor via a 6x-his tag. G) Soluble TfRs with 

His-tags removed are shown binding to capsids that are attached to a Ni-NTA biosensor via a 

TfR with an intact His-tag. H) A capsid binding to a scFv-Fc, which is attached to a Protein A 

biosensor via its Fc domain. I) Fabs are shown binding to a capsid that is attached to a Protein A 

biosensor via a scFv-Fc. J) Fabs binding to a capsid that is attached to a Ni-NTA biosensor via a 

TfR with an intact His-tag.  J-N) CPV capsid mutations used in the study. J) A canine 

parvovirus VP2 (PDB ID: 2CAS) subunit is shown with mutated capsid surface residues in loop 

1 (yellow) and loop 3 (red) highlighted. L) Magnification of (H), focusing on residues in loop 3. 

M) Magnification of (H), focusing on residues in loop 1. N) An intact CPV-2 capsid, showing 

the positioning of loop 1 and loop 3 after capsid assembly. O) Differential scanning fluorimetry 

experiment showing average capsid melting temperature as a measure of stability. Results are 

from three independent experiments except for N39K VLPs where limited sample quantity 

permitted only one measurement. Error bars show ± standard error. P) Silver stain showing 

purified VLPs. Q) Silver stain showing purified empty capsids. 
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Table 3.1. Differences in VP2 protein sequences for viruses and VLPs, relative to CPV-2. 

 

 Differences from CPV-2 

CPV-2 - 

FPV 
R80N, N93K, I101T, A103V, I232V, F303Y, N323D, 

N375D, S564N, G568A 

A300D CPV-2 A300D 

CPV-2a M87L, I101T, A300G, D305Y, N426D 

N93K CPV-2 VLPs N93K 

Loop 1 Mutant VLPs N85A, M87A, V92A, N93A 

Loop 3 Mutant VLPs S293A, Q296A, S297A, T301A, N302A, D305A  

Double Loop Mutant VLPs 
N85A, M87A, V92A, N93A, S293A, Q296A, S297A, 

T301A, N302A, D305A 
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show purity (Figure. 3.1C, E, P, and Q) and a differential scanning fluorimetry assay on  

engineered VLPs to show that they are intact and at least as stable as wild-type VLPs (Figure. 

3.1O). 

Capsid/TfR Binding. Binding studies were carried out using bio-layer interferometry, 

where the ligands (TfRs or scFv-Fcs) were bound to Ni-NTA biosensors (His-tagged TfRs) or 

Protein A biosensors (scFv-Fcs) (Figure 3.1F-J). When TfRs from different species were 

immobilized on Ni-NTA biosensors and incubated with purified capsids, the results depended on 

the combinations of capsid and TfR examined, though the results of each combination were quite 

reproducible (Figure 3.2). After attachment, a proportion of the capsids appeared to be loosely 

bound and were quickly released from the TfRs when washed in buffer, while the remaining 

capsids stayed attached to receptors for long periods (Figure 3.2). The feline TfR bound to all 

capsids, as expected from previous studies (13, 14, 41), and the raccoon TfR bound capsids to 

similar levels (Figure 3.2B and C). For the feline and raccoon TfRs, CPV-2 capsids bound to the 

highest levels, while FPV and a point mutant of CPV-2 with a VP2 Ala300Asp mutation, which 

occurs during natural infection of raccoons or (more rarely) during prolonged passage in cultured 

feline cells (27, 39, 61), bound to lower levels. The more recent strain of CPV (CPV-2a) bound 

to the lowest level. The canine TfR showed very low levels of binding to all capsids tested in this 

assay, close to the background (Figure 3.2D), as has been observed previously (13, 14). The 

black-backed jackal TfR was included in these studies because the black-backed jackal is the 

closest relative to dogs that lacks the canine TfR’s FPV-blocking glycosylation site (32). The 

black-backed jackal TfR showed the highest level of binding of any of the TfRs tested, 

regardless of the capsid form examined (Figure 3.2E). Compared to the feline, raccoon, and 

black-backed jackal TfRs, the human TfR bound all the capsids tested to very low levels, only  
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Figure 3.2. Binding kinetics of parvovirus capsids to TfRs from different species. Analysis 

of the binding of capsids (CPV-2, A300D CPV-2, FPV, or CPV-2a) to the TfR ectodomains 

from different species (cat, dog, raccoon, black-backed jackal, or human). A) A sample bio-layer 

interferometry experiment. Ni-NTA biosensors were washed (step 1), incubated with TfR 

ectodomains to 0.8nm of measured binding (step 2), washed again (step 3), incubated with 

capsids at 240 µg/mL to measure TfR/capsid association (step 4), and washed to measure 

TfR/capsid disassociation (step 5).  Results are measured as the change in wavelength (in nm) 

over time. Results of capsids binding to feline TfR (B), raccoon TfR (C), canine TfR (D), black-

backed jackal TfR (E), and human TfR (F) are shown. Error bars show ± standard error. 
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slightly higher than the canine TfR (Figure 3.2F). 

Infectivity of parvoviruses on TRVb cells expressing different TfRs. TRVb cells,  

modified Chinese Hamster Ovary (CHO) cells without endogenous transferrin receptor, were 

transfected with plasmids to stably express the feline, canine, raccoon, or black-backed jackal 

TfRs (Figure 3.3A-B) and were then inoculated with parvoviruses. While TfR-free TRVb cells 

completely resisted infection as expected (16), all of the receptors transfected into TRVb cells 

added some susceptibility to infection, with the level of infection varying significantly depending 

on the specific virus and expressed TfR tested (Figure 3.3C-G). There was also no direct 

connection between the affinity of capsid binding to the TfR (Figure 3.2) and the level of 

infection. When CPV-2 capsids were incubated with fixed TRVb cells expressing different TfRs 

(Figure 3.3H), binding approximated the results observed via bio-layer interferometry. 

Previously published studies examining CPV binding to TRVb cells expressing the TfR or 

canine or feline cell lines showed similar results (13, 14), further validating the results in Figure 

3.2.  

Antibody and TfR binding kinetics and competition. To better understand the capsid 

binding of different ligands in these studies, we also compared the binding of two well 

characterized monoclonal anti-capsid antibodies and the feline and black-backed jackal TfRs. 

The antibodies Mab14 and MabE bind to the “A” and “B” sites, respectively, of the capsid 

surface (46). Mab14 and MabE were either purified from hybridomas and cleaved to form Fabs 

or expressed as scFv-Fcs in insect cells. The cloned scFv-Fcs have the binding properties of the 

original antibodies (62), can be modified easily, and bind to Protein A bio-layer interferometry 

probes with the same high affinity as the human IgG1 Fc.  

When scFv-Fc14 or E were attached to biosensors and incubated with CPV-2 capsids,  
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Figure 3.3. Relative infectivity of CPV and FPV on cells transfected to express different 

TfRs. TRVb cells (CHO-derived cells that lack endogenous TfR) were transfected with TfR 

cDNA from different species. A) A sample flow cytometry plot showing expression of TfR on 

wild-type NLFK cells and transfected TRVb cells. B) Percent of cells positive for TfR 

expression, averaged over three independent experiments. (C-G) Cells were seeded at 2×104 

cells/cm2 in 96-well plates and inoculated with 200 TCID50 units of CPV-2, A300D CPV-2, 
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FPV, or CPV-2a. Cultures were incubated for 48 hours, fixed, and stained with an anti-NS1 

antibody to determine how many cells were infected. Infected cells in each well of wild-type 

NLFK cells (C), or TRVb cells expressing feline (D), canine (E), raccoon (F), or black-backed 

jackal TfR (G) were counted as a measurement of infectivity. H) Binding assay showing 

attachment of 10µg/mL CPV-2 capsids to fixed TRVb cells expressing different TfRs (top) and 

staining of permeabilized TRVb cells with an anti-TfR antibody to visualize TfR expression 

(bottom). Error bars show ± standard error. * p<0.05, ** p<0.01, *** p<0.001, ****p<0.0001. 
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capsids showed high on-rates and very low off-rates after binding to the scFv-Fc (Figure 3.4A). 

After binding capsids to scFv-Fcs and washing, we incubated the scFv-Fc/capsid complexes with 

four concentrations of Fabs derived from the same antibody that had been used to generate the  

scFv-Fc, allowing us to calculate the affinity of Fab binding. Graphs were globally fit assuming a 

1:1 Fab:binding site ratio and showed binding affinities of 2.74  10-8 M (ka=8.99  104 1/M*s; 

kd=2.47 10-3 1/s) for Fab 14 and 2.16  10-8 M for Fab E (ka=2.28  105 1/M*s; kd=4.91  10-3 

1/s) (Figure 3.4B-C). Fab14 fit the 1:1 model well in this assay, but the FabE fit was poorer, 

likely due to a conformational change it has previously been shown to induce in capsids after 

binding (47).  

We also examined the binding of the different TfRs to CPV-2 capsids. In this study, 

feline or black-backed jackal TfRs were attached to Ni-NTA biosensors via a His-tag, incubated 

with CPV-2 capsids, washed, and incubated with four concentrations of soluble TfR of the same 

type (with cleaved His-tags) (Figure 3.4D). Additional black-backed jackal TfRs bound 

efficiently to tethered capsids (Figure 3.4E), yielding a binding affinity of 5.32  10-7 M (ka=2.16 

 104 1/M*s; kd=1.15 10-2 1/s). However, the additional feline TfRs showed very low levels of 

binding (Figure 3.4F), even though the initial affinity of CPV for the His-tagged feline TfR on 

biosensors was high (Figure 3.2B).   

Competition for binding between antibodies or TfRs and antibodies. We used bio-

layer interferometry to measure how Fab binding affected capsid attachment to either scFv-Fcs 

or TfRs. Capsids were attached to biosensors with scFv-Fc14, scFv-FcE, black-backed jackal 

TfR, or feline TfR and then incubated with very high concentration (4800nM) Fab14 or E. There 

was significant variation in the abilities of the two Fabs to compete CPV or FPV capsids off the 

biosensor when they were tethered through either scFv-Fc14, scFv-FcE, the black-backed jackal  
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Figure 3.4. Binding kinetics of Fabs or TfRs. Level of binding of Fabs or TfRs to CPV-2 

empty capsids. A) A sample graph showing binding of multiple Fabs to capsids that had been 

attached to biosensors via scFv-Fcs derived from the same antibody (e.g. FabE and scFv-FcE; 

Fab14 and scFv-Fc14). Protein A probes were washed (step 1), incubated with scFv-Fc (step 2), 

washed again (step 3), incubated with CPV-2 empty capsids (step 4), and washed (step 5), 

resulting in capsids attached to probes by a scFv-Fc. scFv-Fc/CPV complexes were then 

incubated with Fabs (step 6), followed by a wash (step 7).  B) Fab14 binding to CPV/scFv-Fc14 

complexes, with Fab14 concentrations ranging from 37.5 nM to 300nM. C) FabE binding to 

CPV/scFv-FcE complexes, with FabE concentrations ranging from 18.75nM to 150nM. D) A 

sample graph where CPV-2 capsids are attached to Ni-NTA probes via soluble TfR (steps 1-5), 

followed by incubation of TfR/CPV complexes with purified TfRs with cleaved His-tags (step 6) 

and a wash (step 7). E) Black-backed jackal TfR binding to CPV/bbjTfR complexes, with 

concentrations of purified, His-tag cleaved TfR ranging from 200nM to 1600nM. F) Feline TfR 
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binding to felTfR/CPV complexes, with concentrations of purified, His-tag cleaved TfR ranging 

from 200nM to 1600nM.  
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TfR, or the feline TfR (Figure 3.5). The species of TfR holding capsids to biosensors (black-

backed jackal or feline) and the type of parvovirus tethered to biosensors (CPV or FPV) also 

affected these results (Figure 3.5E-F and H-I). FabE was particularly efficient in competing 

capsids off all ligands used to attach it to the biosensor, while Fab14 showed only a mild effect 

on capsid/TfR binding (Figure 3.5B-I). Fab14 also showed both the lowest competitive effect 

and level of binding to the FPV capsid (Figure 3.5F and I), as expected since it is largely specific 

for CPV capsids compared to FPV (45). Overall, the data strongly supports the model where 

binding of the highly neutralizing FabE induces changes in the capsid that result in capsid 

detachment from different ligands, including TfRs and other Fabs. 

The TfR occupancy on capsids. Saturating capsids with Fabs and/or TfRs also provided 

information about the level of occupancy of the different TfRs on capsids. TfR binding levels 

were calibrated by comparison with Fab binding (Figure 3.5B), as Fabs 14 and E are known to 

fully occupy the capsids when Fab/capsid complexes were examined via cryoEM (46). In this 

assay, steric blocking by the tethering scFv-Fc and the proximity to the biosensor tip may reduce 

the number of available binding sites, so we conservatively estimated that around 50 Fabs would 

be bound to the capsid at saturating levels. We assumed that the 4800nM concentration of Fab14 

resulted in complete saturation of available binding sites (~50 sites) on scFv-Fc/CPV-2 

complexes in Figure 3.5B, and that the 1600nM incubation of black-backed jackal TfR with 

black-backed jackal TfR/CPV-2 complexes in Figure 3.4E also resulted in saturation. Comparing 

the level of Fab14 or black-backed jackal TfR binding to CPV-2, relative to the amount of CPV-

2 bound to biosensors, allowed us to estimate that approximately 12 black-backed jackal TfRs 

bound to CPV-2, assuming that TfR dimers were complexed with two transferrin proteins, as has 

been observed by biochemical analysis and by cryo-electron microscopy of CPV complexed with  
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Figure 3.5. Competition between scFv-Fcs and Fabs or TfRs and Fabs for capsid binding. 

Capsids were attached to Ni-NTA probes or Protein A probes with TfR or scFv-Fc, respectively. 

Attached capsids were then incubated with Fabs at high concentration (4800nM) to determine 

whether the Fabs could compete capsids off of the ligand that bound them to the probe (scFv-

Fc14, scFv-FcE, felTfR, or bbjTfR). A) A sample graph where capsids are attached to Protein A 

probes via a scFv-Fc (steps 1-5), incubated with Fabs (step 6) and washed (step 7). B) Fab14 or 

FabE incubation with scFv-Fc14/CPV-2 complexes. C) Fab14 or FabE incubation with scFv-

FcE/CPV-2 complexes. D) A sample graph where capsids are attached to Ni-NTA probes via the 
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black-backed jackal TfR (steps 1-5), incubated with Fabs (step 6) and washed (step 7). E) Fab14 

or FabE incubated with bbjTfR/CPV-2 complexes. F) Fab14 or FabE incubated with 

bbjTfR/FPV complexes. G) A sample graph where capsids are attached to probes via the feline 

TfR (steps 1-5), incubated with Fabs (step 6) and washed (step 7). H) Fab14 or FabE incubated 

with felTfR/CPV-2 complexes. I) Fab14 or FabE incubated with felTfR/FPV complexes. Error 

bars show ± standard error. Statistics were calculated for the 300s and 600s time points using the 

student’s t-test. * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001. 
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the black-backed jackal TfR (H. Lee and S.L. Hafenstein, unpublished data). Using the same 

calculations and assuming that 1600nM of feline TfR saturated felTfR/CPV-2 complexes in 

Figure 3.4F, we estimated that approximately 1-2 feline TfRs bound to CPV-2.  

Influence of initial capsid binding event on attachment of additional TfRs. When 

felTfR/CPV-2, black-backed jackal TfR/CPV-2, or scFv-Fc14/CPV-2 complexes were incubated 

with soluble feline or black-backed jackal TfRs, we saw that the initial ligand binding event 

tethering CPV-2 capsids to biosensors affected subsequent attachment of soluble TfR, even 

though the same amount of capsid was loaded onto biosensors (Figure 3.6). Black-backed jackal 

TfR/CPV-2 complexes bound the highest levels of black-backed jackal or feline TfR, with 

felTfR/CPV-2 complexes showing slightly lower levels of binding (Figure 3.6B and C). 

However, while scFv-Fc14/CPV-2 complexes bound black-backed jackal TfR to similar levels as 

felTfR/CPV-2 complexes during the association phase, there was a significantly greater drop-off 

of black-backed jackal TfR during the disassociation phase (Figure 3.6B). Significantly higher 

drop-off during the disassociation phase also occurred with the feline TfR and scFv-Fc14/CPV-2 

complexes (Figure 3.6C).  

Capsid residues influencing the TfR binding interaction. To examine the capsid 

surface for structures involved in the interactions with the TfRs and antibodies 14 or E, we 

mutated groups of surface-exposed residues in the VP2 structure – four residues in loop 1 (VP2 

residues N85A, M87A, V92A, and N93A), six residues in loop 3 (VP2 residues S293A, Q296A, 

S297A, T301A, N302A, and D305A), or all 10 mutations together (Figure 3.1J-N and Table 

3.1). When CPV-2-derived VLPs containing the four surface residue changes within loop 1 were 

used in binding studies, we saw greatly reduced binding to the feline TfR (Figure 3.7B). In 

contrast, CPV-2-derived VLPs with six substitutions in surface loop 3 showed similar or even  
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Figure 3.6. Effects of the initial CPV/ligand interaction on subsequent bbjTfR or felTfR 

binding. bbjTfR, felTfR, or scFv-Fc14 were used to attach CPV-2 capsids to probes, so that the 

total amount of CPV attached to the probe, regardless of the ligand attaching it, was equal to 

1nm after washing (steps 1-5). Bound capsids were then incubated with 1600nM of bbjTfR or 

felTfR with cleaved His-tags (step 6) and washed (step 7). A) A sample binding curve, showing 

capsids loaded to 1nm of binding. B) Incubation of bbjTfR (with cleaved His-tag) with 

bbjTfR/CPV-2, felTfR/CPV-2, or scFv-Fc14/CPV-2 complexes. C) Incubation of felTfR (with 

cleaved His-tag) with bbjTfR/CPV-2, felTfR/CPV-2, or scFv-Fc14/CPV-2 complexes. Error bars 

show ± standard error. Statistics were calculated for the 300s and 600s time points using 

ANOVA. * p<0.05, ** p<0.01, *** p<0.001. 
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Figure 3.7. Binding kinetics of mutant VLPs with TfRs, scFv-Fcs, and Fabs. Mutant VLPs 

were incubated with feline TfR, canine TfR, black-backed jackal TfR, scFv-Fc14, scFv-FcE, 

Fab14, and FabE to determine how capsid surface loops affect ligand binding interactions. A) A 

sample graph where Ni-NTA probes are washed (step 1), incubated with TfR (step 2), washed 

(step 3), incubated with VLPs (step 4), and washed again (step 5). B-D) Results of mutant VLPs 

binding to the feline (B), canine (C), and black-backed jackal (D) TfRs. E) A sample graph 

where VLPs are attached to Protein A probes via scFv-Fc14 (steps 1-5), incubated with Fab14 

(4800nM) (step 6) and washed (step 7). F) The initial binding interaction between scFv-Fc14 and 
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VLPs (steps 4-5). G) Binding of 4800nM Fab14 to scFv-Fc14/VLP complexes (steps 6-7). (H-J) 

As in (E-G), but with scFv-FcE replacing scFv-Fc14 and FabE replacing Fab14. Error bars show 

± standard error. 

 

  



 

121 

 

increased binding to the feline TfR compared to wild type CPV-2 VLPs (Figure 3.7B). Loop 3  

mutant VLPs also bound the canine TfR to higher levels than any of the other VLPs (Figure 

3.7C), and all VLPs bound strongly to the black-backed jackal TfR (Figure 3.7D). We did not 

test the loop 3 mutant for infectivity due to concerns about a possible host range expansion of 

that virus.  

scFv-Fc14 and Fab14 bound to all of the mutant capsids except for those with 

substitutions within its footprint, which included loop 1 mutant VLPs, double loop mutant VLPs, 

and Asn93Lys VLPs (Figure 3.7F and G). In this experiment, Fab14 binding was more affected 

by these substitutions than scFv-Fc binding, likely due to the monomeric binding of the Fab 

forms (Figure 3.7G). The loop 3 mutant VLPs bound to scFv-FcE as well as wild-type VLPs, 

even though the antibody E binding footprint fell over that group of mutations (Figure 3.7I) (46, 

47), and FabE competed all the different VLPs off of scFv-FcE (Fig3. 7J).  

 

3.5 Discussion 

These studies further explain the underlying interactions between CPV capsids and 

different host TfRs that resulted in the emergence and pandemic spread of CPV in dogs during 

1978, as well as the subsequent spread and evolution of that virus within dogs and other hosts 

during the last 40 years. These specific capsid/TfR contacts and interactions are clearly key to 

the process of cell infection, as they control the virus’s natural host range and also overlap the 

antibody binding sites on capsids, so that many antibody and receptor interactions are affected by 

the same mutations (13, 39, 41, 47, 63).  

Capsid/TfR Interactions. These studies reveal new molecular details about the 

interactions between closely related parvovirus capsids and the receptors from susceptible hosts,  
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and in particular show the dynamic nature of these interactions (Figure 3.8). They confirm that  

there is no direct connection between the affinity of capsid binding to the TfR and the success of 

cell infection. This was most clearly seen in a comparison of the feline and canine TfRs, which 

mediate CPV-2a infection to similar levels (Figure 3.3D and E), even though the canine TfR 

shows extremely low binding affinity (Figure 3.2B and D). This effect has also been previously 

observed in studies of a CPV-2 mutant with lysine substitutions of VP2 residues 299 and 300, 

which bound the feline TfR but did not infect cells (41).  

We also revealed more details about the binding site on the capsid and the ways in which 

viral residues control both the specific interactions with the TfR and the infectious process. 

Comparing the naturally occurring viruses showed that the capsids of CPV-2 (the first virus 

strain that spread world-wide in dogs in 1978 (27)) bound to TfR with higher affinity than the 

CPV-2a capsids, which had substitutions of VP2 residues 87, 300, and 305 on the capsid surface 

(27, 29, 64). CPV-2a arose naturally during 1979, and completely replaced CPV-2 within dogs 

worldwide by the end of 1980, again showing that the lower receptor binding affinity was widely 

selected in nature. We were surprised to find that CPV-2 capsids with 6 mutations in VP2 loop 3 

bound the feline and other TfRs to similar or greater level than wild-type VLPs (Figure 3.7). This 

capsid surface loop was previously implicated in TfR binding because growth in different hosts 

or host cells may readily select for changes in loop 3 residues (including VP2 residues 297, 299, 

300, 301, 302) (27–29, 33, 37, 39). However, the strong TfR binding of the loop 3 mutant VLP 

suggests that most of loop 3 is not directly involved in TfR binding, but it may instead sterically 

interfere with TfR binding or control the structural transitions required for capsid infectivity. In 

contrast, loop 1 appears to play a direct role in TfR binding, as mutating 4 residues in that loop 

greatly reduced attachment, as has been suggested by previous structural and mutational studies  
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Figure 3.8. Summary of major findings. A) Both strong and weak binding interactions 

between the capsid and the TfR at capsid surface loop 1 result in infection. Antibody binding can 

disrupt the capsid/TfR binding interaction and block infection. B) Both the black-backed jackal 

TfR, which binds to the capsid at high occupancy, and the feline TfR, which binds to the capsid 

at low occupancy, facilitate successful infection. C) When high concentrations of FabE are 

incubated with scFv-Fc/capsid complexes, FabE competes with scFv-Fcs for capsid binding and 

FabE/capsid complexes are released from biosensors.  
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and by its role in controlling canine host range (13, 31, 65).  

The occupancy of TfR on the capsid was another feature of the capsid/receptor 

interaction revealed here. It was previously reported that CPV capsids engage less than five 

feline TfRs when they attach to the cell surface (43), and incubating capsids with soluble feline 

TfR ectodomains prepared from insect cells showed binding of fewer than 5 TfRs on average 

(44). The binding of fewer than 4 feline TfRs per capsid was confirmed using bio-layer 

interferometry. However, we also showed that receptor occupancy was controlled at least in part 

by the receptor form tested, as many more black-backed jackal TfRs bound per CPV capsid 

tethered to biosensors (Figure 3.4). Modeling the maximum occupancy of the TfR on the capsid 

indicates the maximum is 12 or 24 ectodomain dimers, depending on how the TfR binds to the 

capsid, due to the large size of the TfR and steric interference between adjacent binding sites. In 

our study, some binding sites on the capsid would have been blocked by the tethering TfR or 

scFv-Fc and biosensor, so that the black-backed jackal TfR may be occupying close to the 

maximum number of sites on the bound capsid. Possible explanations for the low levels of 

binding of the feline TfR include a limited number of preexisting binding sites on the capsid, or 

that binding of the feline TfR to one or two positions changes the capsid to prevent the binding 

of additional TfRs. Here, we show that feline TfR binding may block the attachment of at least 

some additional TfRs, as fewer black-backed jackal TfRs associated with the capsids that were 

attached to biosensors via the feline TfR, compared to capsids that were attached via the black-

backed jackal TfR (Figure 3.6).  

Antibody Binding and Neutralization. We also examined potential mechanisms of 

neutralization by antibodies, using Fabs derived from whole IgGs and cloned versions expressed 

as scFv-Fcs. Both antibodies we tested bound to similar high affinities, as expected, with both 
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high ka and low kd rates, and capsids remained attached to scFv-Fcs with little or no detectable 

release over 5 minutes of washing (Figure 3.4). However, FabE efficiently competed with scFv-

Fcs for capsid binding, resulting in release of FabE/capsid complexes from biosensors and 

indicating that FabE was actively changing the capsid to cause release from the scFv tethering it 

to the biosensor. Similarly, both Fabs were able to compete the capsids off the feline and black-

backed jackal TfRs, suggesting that receptor detachment is a mechanism of virus neutralization.  

Summary. These results provide a clearer view of the complex and dynamic processes of 

receptor and antibody binding to these superficially simple capsids. In different combinations, 

the variability of capsid interactions with receptors from different hosts shows that there may be 

variation in the affinity, occupancy, and infection-mediating interactions, or all of those at once. 

This highlights the finely tuned processes that mediate efficient infection and host range 

variability. For these viruses, variations in these processes control the natural host range, 

including the changes in the capsid that allowed functional canine TfR binding, which resulted in 

infection of dog cells and the emergence of CPV as a pandemic virus that continues to circulate 

today. These types of refined virus/receptor interactions are likely the rule rather than the 

exception, and a better understanding of the rules that apply in general and in particular cases 

will allow us to both develop anti-viral strategies and better anticipate the emergence of viruses 

with new host ranges or pathogenic properties mediated by host receptors.  

 

3.6 Methods 

Cells. Norden Laboratory Feline Kidney (NLFK) cells (Norden Laboratories) were 

derived as a single cell clone of the Crandell Rees Feline Kidney (CRFK) cell line (66), and were 

received directly from Norden Laboratories in 1980. TRVb cells (obtained from the laboratory of 
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Dr. Timothy McGraw) are Chinese Hamster Ovary (CHO) cells without endogenous TfR (67). 

BHK (Baby Hamster Kidney) cells (obtained from the laboratory of Dr. Anne Mason), Sf9 

(Spodoptera frugiperda) cells (Invitrogen), and High Five (Trichoplusia ni) cells (Boyce 

Thompson Institute, clone BTI-TN-551-4) were also used in this study. NLFK cells were used to 

prepare infectious viruses and capsids and were grown in 1:1 McCoys/Leibovitz’s L15 media 

(Corning) with 5% fetal calf serum (FCS). TRVb cells were grown in Ham’s F12 media 

(Corning) with 5% FCS. TRVb cells were transfected with pcDNA3.1(-) derived plasmids 

containing cDNAs of the feline (Felis catus), canine (Canis lupus familiaris), raccoon (Procyon 

lotor), or black-backed jackal (Canis mesomelas) TfR using Transit-X2 (Mirus) according to the 

manufacturer's protocol. Cells were selected for plasmid transfection and TfR expression with 

G418 (Corning) and were used to measure infectivity of viruses on different TfRs expressed in 

the same cell background. 

BHK cells were used for production of soluble TfR (described below) and were grown in 

DMEM/F-12 (Lonza) with 10% FCS. Sf9 and High Five cells were used for growth of 

baculovirus stocks and for production of proteins from baculoviruses, respectively. Sf9 cells 

were grown in Grace's supplemented Insect Media (Gibco) with 10% FCS at 28°C, while High 

Five cells were grown in Express5 Serum Free Media (Gibco) at 28°C. 

Quantification of TfR expression on transfected TRVb cells. TRVb cells transfected 

to express TfRs from different species were fixed with 4% paraformaldehyde, permeabilized 

with PBS containing 0.5% bovine serum albumin and 0.5% Triton X-100, and stained with a 

mouse anti-TfR cytoplasmic tail antibody (Life Technologies, #QB213080) and a goat anti-

mouse Alexa488 conjugated antibody (Life Technologies, #A11029). Cell staining was then 

quantified using a Guava EasyCyte plus flow cytometer (Millipore). Three biological replicates 
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were performed and the percentage of TfR positive cells was quantified using FlowJo (FlowJo, 

LLC, v.7.6.5).  

Viruses and Virus-like Particles. CPV-2, A300D CPV-2, CPV-2a (containing all the 

mutations described in (29, 68) as well as VP2 426Asp), and FPV were each produced from 

infectious plasmid clones (69, 70). Viruses were either left in tissue culture supernatant for 

infectivity assays or purified for binding assays using standard methods involving banding on 

sucrose gradients to separate the empty and full (DNA containing) capsids (30, 42). Titers of 

virus in supernatant were determined via TCID50 assays on NLFK cells and TRVb cells 

expressing the feline TfR.  

For testing infectivity on TRVb cells, TRVb cells stably expressing the feline, canine, 

raccoon, or black-backed TfR were seeded at 2  104 cells/cm2 in 96 well plates (0.32 cm2 per 

well). 200 TCID50 units (measured on TRVb cells expressing the feline TfR) of CPV-2, FPV, 

A300D CPV-2, or CPV-2a were added to each TfR-expressing TRVb cell line. After inoculation, 

cells were incubated for 2 days at 37°C, when cells were fixed and stained with an anti-NS1 

monoclonal antibody that recognizes an epitope that is identical on all four parvovirus strains 

tested (71). Viral growth was determined by counting the number of infected cells per well. 

Three independent biological replicates were performed, and the results were analyzed via 

ANOVA.  

Virus-like particles (VLPs) were prepared by expression of CPV-2 VP2 from baculovirus 

vectors. Mutant VLPs that contained groups of substitutions within capsid surface loops 1 and 3, 

which have been associated with the control of TfR binding (13, 31, 33, 37, 65), were also 

prepared (Figure 3.1J-N). One mutant included six substitutions in VP2 Loop 3 (Ser293Ala, 

Gln296Ala, Ser297Ala, Thr301Ala, Asn302Ala, and Asp305Ala) (Figure 3.1L), another 
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included four substitutions in the surface-exposed region of VP2 Loop 1 (Asn85Ala, Met87Ala, 

Val92Ala, and Asn93Ala) (Figure 3.1M), and a third variant contained all 10 surface 

substitutions in both loops 1 and 3. Wild-type VP2, Asn93Lys VP2, and the three mutant forms 

were prepared as VLPs by expression of VP2 in HighFive cells, and purified as described 

previously (41).  

Expression and purification of TfR ectodomains. A plasmid clone containing the 

soluble human TfR ectodomain (residues 121 to 760 (the C-terminus)) fused to a 6x-His tag on 

its N-terminus was obtained from Dr. Ann Mason, University of Vermont (72) (Figure 3.1B). 

The plasmid was stably transfected into BHK cells and the TfR ectodomain was secreted into the 

culture medium. Equivalent clones that expressed the feline, canine, black-backed jackal, and 

raccoon TfR ectodomains were produced after cloning those sequences in place of the human 

TfR. Plasmids were transfected into BHK cells using Transit-X2 (Mirus) according to the 

manufacturer's protocol and positive cells were selected with 500μg/mL methotrexate. Cells 

were incubated with Pro-293a chemically defined media (Lonza) with 1mM butyric acid and 

2mM L-glutamine in order to produce protein. Supernatants were collected after 2-3 days of 

culture and stored at 4°C. TfRs were purified by incubating supernatants with Ni-NTA beads 

(ThermoFisher) for at least 1 hr and then washing three times with 25mM imidazole. Bound TfR 

was cleaved on Ni-NTA beads overnight with Factor Xa protease (New England Biolabs) 

according to the manufacturer's protocol. Protein concentrations were determined with a BCA 

Protein Assay Kit (Pierce).  

Preparation of single chain fragment variable (scFv)-Fcs and antigen binding 

fragments (Fabs). The heavy and light variable domains of two previously characterized Mabs, 

a mouse IgG-2a anti-CPV antibody Mab14 (73), and a rat IgG-2b anti-FPV antibody MabE (45) 
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were joined by a linker sequence of three repeats of (Gly-Gly-Gly-Ser) to prepare a scFv. The 

baculovirus gp68 signal sequence was added to the N-terminus, the scFv was joined through its 

C-terminus to the Fc domain of human IgG1 with a flexible linker containing a thrombin 

cleavage site, and a 6x-His tag was added at the C-terminus (Figure 3.1D). Clones were 

expressed in High Five cells using the Bac-to-bac expression system (Invitrogen) according to 

the manufacturer’s protocol and protein was collected after 2-3 days of incubation of baculovirus 

with High Five cells at 28°C.  The scFv-Fc was isolated from supernatant with Protein G affinity 

chromatography, eluted at pH 3.0, and immediately neutralized with Tris-HCl to pH 7.0. Eluted 

fractions were pooled and buffer exchanged into PBS with a 10kDa Amicon Ultra Centrifugal 

Filter (Millipore). 

Fabs were produced by digesting purified MabE or Mab14 with immobilized papain 

beads (ThermoFisher) according to the manufacturer’s instructions. The antibody constant region 

(Fc) was separated from antibody 14 Fabs by incubating cleaved Mab14 with Protein A CL-4B 

Sepharose beads (Pharmacia Biotech) in 50mM Tris, pH 7.0. The MabE Fc was removed by 

running cleaved MabE through a DEAE-sephadex A25 (Sigma) column in 0.01M phosphate 

buffer, pH 7.8 and collecting Fabs in the column flow-through. Incompletely cleaved proteins 

were removed via size exclusion chromatography on a Sephadex G100 (Pharmacia) column in 

PBS. Fabs were then concentrated using an Amicon 10kDa centrifugal filter (Millipore).  

Determination of protein purity and VLP stability. Protein purity for TfRs, scFv-Fcs, 

Fabs, VLPs, and parvovirus empty capsids was determined by silver staining samples run on 

10% SDS-PAGE gels with a Pierce Silver Stain Kit (Thermo Scientific) according to the 

manufacturer’s protocol. Stability of mutant VLPs was determined by differential scanning 

fluorimetry of purified VLPs, as previously described (41). Three replicates were performed for 
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each sample except for the N93K VLPs, where limited sample quantity allowed only one 

measurement. 

Measurement of TfR and scFv binding using bio-layer interferometry. To examine 

the specific interactions involved in antibody and TfR binding, we bound the capsids and ligands 

in different combinations, as diagrammed in Figure 3.1F-J and in figures throughout the paper.  

Binding kinetics and dynamics were measured using a BLItz bio-layer interferometer (ForteBio). 

Ni-NTA biosensors were used to bind TfRs and Protein A biosensors were used to bind scFv-

Fcs. To determine the affinities of capsids and TfRs or capsids and scFv-Fcs, biosensors were 

first blocked and hydrated in kinetics buffer (PBS with 0.02% ovalbumin and 0.02% Tween-20). 

Basic binding experiments to determine capsid/TfR or capsid/scFv-Fc affinity (Figure 3.1F and 

H) were performed as follows: 30s baseline in kinetics buffer, 300s of loading TfR or scFv-Fc, 

60s wash in kinetics buffer, then 300s association with capsids (240μg/mL) in PBS, and 300s 

disassociation in kinetics buffer. TfRs in supernatant (with uncleaved His-tags) were loaded onto 

Ni-NTA biosensors to a consistent binding level of 0.8 nm, while purified scFv-Fcs were loaded 

to approximately 0.4 nm (0.83 μg/mL of protein). 

Comparison of TfR affinity between different CPV strains or CPV-2 VLPs. We 

compared the relative binding affinities of feline, canine, raccoon, black-backed jackal, and 

human TfRs by loading TfR in supernatant to 0.8nm of binding, as described above, followed by 

incubation with CPV-2, CPV-2a, FPV, or A300D CPV-2 capsids or CPV-2 VLPs at 240μg/mL. 

Three independent replicates were performed for each TfR/capsid combination.  

Binding of CPV-2 to transfected TRVb cells. Wild-type TRVb cells and TRVb cells 

transfected to express different TfRs were seeded on glass cover slips at a density of 2 × 104 

cells/cm2 and grown overnight. Cells were incubated in DMEM with 0.1% bovine serum 
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albumin (BSA) for 30 min at 37°C, then washed with PBS and fixed in 4% paraformaldehyde for 

10 min. Cells were then incubated with 10µg/mL CPV-2 empty capsids diluted in DMEM with 

0.1% BSA for 1 hr at 37°C, stained with anti-capsid monoclonal antibody 8, which does not 

detach capsids from fixed cells (14, 46, 73), and mounted on slides using ProLong Gold antifade 

reagent with DAPI (Invitrogen). Additional cover slips were permeabilized in PBS with 0.5% 

BSA and 0.5% Triton X-100 after fixation and stained with a mouse anti-TfR cytoplasmic tail 

antibody (Life Technologies, #QB213080) and a goat anti-mouse Alexa594 conjugated antibody 

(Life Technologies, #A11005). 

Determination of Fab/CPV and TfR/CPV affinity constants and approximation of 

number of TfRs bound per capsid. Affinity constants for Fab/CPV and TfR/CPV (cleaved His-

tag) interactions were determined through multi-step binding experiments (Figure 3.1G and I), 

where CPV capsids were first immobilized on biosensors with either scFv-Fcs or TfRs, exactly 

as in the basic binding experiments, described above and in Figs. 3.1G, 3.1I, and 3.2A. These 

complexes then underwent two additional steps to give 1:1 capsid/ligand binding interactions: 

300s incubation with Fabs in PBS or His-tag-cleaved TfRs, followed by 300s disassociation in 

kinetics buffer. Four different concentrations of Fab or TfR were used to generate four graphs 

per combination, which were then fitted using 1:1 global fitting in the BLItz Pro Software 

(ForteBio). Experiments were performed in duplicate, and one replicate was shown and 

analyzed.  

The number of copies of TfR that bound to each capsid was approximated by comparing 

binding of TfR to TfR/CPV complexes with binding of Fab14 to scFv-Fc14/CPV complexes, 

under conditions where ligand binding was at or near saturation (1600 nM of TfR at 300s (Figure 

3.4E and F) and 4800 nM of Fab14 at 300s (Figure 3.5B)). Levels of ligand binding (His-tag-
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cleaved TfR or Fab14) were normalized relative to the loading of CPV onto biosensors and 

adjusted to account for the difference in molecular weight between the TfR and Fab14. We 

conservatively estimated that Fab14 saturated our system at 50 Fabs/capsid due to steric 

hindrance of scFv-Fc14 holding capsids to biosensors and multiplied 50 Fabs/capsid by the 

normalized and adjusted ratio of TfR vs. Fab14 binding to capsids to make our estimate of TfR 

copies bound per capsid. 

Competition between scFv-Fcs and Fabs or TfRs and Fabs for capsid binding. To 

determine whether or not antibodies could affect capsid interactions with the TfR or other 

antibodies, we designed multi-step binding experiments where capsids were attached to 

biosensors with one ligand, and then incubated with either the same ligand or a different ligand. 

scFv-Fc14, scFv-FcE, feline TfR, or black-backed jackal TfR was used to attach CPV-2 capsids 

to biosensors, as described above. After a 300s wash step, complexes were incubated with either 

4800 nM of FabE or Fab14 for 300s, followed by an additional 300s wash step. Three 

independent replicates were performed and binding at 300s and 600s was analyzed via ANOVA.  

Effects of the initial CPV/ligand binding interaction on subsequent TfR binding. To 

examine whether the ligand holding CPV to biosensors affected subsequent binding of TfR, we 

bound scFc-Fc14, feline TfR, or black-backed jackal TfR to biosensors, as described for basic 

binding experiments, above. The concentrations of these ligands were adjusted so that all three 

ligands bound 1nm of CPV-2 capsids to biosensors (Figure 3.6A). Ligand/CPV complexes were 

then incubated with either black-backed jackal TfR (cleaved His-tag, 1600 nM) or feline TfR 

(cleaved His-tag, 1600 nM) and washed in kinetics buffer for 300s. Three independent replicates 

were performed and binding at 300s and 600s was analyzed via ANOVA. 
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CHAPTER FOUR 

Examination and reconstruction of ancient, endogenous parvovirus capsid proteins in 

rodent genomes 
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4.1 Abstract 

Parvovirus-derived endogenous viral elements (EVEs) have been found in the genomes 

of many different animal species. While some viral integration events appear to have occurred 

more than 50 million years ago, others likely occurred much more recently. Here, we further 

investigate the properties of integrated viral sequences derived from autonomous parvoviruses 

and describe their relationships to contemporary viruses. We did not find any intact capsid 

protein open reading frames in the integrated viral sequences, but were able to identify some that 

could be repaired to form full-length sequences with relatively few changes. These sequences 

were found in the genomes of Rattus norvegicus (brown rat), Mus spretus (Algerian mouse), and 

Apodemus sylvaticus (wood mouse). The sequence in the genome of R. norvegicus was also in 

the R. rattus, R. tanezumi, R. exulans, R. everetti genomes, indicating that it was over 2.3 million 

years old, but the M. spretus and A. sylvaticus EVEs were not found in the published genomes of 

other mouse species, indicating more recent insertions. Repaired VP2 sequences from the three 

different species were expressed in mammalian and insect cells. The M. spretus VP2 sequence 

assembled into capsids, which had high thermal stability, bound N-acetyl neuraminic acid 

(Neu5Ac), and entered murine L cells. While the repaired VP2 sequences from R. norvegicus 

and A. sylvaticus did not assemble, chimeric sequences that combining capsid surface loops from 

R. norvegicus with the canine parvovirus VP2 gene did, allowing some of that EVE’s structures 

and functions to be examined.  

 

4.2 Importance 

Parvovirus EVEs incorporated into the genomes of different animals represent ancient 

viruses that infected the ancestors of those animals millions of years ago, but we know little 
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about their properties. By expressing the capsid proteins of parvovirus EVEs found in the 

genomes of three different rodents, we can examine their structures and functions, including 

ligand binding, what cells and host species they infected, and whether antibodies generated 

against modern parvoviruses can recognize EVE-derived capsid proteins or capsids. Here, we 

show that one of the EVE VP2 sequences can assemble into capsids that have biophysical and 

sialic acid binding properties similar to extant parvoviruses. Chimeras of a contemporary virus 

and an EVE that failed to form capsids allow us to examine the properties of its different surface 

loops and explore why the repaired sequence failed to assemble into capsids.  

 

4.3 Introduction 

Endogenous viral elements (EVEs) are generated when viral nucleic acid is incorporated 

into the genome of a host organism. EVEs range in size from small gene fragments to whole 

viral genomes, and they serve as molecular ‘fossils’ if integrated into germ line cell DNA and 

vertically transmitted from parent to offspring. EVEs are derived from many different classes of 

viruses, particularly retroviruses, which encode reverse transcriptase and integrase proteins that 

facilitate their integration into host DNA. Of the non-retrovirus derived EVEs, parvoviruses are 

relatively highly represented, and likely derive from non-homologous recombination, possibly 

facilitated by their ssDNA nickase activity (1).  

The Parvoviridae comprise a family of small, single stranded DNA (ssDNA) viruses with 

genomes of around 5,000 nucleotides. They infect many different animals, ranging from 

invertebrates to mammals, causing disease in many hosts and likely also causing subclinical 

infections in many others (2,3). The different subfamilies of Parvoviridae include the 

parvoviruses (Parvovirinae) and the densoviruses (Densovirinae). The genomes of the 
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parvoviruses contain two large genes and a variety of smaller genes expressed through 

alternative splicing or through the use of small transcription units. One large gene encodes the 

non-structural protein (called non-structural protein 1 (NS1) or replication protein (Rep)), which 

becomes covalently attached to the 5’ end of linear, viral DNA and performs a number of 

functions. Those functions include acting as a helicase and a site-specific DNA nickase, as well 

as controlling gene expression from the viral and other promoters. Smaller versions of NS1 or 

Rep are formed through internal initiation of translation or alternative splicing of the viral 

messages, creating proteins that may perform a subset of the functions of the large protein, or 

which provide additional functions such as assisting in viral capsid transport within the cells (4–

7). The capsid proteins, designated virus protein (VP) or capsid protein (Cap) depending on the 

virus, are encoded by the other large open reading frame. There are a number of variants, 

including a smaller version of the protein (VP2 in the autonomous parvoviruses) between 60 to 

70 kDa which self-assembles into a stable T=1 capsid (8–10). The full-length versions of the 

capsid proteins (VP1) have the same sequence as the VP2 protein, but have additional sequences 

on the N-terminus. VP1 is incorporated into the assembled capsids in varying but low amounts 

(around 10%) in a manner that is structurally similar to VP2. The N-terminal unique region of 

VP1 provides functions required for infection, including a phospholipase A2 enzyme activity and 

a nuclear import motif (11,12). The non-coding regions of the viruses contain promoters for 

expression of one or more of the viral transcripts, polyadenylation sites, transcriptional 

regulatory sequences, sites involved in DNA replication, and the viral genomic termini, which 

contain terminal repeats that form hairpin or cruciform structures and allow the replication of the 

viral DNA by host cell DNA polymerases (13–16).  

Here, we investigate the properties of endogenous parvovirus sequences integrated into 
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the genomes of many different animals. These sequences generally appear to be ancient, with 

some being dated to 50 million years old or older based on their orthologous positions in the 

genomes of divergent species (1,17–19). In other cases, the sequences have thus far only been 

found in the genomes of single animal species, suggesting either that they were integrated after 

the divergence of the last common ancestral animal for which sequences are available, or that the 

integrated copies were deleted from other genomes (18,19). Parvovirus EVEs most likely derive 

from non-homologous recombination of ancient parvoviruses into germ cell genomes, but other 

mechanisms of integration, including targeted insertion into genomes facilitated by the viral 

nickase (NS1 or Rep), have also been suggested (1). Retrovirus-derived sequences or 

transposable elements flank some parvovirus insertions, suggesting that the inherent stability of 

regions containing transposons or retrotransposons may facilitate the insertion of parvovirus or 

other DNA into host genomes (19). Parvovirus EVEs generally resemble host non-coding DNA 

or pseudogenes, showing degeneration that is generally proportional to the length of time they 

have been integrated, and most do not contain long intact open reading frames due to the 

presence of single base mutations, or deletions or insertions of varying sizes that result in stop 

codons or frameshifts within the remaining sequence (17–19). A minority of parvovirus EVEs, 

however, contain intact, transcribed open reading frames, indicating that some insertions may be 

of benefit to the host and under positive selection to be maintained (17,19).  

Although the presence of parvovirus-derived EVE sequences in eukaryotic genomes has 

been recognized for a number of years and more are being found regularly as new genome 

sequences are obtained, we know little about their biology, or whether they play roles in the 

functions or evolutionary success of their hosts. There has been relatively little analysis of their 

properties and how they may relate to contemporary viruses, or the deep evolutionary history of 
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the parvoviruses. Here, we examine three parvovirus-derived EVEs that are present in rodent 

genomes, describe their relationships within the parvovirus family, and examine their properties 

in capsid production and function. The three VP2-related sequences examined are related to 

extant viruses, and were repaired to give intact open reading frames. The proteins were tested for 

their ability to assemble into capsids or to be expressed as domains on virus-like particles, and 

the capsids were tested for cell binding, stability, sialic acid binding, and recognition by 

antibodies derived against an extant parvovirus. 

 

4.4 Results 

Genome mining, examination of hosts related to R. norvegicus, and reconstitution of 

parvovirus EVE capsid genes. Whole genome shotgun (WGS) sequence data of 113 mammal 

species were screened to identify endogenous parvovirus capsid genes and pseudogenes. Close-

to-intact parvovirus VP2 sequences were chosen for reconstruction from the genomes of the 

brown rat (R. norvegicus), the Western Mediterranean mouse (M. spretus), and the wood mouse 

(A. sylvaticus). Each integration occurred at a distinct genomic locus and can therefore be 

assumed to have arisen independently. All three EVE sequences clearly grouped within the 

extant Protoparvovirus genus in phylogenies (Figure 4.1A). Notably, all three rodent EVEs were 

more closely related to viruses isolated from non-rodent host species than they were to those that 

have been isolated from rodents, such as the minute virus of mice (MVM). To investigate when 

the rat endogenous viral element integrated during the Rattus speciation, we used PCR to screen 

for a ~500bp sequence of the EVE within the DNA of five species within the genus: R. rattus, R.  

tanezumi, R. exulans, R. everetti, as well R. norvegicus as a control. We were able to recover 

sequences from all those species, putting the age of the R. norvegicus EVE insertion at least, 2.3
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Figure 4.1. Endogenous viral element insertions. A) Phylogenetic tree containing the three 

rodent EVE sequences and extant parvoviruses. B-D) Map of the parvovirus endogenous viral 

elements used in this study, showing sequence overlap with the most closely related extant virus 

and frameshift mutations or deletions that disrupt open reading frames. B) The Rattus 

Norvegicus EVE compared to CPV-2. C) The Mus Spretus EVE compared to porcine 

parvovirus. D) The Apodemus Sylvaticus EVE compared to porcine parvovirus. 
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million years ago. The VP2 sequences from all three EVEs contained insertion or deletion 

frameshift mutations, and the A. sylvaticus sequence also contained a total of five in-frame stop 

codons and a stretch of 52 bases that were missing from the sequence (Figure 4.1B-D).  

Canine parvovirus (CPV) is the extant parvovirus most closely related to the R. 

norvegicus EVE, with those sequences sharing 68.4% amino acid identity. Most of the 

differences between CPV and the R. norvegicus EVE were located on exterior capsid surface 

loops, and the β-strands that form the interior surface of the parvovirus capsid were largely 

conserved (Figure 4.2A). The M. spretus and A. sylvaticus EVEs were both most closely related 

to porcine parvovirus (PPV), which infects swine, sharing 81.7% and 71.8% amino acid 

sequence identity with that virus, respectively. Most differences between the M. spretus or A. 

sylvaticus EVEs and PPV also occurred in the exterior capsid surface loops, while interior 

surface β-strands were largely conserved (Figure 4.2B and C). 

R. norvegicus VP2 expression and capsid assembly. After repairing each sequence, the 

VP2 genes were synthesized and inserted into expression plasmids for transfection into 

mammalian cells or baculovirus expression in insect cells. When the repaired R. norvegicus VP2 

sequence was expressed in the HEK293 mammalian cell line, protein expression was readily 

detected in transfected cells by both immunofluorescence assays and Western blots with a rabbit 

polyclonal antibody prepared against the capsids of feline panleukopenia virus (FPV), which is 

closely related to CPV. However, electron microscopy of purified samples showed no virus-like 

particles (VLPs). Baculovirus expression of the R. norvegicus VP2 gene, which allows for higher 

levels of protein expression than the mammalian cell system, produced similar results, with  

protein expression being detectible in insect cell lysates, but the capsid protein appearing 

degraded, indicating a lack of assembly.  
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Figure 4.2. Sequence similarity between the endogenous viral elements and the most closely 

related extant virus. A) (Top) The Rattus Norvegicus EVE VP2 sequence, with residues identical 

to CPV-2 colored green and residues that differ from CPV-2 colored black. Surface loops 1-5 

and restriction enzyme sites are shown, and amino acid position is marked. (Bottom) CPV-2 VP2 

protein (PDBID: 2CAS) with shared residues with the Rattus Norvegicus EVE colored green 

(bottom left), shown on the capsid exterior (bottom middle), and shown on the capsid interior 

(bottom right). B) (Top) The Mus Spretus EVE VP2 sequence, with residues identical to PPV 

colored red and residues that differ from PPV colored black. Amino acid position is marked. 
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(Bottom) PPV VP2 protein (PDBID: 1K3V) with shared residues with the Mus Spretus EVE 

colored red (bottom left), shown on the capsid exterior (bottom middle), and shown on the capsid 

interior (bottom right). C) (Top) The Apodemus Sylvaticus EVE VP2 sequence, with residues 

identical to PPV colored blue and residues that differ from PPV colored black. Amino acid 

position is marked. (Bottom) PPV VP2 protein (PDBID: 1K3V) with shared residues with the 

Apodemus Sylvaticus EVE colored blue (bottom left), shown on the capsid exterior (bottom 

middle), and shown on the capsid interior (bottom right).  
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R. norvegicus EVE sequence chimeras. We created chimeric VP2 sequences with  

portions of the CPV gene replaced with the corresponding segments from the R. norvegicus 

EVE. For our first attempt to get VLPs to assemble from chimeras, we used shared restriction 

enzyme sites between CPV and the R. norvegicus EVE to divide VP2 into thirds, and then 

ligated the sequences together in all 6 possible combinations and expressed them in insect cells 

(Figure 4.3). While each of the chimeras expressed protein (Figure 4.3A), most was either 

degraded low molecular weight products, or a smear of higher molecular weight products 

suggestive of protein degradation. Negative stain electron microscopy of purified fractions also 

revealed no capsids (Figure 4.3C-H).  

A second set of chimeras had individual loops from the CPV-2 exterior capsid surface 

replaced with the corresponding sequence of the R. norvegicus EVE (Figure 4.4A and B). 

Replacing all of the surface loops in combination allowed us to effectively pseudotype the 

surface of the CPV capsid, resulting in a VLP that potentially had the same antigenic sites and 

receptor binding site as the R. norvegicus EVE (Figure 4.4B). We tested the chimeras with 

individual surface loop substitutions for assembly by expressing capsid protein in insect cells and 

then staining those cells with monoclonal anti-CPV antibodies that recognize assembled capsids 

(Figure 4.4C). The binding sites of these antibodies on CPV capsids have been well 

characterized (20); antibody 14 recognizes the “A” antigenic site on the 3-fold spikes on the 

capsid, composed of loops 1, 2, and parts of loop 4, while antibody 8 recognizes the “B” 

antigenic site which is composed of loop 3 and parts of loop 4. When tested for antibody 

binding, the chimeric VLPs were able to bind to the monoclonal antibodies which recognized the  

remaining CPV surface, but not those where the epitope had been substituted for one or more R. 

norvegicus EVE loops (Figure 4.4C). The chimera containing all five surface loops failed to  



 

155 

 

 

 

 

 

 

Figure 4.3. Expression and assembly of chimeras constructed by combining BglII and PhoI 

restriction enzyme digestions of the Rattus Norvegicus EVE with those of CPV-2. A) Western 

blot showing capsid proteins chimeras or CPV-2 expressed in insect cells and stained with a 

polyclonal anti-CPV antibody. B) Electron micrograph of CPV-2 VLPs showing assembled 

capsids. C-H) Electron micrographs of chimeras between the Rattus Norvegicus EVE and CPV-

2, showing that capsid proteins do not assemble. Diagrams of the chimeras are also shown, with 

the VP2 gene divided at the BglII and PhoI restriction enzyme sites, and the Rattus Norvegicus 

EVE represented in green.  
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Figure 4.4. Construction and expression of chimeric VLPs consisting of Rattus Norvegicus EVE 

surface loops incorporated into CPV VP-2. A) VP2 from the Rattus Norvegicus EVE, showing 

the location of 5 surface loops and their differences from CPV-2. Numbering of residues is from 

CPV-2. B) Diagrams of the Rattus Norvegicus EVE surface loop/CPV-2 chimeras. Rattus 

Norvegicus EVE surface loops are colored green and shown on the CPV-2 VP2 backbone 

(PDBID: 2CAS) (left), and shown on the capsid surface (right). C) Immunofluorescence assay 
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showing expression of chimeric VLPs with a polyclonal anti-CPV antibody (red), and assembly 

of VLPs with monoclonal antibodies that only recognize assembled capsids (green). ‘B-site’ (top 

row) and ‘A-site’ (bottom row) monoclonal antibody staining are both shown. 
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assemble into VLPs, suggesting that the R. norvegicus surface loops may also contribute to 

assembly defects when in combination.  

Characterization of R. norvegicus chimeric EVEs. We purified chimeras containing 

loop 4, the largest of the capsid surface loops and which also contains residues responsible for 

sialic acid binding in CPV. Electron microscopy of the purified surface loop 4 chimera 

confirmed capsid assembly (Figure 4.5), and incubation of chimeras with NLFK feline kidney 

cells and TfR deficient TRVb cells (modified Chinese Hamster Ovary cells) showed that surface 

loop 4 altered patterns of cellular uptake compared to CPV-2 capsids (Figure 4.5). CPV-2 VLPs 

depend on the TfR for entry into cells and accumulate within endosomes around the nucleus 

shortly after uptake, loop 4 chimeric VLPs accumulated in a single region in the capsid 

cytoplasm, had far fewer particles enter NLFK cells than wild-type CPV-2 capsids, and entered 

TRVb cells, which do not express the TfR (Figure 4.5). These results indicate that loop 4 

substitutions prevent the TfR binding for chimeric capsids, and that loop 4 may contain the R. 

norvegicus EVE’s receptor and/or sialic acid binding site. 

Expression of M. spretus and A. sylvaticus EVE sequences and testing of M. spretus 

capsid structure and function. M. spretus and A. sylvaticus VP2 EVE sequences were also 

expressed in insect cells, and while both EVEs produced capsid proteins that were recognized by 

an anti-CPV polyclonal antibody (Figure 4.6A), only the M. spretus EVE assembled into capsids 

(Figure 4.6C-D). The M. spretus capsids were highly stable, with an average melting temperature 

of 82°C determined by differential scanning fluorimetry (DSF) experiments (Figure 4.7A and B). 

While changing pH from 7.4 to 5.5 affected the melting temperature of CPV-2 VLPs, which  

were used as controls, the overall melting temperature of the M. spretus VLPs was not affected. 

The derivative curve from M. spretus VLPs did, however, show a minor peak that was affected  
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Figure 4.5. Cellular uptake and negative stain EM of Loop 4 chimeric R. Norvegicus EVE/CPV-

2 VLPs. (Top) CPV-2 VLP and Loop 4 chimeric VLP (bottom) uptake into NLFK cells or TRVb 

cells, and negative stain EM of purified capsids. For uptake assays, capsids are stained with a 

polyclonal anti-FPV antibody (red) and the transferrin receptor (TfR) is stained with monoclonal 

anti-TfR cytoplasmic tail antibody (green). 
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Figure 4.6. Expression and assembly of A. sylvaticus and M. spretus EVE VLPs. A) Western 

blot showing capsid proteins expressed in insect cells and stained with a polyclonal anti-CPV 

antibody. B-D) Negative stain electron microscopy of CPV-2 VLPs (B), A. sylvaticus EVE VLPs 

(C), and M. spretus EVE VLPs (D).   
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Figure 4.7. Characterization of the assembled Mus Spretus EVE VLPs. A) Differential scanning 

fluorometry experiment showing derivative melting curves for CPV-2 VLPs and Mus Spretus 

EVE VLPs at pH 7.4 and 5.5. B) Quantification of capsid melting temperature as determined by 

differential scanning fluorometry. Results of three independent experiments are shown. Error 

bars denote ± standard error. C) Western blot and D) silver stain of purified CPV-2 or Mus 

Spretus EVE VLPs. The western blot was stained with a polyclonal anti-CPV antibody. E) 

Uptake of fluorescently labeled Mus Spretus EVE VLPs into murine L cells. F) 

Hemagglutination assay of CPV-2 VLPs and Mus Spretus EVE VLPs on mouse red blood cells 

(top) and hemagglutination of Mus Spretus EVE VLPs on mouse red blood cells treated with a 

broad-spectrum neuraminidase (bottom).   
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by changes in pH (Figure 4.7A) which may represent a transition in the capsid structure prior to 

full disassembly. M. spretus VLP stability was also confirmed by western blotting and silver 

staining (Figure 4.7C and D), where M. spretus VLPs formed far fewer low molecular weight 

proteolytic cleavage products than did CPV-2 VLP controls.  

Fluorescently labeled M. spretus capsids were taken up into murine L cells and were 

distributed throughout cells in a perinuclear location suggestive of endocytosis (Figure 4.7E). M. 

spretus capsids also hemagglutinated mouse erythrocytes (Figure 4.7F), which contained sialic 

acids composed of over 97% of forms of N-acetyl neuraminic acid (Neu5Ac) (Table 4.1), 

suggesting that sialic acid form is recognized by the virus. Neuraminidase treatment of mouse 

erythrocytes eliminated hemagglutination by M. spretus capsids (Figure 4.7F), showing that 

binding was to sialic acids.  

 

4.5 Discussion 

The initial discovery of integrated sequences related to autonomous parvoviruses in the 

genomes of various animals was unexpected, as autonomous parvoviruses do not go through an 

integrated stage in their life cycles. However, it is now clear that numerous animal genomes 

contain one or more endogenous parvovirus sequences, many of which represent remnants that 

appear to have been integrated into the genomes of their ancestral hosts millions of years ago 

(1,17–19). Whether these integrated sequences benefit the host or play any biological role is not 

known. While endogenized viral sequences have frequently been used for host functions (21–

24), the degenerated state of the parvoviral insertions examined here makes it unlikely that they  

express viral proteins or peptides.  

Our goal here was to examine the properties of three endogenized major capsid protein  
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Table 4.1. Percentage of O-linked sialic acids on murine erythrocytes. 

 

O-linked sialic  

acid type 

% Abundance 

Neu5Ac 60.50% 

Neu5,9Ac2 16.60% 

Neu5,7,8/9Ac3 13.90% 

Neu5,7Ac2 3.40% 

Neu5,8Ac2 2.90% 

Neu5Gc 2.70% 
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gene sequences found in mouse and rat genomes in order to better understand the properties of  

the ancient viruses that they were derived from. The sequences of the three viruses that we 

examined were only observed in the genomes of individual species and closely related taxa. For 

the murid rodents (A. sylvaticus and M. spretus), there are a number whole genome sequences 

from related species available, but none contain these EVE sequences, indicating that these 

EVEs were acquired within the last several million years. Furthermore, the sites corresponding to 

the M. spretus and A. sylvaticus EVE insertions in these related species showed no evidence of 

the integrated sequences, making it unlikely that the insertions were lost from those mice. There 

are few genomic sequences of rats closely related to R. norvegicus in databases, so we examined 

DNA extracted from the tissues of four closely related rodents for the R. norvegicus EVE 

sequence. We found that sequence in the DNA of five of the Rattus species examined, indicating 

that it was likely acquired over 2.3 million years ago. These sequences therefore likely represent 

viruses that are thousands or millions of years older than the contemporary viruses for which we 

have sequences.  

Both the R. norvegicus and A. sylvaticus VP2 proteins failed to assemble into capsids 

when first repaired. The A. sylvaticus VP2 sequence contained a relatively large, 52 base deletion 

that we filled in with nucleotides from the corresponding region in the consensus sequence of 

closely related contemporary viruses, and incompatible residues within that sequence may have 

prevented capsid assembly. Other mutations within the A. sylvaticus or R. norvegicus EVE 

sequences could have also prevented assembly. Studies with extant parvoviruses show that single 

point mutations within the major capsid protein can inhibit capsid assembly, especially when 

they occur to the well-conserved residues that form the interior of the capsid or the 5-fold pore 

(25–28). Our CPV/R. norvegicus EVE chimeras support the latter hypothesis, as chimeras which 
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contained sequences from the R. norvegicus EVE capsid interior or 5-fold pore failed to 

assemble (Figure 4.3). However, replacing the unconserved, exterior capsid surface loops 

allowed chimeras to assemble (Figure 4.4). Each of the three R. norvegicus EVE segments from 

the first set of chimeras prevented capsids from assembling, suggesting that all regions contain 

mutations that prevent capsid assembly. 

The R. norvegicus/CPV chimera with all 5 EVE surface loops together failed to assemble 

into capsids, even though the chimeras containing individual surface loops could. Surface loop 5 

chimeras, however, appeared to have difficulty assembling, as not all cells that stained positive 

for capsid protein expression were also positive for assembled capsids, and this loop could have 

impeded assembly of the complete chimera. The loop 4 chimera, which contained the largest 

capsid surface loop, altered the uptake of VLPs into feline and hamster cells (Figure 4.5), even 

though loops 1, 2, and 3, whose residues have been implicated in receptor binding in wild-type 

CPV capsids, were unchanged. This suggests that the loop 4 substitution changed the position of 

one or more of these loops and rendered the chimeric VLPs unable to bind to the feline TfR. 

That this chimera could still enter TRVb cells, which do not express the transferrin receptor, 

indicates that it either entered cells nonspecifically (perhaps through macropinocytosis) or that 

loop 4 of the R. norvegicus EVE contains a receptor binding site that allows the chimera to enter 

cells. 

The M. spretus EVE produced capsids directly after being repaired, and those capsids 

were highly stable at both neutral and endosomal pH. Minor peaks on the DSF curve could be 

the result of partial unfolding of the capsid or the disassociation of capsid subunits (dimers, 

trimers, or pentamers) from the whole, both of which would expose hydrophobic residues and 

result in increased fluorescence. M. spretus capsids had cellular uptake patterns similar to those 
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of extant parvoviruses with capsids having a perinuclear localization an hour after uptake (29) 

(Figure 4.7), and since those capsids bind Neu5Ac sialic acids, they likely serve as the receptor 

for cellular uptake. 

Summary. Here we reveal the characteristics of ancient parvoviruses that were recovered 

as molecular fossils from host genomes. One of the sequences assembled into VLPs and we 

could therefore examine its capsid stability, sialic acid binding, and cell uptake. Others could be 

assembled as components of CPV sequences, and those showed us some surface features of the 

ancient virus capsids. Studying these capsids provides an understanding of how parvoviruses 

have evolved over long period – likely over thousands or millions of years. These capsids also 

show that the M. spretus virus capsids bound to sialic acids and entered mouse cells, as expected 

since the original virus presumably had the host range for rodents. It is still unknown whether or 

not endogenized parvovirus sequences provide any benefit to their hosts, and future experiments 

could focus on whether or not expression of truncated proteins or RNA from these sequences has 

any effect on the hosts or infecting viruses. 

 

4.6 Methods 

 

Genome sequence analysis. The database-integrated genome screening (DIGS) tool (30) 

(available at http://giffordlabcvr.github.io/DIGS-tool/) was used to identify parvovirus-related 

sequences in whole genome shotgun sequence data of 113 mammal species. A subset of whole 

genome shotgun contigs that contained both complete or near-complete parvovirus capsid gene 

sequences and a region of host genomic sequence were selected for further analysis. A 

combination of automated procedures (MUSCLE (31,32), BLAST (33)) and manual adjustments 

were used to align parvovirus EVEs to the most closely related extant virus sequence among a 



 

167 

 

set of representative parvovirus genomes, allowing us to infer the likely ancestral open reading 

frames (ORFs). The original alignments were also used to construct phylogenies using maximum 

likelihood (ML) as implemented in RAxML (34). Parameters for phylogenetic analysis were 

selected using ProtTest (35).  

Analysis of the viral sequences and reconstruction of open reading frames. Three 

endogenized viral sequences with extended capsid protein genes, derived from the genomes of 

Rattus norvegicus, Mus spretus and Apodemus sylvaticus, were chosen for protein expression. 

These sequences had relatively complete open reading frames, which could be repaired with 

some confidence, and had homology to contemporary infectious viruses. To repair the parvovirus 

EVEs, VP2 sequences were aligned with the sequences of a group of the most closely related 

contemporary infectious viruses and the open reading frames were modified to remove stop 

codons, insertions, and deletions, recreating the open reading frame (diagrammed in Figure 1). 

Where necessary to repair likely deletions, we introduced an amino acid or sequence that was 

most similar to the consensus of the closely related contemporary viral sequences.  

Identification of EVE sequences in DNA species related to R. norvegicus. To obtain 

more information about the possible presence of the sequence within the R. norvegicus genome, 

we obtained DNA from other R. norvegicus samples (from laboratory rats), as well as from bio-

banked samples of R. rattus, R. tanezumi, R. exulans, and R. everetti from the Field Museum of 

Natural History, Chicago (Table 4.2). DNA was extracted from tissues using a Tissue DNA 

extraction kit (Omega Bio-tek) and eluted in water. Primers that recognized the EVE sequence  

were used to perform PCR (5'-AGATCAGGCTACTATACTAGCTCCGATTC-3' and 5'-

AACCAACTTACTACTACCCAAGACAACA-3', as described in (19)), with a total of 100µg of 

DNA, and 35 cycles of PCR with Q5 High Fidelity DNA Polymerase (NEB). The ~500 base pair  
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Table 4.2. Specimens used to determine the presence of the rat EVE. 

 

Species Number of samples Field Museum of Natural History ID # 

Rattus rattus 4 (2M, 2F) 222595, 198176, 181086, 179191 

Rattus exulans 4 (2M, 2F) 198761, 168962, 188484, 168964 

Rattus everetti 4 (2M, 2F) 198872, 198796, 196061, 191246 

Rattus tanezumi 4 (2M, 2F) 198768, 198797, 194747, 178427 
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DNA products amplified were sequenced using Sanger sequencing to confirm the presence of the 

EVE.  

Cells. Human embryonic kidney 293 (HEK293) cells, Sf9 (Spodoptera frugiperda) cells 

(Invitrogen), and High Five (Trichoplusia ni) cells (Boyce Thompson Institute, clone BTI-TN-

551-4) were used in this study. HEK293 cells were grown in DMEM with 10% fetal calf serum 

(FCS) at 37°C, Sf9 cells were grown in Grace’s Supplemented Insect Media (Gibco) with 10% 

FCS at 28°C, and High Five cells were grown in Express5 Serum Free Media (Gibco) at 28°C. 

Norden Laboratory Feline Kidney (NLFK) cells, TRVb cells (modified Chinese Hamster Ovary 

cells selected to not express the TfR), and L cells (a murine fibroblast cell line obtained from the 

laboratory of John Parker) were also used in this study. NLFK cells were grown in 1:1 

McCoy’s/Lebovitz media with 5% FCS at 37°C, L cells were grown in Eagle’s Minimal 

Essential Medium (EMEM) with 10% FCS at 37°C, and TRVb cells were grown in Ham’s/F12 

media with 10% FCS at 37°C.  

Expression of endogenous viral element capsid proteins. The complete, repaired VP2 

sequences were codon optimized for mammalian cell expression and synthesized along with the 

12 base pairs preceding canine parvovirus VP2 to favor protein expression. Sequences were then 

cloned into the pCDNA(-) plasmid vector under the control of the CMV immediate early 

promoter for expression in HEK293 cells. The genes were also cloned into the pFastBac1 

plasmid (Invitrogen) under the control of the polyhedron promoter for baculovirus expression in 

High Five cells. Baculoviruses were prepared by transfection of bacmids into Sf9 cells, and then 

proteins prepared by inoculation of High Five insect cells, as described previously (25).  

For VP2 capsid protein purification, cells were collected 3 days after transfection in 

HEK293 cells with plasmids or 4 days after infection with baculovirus. Supernatants from 
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transfected HEK293 cells were pelleted at 100,000×g for 2 hrs. Virus-like particles (VLPs) were 

purified from infected High Five cells as described previously (25). The resulting fractions were 

examined via negative stain electron microscopy with 2% uranyl acetate to determine whether 

capsids were present. 

Construction of R. norvegicus EVE/CPV-2 chimeric VP2 sequences. Some of the VP2 

sequences did not assemble into capsids when expressed from plasmids after transfection into 

293 cells or after infection of High Five cells with baculovirus containing VP2 sequences. To 

examine the nature of the assembly defect(s) in the R. norvegicus EVE VP2 gene sequence and 

to allow definition of the structures of the protein domains, we prepared recombinants that 

combined the R. norvegicus EVE VP2 sequence with that of the CPV-2 VP2 gene. The first set 

of chimeras were constructed by digesting the R. Norvegicus and CPV-2 VP2 genes with BglII 

and PhoI restriction enzymes (NEB), dividing the genes roughly into thirds, and ligating the 

sequences together in all 6 possible combinations, as shown in Figure 4.3. The second set of 

chimeras was created by cloning surface loops from the R. norvegicus EVE into the CPV-2 VP2 

backbone, as depicted in Figure 4. Five loops were individually cloned into the backbone 

(Loop1, VP2 residues 82-104; Loop 2, residues 214-244; Loop 3, residues 290-314; Loop 4, 

residues 346-449; Loop 5, residues 546-584) and a complete chimera containing all 5 surface 

loops was also created. For individual surface loop chimeras, capsid assembly was determined 

by incubating capsids with anti-CPV monoclonal antibodies 8 and 14, which recognize two 

different antigenic sites on CPV capsids and only bind to assembled particles (20).  

Examination of assembled capsid properties. The M. spretus EVE VLPs and wild-type 

CPV-2 VLPs were tested for stability using differential scanning fluorometry. 2.5µg of VLPs in 

either PBS (pH 7.4) or 0.1M citric acid (pH 5.5) were combined with 2.5 µL of 1% SYPRO 
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orange dye (Life Technologies) and heated from 25°C to 95°C at a rate of 1°C/min using a 

StepOnePlus Real-Time PCR thermocycler (Applied Biosystems). Melting temperature was 

determined by taking the first derivative of the resulting curve and finding its maximum. Results 

from three independent experiments were analyzed via ANOVA using GraphPad Prism (v7.04, 

GraphPad Software, Inc.). 

Purified CPV-2 and M. Spretus EVE VLPs were separated on a 10% SDS-PAGE gel and 

either silver stained using a Pierce Silver Stain kit (Thermo) according to the manufacturer’s 

instructions or transferred onto a nitrocellulose membrane and stained with a rabbit polyclonal  

anti-CPV primary antibody and a goat anti-rabbit HRP secondary antibody. 

Capsids were also tested for hemagglutination (HA) with mouse erythrocytes. Capsids 

were serially diluted 1:1 in 25µL of Bis-Tris buffered saline (BTBS) pH 6.2, then 50µL of 0.5% 

v/v mouse erythrocytes in BTBS was added and mixtures were incubated at 4°C overnight. For 

neuraminidase (NA)-treated erythrocytes, sialic acids were cleaved by overnight incubation at 

37°C with 40U of α-2,3,6,8,9 Neuraminidase A (NEB) in PBS pH 7.4. The sialic acid forms on 

mouse erythrocytes was were examined by analysis of DMB-labelled sialic acids on a Dionex 

UltiMate 3000 high-performance liquid chromatography system.  

Cell binding and uptake of M. spretus EVE VLPs was determined by fluorescently 

labeling capsids with Alexa-488 using Alexa Fluor 488 5-SDP Ester (Life Technologies) 

according to the manufacturer’s protocol. 10µg of capsids were added to mouse L cells seeded at 

1×105 cells/cm2on glass cover slips, and incubated for 1 h at 37°C. Cells were fixed in 4% 

paraformaldehyde for 10 min, mounted on slides using ProLong Gold Antifade Mountant with 

DAPI (Life Technologies), and imaged using a Nikon TE300 epifluorescence microscope. Cell 

binding and uptake of Loop 4 chimeric VLPs was determined by incubating 4µg/mL capsids 
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with NLFK or TRVb cells seeded at 2×104 cells/cm2 on cover slips. Cells were fixed and then 

stained with a rabbit anti-CPV polyclonal antibody and/or a mouse anti-TfR monoclonal 

antibody (Life Technologies, #QB213080), followed by staining with goat anti-rabbit Alexa594 

and/or goat anti-mouse Alexa488 secondary antibodies. Cells were mounted on slides and 

imaged in the same way as the L cells. 
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CHAPTER FIVE 

Summary and conclusions 
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 Despite their small size and seeming simplicity, parvoviruses must still undergo all of the 

steps of infection that viruses with larger genomes do. Because parvoviruses encode variants of 

only two proteins, their capsids, rather than a series of specialized proteins, carry out all of these 

steps up to delivering the viral genome to a host cell nucleus, and undergo a number of complex 

interactions with receptors and other host factors in order to do so. Capsids must also be stable 

enough to protect the viral genome from the environment, but flexible enough to release the 

genome when the conditions are right. Mutations or host factors, such as antibodies, that disrupt 

any of these processes can result in a loss of infection. The studies in this dissertation explore 

how the canine parvovirus (CPV) capsid facilitates infection, from receptor binding and 

proteolytic cleavage events to the effects of antibody binding. This dissertation also examines 

parvovirus endogenous viral elements (EVEs), ancient viral sequences that allow determination 

of what parvoviruses were like millions of years ago. These works improve the understanding of 

parvovirus infection and evolution, and provide targets that antiviral drugs or antibodies could 

potentially use to neutralize infection of parvoviruses. 

 

5.1 Mutations to critical capsid structures 

 Point mutations to critical structures of the parvovirus capsid result in loss of infectivity. 

VP2 Cys270Ser mutation results in the loss of a proteolytic cleavage site between residues 269 

and 270 on the interior surface of the capsid, decreasing infectivity roughly 100-fold compared 

to wild-type virus and increasing the stability of capsids. Because the proteolytic cleavage occurs 

both in wild-type viruses produced in mammalian cells and virus-like particles produced in 

insect cells, it is likely that the capsid undergoes autoproteolytic cleavage. The initial analysis of 

the capsid structure suggested that Cys270 and the nearby residue His137 might form the 
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protease, but mutation of His137 to alanine had no effect on viral infectivity or proteolytic 

cleavage. Subsequent analysis of CPV capsids with high resolution mass spectrometry showed 

that Cys270 was carboxymethylated, and it is possible that the carboxyl group and residue 

Asp269 acted as the catalytic dyad in an acid protease to trigger proteolytic cleavage. Additional 

experiments disrupting this putative protease and exploring why only a fraction of capsid 

proteins are cleaved are needed to fully understand the proteolytic cleavage event. 

 VP2 Cys273Ser mutation reduces viral infectivity over 106-fold, and results in a 

significant increase in capsids that remained trapped in the nucleus after assembly. The 

mechanism responsible for this increase is unknown, however, and seems unrelated to the 

proteolytic cleavage event at residue 270. Pro272Lys mutation similarly causes an over 106-fold 

loss of infectivity, and capsid proteins containing this mutation appear to degrade in the cell 

cytoplasm, suggesting an assembly defect that prevents capsids from forming. 

 Each of these mutations disrupts a critical function during CPV infection, which likely 

has analogs in other parvoviruses and perhaps even in other types of viruses. Better 

understanding how these mutations interfere with infection provides basic knowledge about how 

viruses work and highlights potential antiviral drug targets for this and other viruses.  

 

5.2 Receptor and antibody binding interactions 

 CPV and the transferrin receptor (TfR) have a complex interaction that determines 

whether or not CPV can infect cells. This interaction involves more than strength of adhesion, as 

has been shown by several studies that report that CPV can enter cells with specific mutations or 

alterations to the TfR, but is unable to infect them. Mutation of CPV VP2 residues 299 and 300, 

which are associated with TfR binding, to lysine results in a 106-fold loss of infectivity even 
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though capsids retain their ability to bind to the TfR and enter cells. More detailed examination 

of the TfR/capsid interaction with this mutant revealed that even though it bound strongly to the 

TfR and had an association curve that was similar to wild-type capsids in bio-layer 

interferometry experiments, its disassociation curve was significantly different. While wild-type 

capsids had a disassociation curve that showed they remained strongly attached to the TfR (after 

an initial drop on the curve as weak associations came unbound), the mutant capsids showed a 

much steeper disassociation curve, indicating that they interacted with the TfR differently than 

wild-type capsids. During an infection, capsids are endocytosed into cells immediately after 

binding to the TfR, which allows even viruses with low affinity for the TfR to enter cells, but the 

299Lys/300Lys mutant’s loss of infectivity indicates that a TfR/capsid interaction after 

endocytosis is required for infection. One explanation for these results is that the TfR induces a 

conformational change in the CPV capsid after binding to it that activates the capsid for 

infection.  

 TfRs of different species have different interactions with CPV capsids. The feline TfR 

binds to CPV strongly, but the canine TfR binds to CPV extremely weakly due to a bulky glycan 

on its apical domain, where virus binding occurs. TfRs from the black-backed jackal, the most 

closely related species to dogs without the inhibitory glycan, bind to CPV even more strongly 

than the feline TfR. While CPV capsids are taken up into cells expressing the black-backed 

jackal TfR to higher levels than cells expressing the feline or canine TfRs, all of these TfRs 

allow infection. Furthermore, greater strength of TfR binding does not correlate with higher 

levels of infection, and cells expressing the feline TfR or the black-backed jackal TfR both 

support CPV-2 growth to similar levels. 

 The maximum number of TfRs that can occupy the capsid surface also differs depending 
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on species. Between 1 and 5 feline TfRs bind to CPV-2 capsids. In contrast, up to 12 black-

backed jackal TfRs can occupy each capsid (one receptor per 5-fold axis of symmetry), the 

maximum number of TfRs predicted to fit around the capsid due to steric constraints. 

Interestingly, if CPV capsids are first bound to a single copy of the feline TfR, there is a small 

reduction in the number of black-backed jackal TfRs that can bind to capsids, compared to CPV 

capsids that were first bound to a single copy of the black-backed jackal TfR. This suggests that 

the feline TfR induces a local conformational change in the capsid that prevents the attachment 

of additional TfRs, and could explain why few copies of the feline TfR bind to the capsid even 

though the binding interaction itself is strong.  

 CPV VP2 residues Asn93 (on capsid surface loop 1) and Ala300 (on capsid surface loop 

3) have been implicated in the TfR binding interaction in numerous studies and vary depending 

on the host CPV is isolated from. Mutation of residue 93 and three other residues on loop 1 to 

alanine results in a large and significant decrease in binding to the TfR. Mutation of 6 amino 

acids surrounding residue 300 to alanine, however, not only does not decrease the binding 

affinity to the TfR, but actually may strengthen it. This suggests that while loop 1 is directly 

involved in the capsid/TfR binding interaction, loop 3 may sterically or biochemically inhibit 

that interaction, as substituting all of the large, charged, and/or polar residues on loop 3 to 

alanine improved binding strength. The loop 3 mutant capsids also bind much more strongly to 

the canine TfR, implying that loop 3 residues on wild-type capsids may clash with the glycan on 

the canine TfR apical domain.  

 Antibodies 14 and E bind to canine parvovirus with 10-fold higher affinity than the 

strongest CPV/TfR interaction. At sufficiently high concentrations, this difference in affinity 

allows antibodies (or antigen binding fragments (Fabs)) to compete CPV capsids off of the TfR. 
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Fab E, produced from a monoclonal antibody of the same name, is particularly efficient at 

competing CPV capsids off of the TfR, and can also successfully compete capsids away from 

scFv-Fcs (single-chain variable fragments fused to an antibody constant fragment) derived from 

monoclonal antibodies. Fab E, unlike many other Fabs that have been tested, can neutralize CPV 

at very low concentrations, which suggests that it in some way alters the capsid in order to 

neutralize it, rather than sterically blocking all of its receptor binding sites, as is possible at 

higher concentrations. A cryo-EM structure of CPV and Fab E confirms that Fab E induces a 

conformational change in CPV after binding, and this change to capsid structure is likely what 

makes Fab E so successful at competing CPV capsids off of other ligands.  

 Together, these results illustrate the complex nature of the CPV/TfR interaction, which 

involves far more than adhesion. Likely, TfRs from different species bind to CPV in 

approximately the same way and location, but slight differences either in the fit of the TfR on 

CPV, in a conformational change induced in the CPV capsid, or both, determine if a particular 

species’ TfR can facilitate infection. Antibody binding may also have differential effects on the 

CPV/TfR binding interaction, depending on what species the TfR is derived from and the 

strength of binding. However, structural characterization of the different CPV/TfR complexes is 

necessary to determine if either of these hypotheses are correct. 

 

5.3 Parvovirus endogenous viral elements 

 Ancient parvoviral sequences, preserved in host genomes as endogenous viral elements 

(EVEs), provide information about how parvoviruses have evolved over millions of years. Some 

EVE sequences can be repaired to remove stop codons and frameshift mutations, and capsid 

proteins expressed from those sequences can be examined to determine what ligand binding and 
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biochemical properties ancient parvoviruses had. Capsid proteins expressed from the Mus 

spretus EVE sequence assemble into virus-like particles (VLPs) with a size and morphology 

similar to modern parvoviruses. These VLPs have high structural stability, even among 

parvovirus capsids, and their capsid proteins do not appear to undergo much proteolytic 

cleavage, which may account for some of the structural stability. M. spretus VLPs are also 

capable of binding to N-acetylneuraminic acid (Neu5Ac), which is present on the surface of 

murine cells, and are taken up into murine cells in a pattern reminiscent of modern parvoviruses. 

Capsid proteins expressed from Apodemus sylvaticus and Rattus norvegicus EVE sequences do 

not assemble into capsids after removal of stop codons and frameshift mutations, but if 

individual R. norvegicus surface loops are substituted into the major capsid protein of CPV, 

chimeric VLPs can assemble and show altered patterns of uptake into cells. 

The difficulty of getting capsids to assemble from some of the endogenized sequences 

indicates that there may be other mutations distributed throughout the sequences that prevent 

capsids from assembling. This, along with the multiple mutations that disrupt open reading 

frames, implies that expression of intact parvovirus capsid proteins does not benefit (and may 

actually harm) host cells, even in the absence of viral replication. Any advantages EVEs provide 

to host cells must therefore be mediated either by truncated proteins, if EVEs are transcribed and 

expressed, or at the DNA or RNA level. 

 Analysis of virus-like particles derived from endogenized parvoviral sequences gives a 

greater understanding of how ancient parvoviruses behaved, what ligands they bound to, and 

what range of species they may have infected. This information can help predict how 

parvoviruses might change in the future, and which regions of their capsids might remain the 

same. These capsids, which have never been exposed to the immune systems of modern species, 
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might also serve as gene therapy vectors or aid in their development. 

 

5.4 Conclusions and future directions 

 Taken as a whole, these studies show that in spite of its small size, canine parvovirus is 

remarkably complex. Although parvovirus capsids are extremely stable in the environment, 

single mutations to the capsid protein can disrupt the machinery that allows CPV to infect cells. 

Likewise, small changes that disrupt the interaction between CPV and the TfR can result in a 

loss of infectivity even though capsids are still taken up into cells. TfR binding likely activates 

CPV for infection, possibly through a conformational change to the capsid protein, and antibody 

binding that interferes with this process, either through crosslinking capsid subunits or inducing a 

conformational change of its own, should be particularly effective at blocking infection. Analysis 

of capsid proteins and VLPs derived from parvovirus EVEs furthers the understanding of 

parvovirus ligand binding, assembly requirements, and sensitivity to mutations or changes to 

surface loops. 

 Additional experiments are needed to define the precise nature of the interaction between 

CPV and the TfR and determine whether or not receptor binding induces a conformational 

change in capsid structure. Further work, examining what impact endogenous parvoviral 

sequences have on infection by extant parvoviruses or assembly of ancient parvovirus capsid 

proteins (expressed as VLPs), is also needed to advance the understanding of why hosts maintain 

EVE sequences and what, if any, purpose EVEs serve in the host.  

 


