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ABSTRACT 26 

Canine parvovirus (CPV-2) emerged in 1978 and spread worldwide within two years. 27 

Subsequently, CPV-2 was completely replaced by the variant CPV-2a, which is characterized 28 

by four specific capsid (VP2) mutations. The X-ray crystal structure of the CPV-2a capsid 29 

shows that each mutation confers small local changes. The loss of a hydrogen bond and 30 

introduction of a glycine residue likely introduce flexibility to sites that control interactions with 31 

the host receptor, antibodies, and sialic acids.  32 

(74 words) 33 

 34 

TEXT 35 

Canine parvovirus (CPV) is closely related to feline panleukopenia virus (FPV), a parvovirus 36 

that infects domestic cats and a variety of non-domestic carnivores, but is non-infectious to 37 

dogs (1, 2). In the 1970s, canine parvovirus type-2 (CPV-2) emerged as a new pathogen of 38 

dogs and the virus subsequently spread around the world during 1978 (3). However, by the 39 

end of 1980, CPV-2 was completely replaced globally in dogs by a genetic and antigenic 40 

variant termed CPV type-2a (CPV-2a) (4). We have previously shown that four amino acid 41 

changes at VP2 residues 87, 101, 300, 305 characterize the CPV-2a variant. These four 42 

mutations map to or near the capsid surface and influence infection by altering binding to the 43 

carnivore transferrin receptor (TfR), the host cell attachment protein for these viruses (5). 44 

Additionally, these four mutations have been shown to alter antibody binding, as they cluster to 45 

a position on the capsid surface where an antigenic site overlaps with the receptor-binding site 46 

(5-8). Besides these four mutations, there are other changes seen between CPV-2 and later 47 

isolates that became globally distributed. VP2 residue 375, which was an Asp in both FPV and 48 

CPV-2a, is an Asn in most CPV-2 isolates. VP2 residue 426, changed from Asn to Asp and 49 

then from Asp to Glu in the so-called CPV-2b and -2c antigenic variant strains, respectively (9, 50 

10). However, as the CPV-2b and -2c antigenic strains differ from CPV-2a at only one position 51 



(VP2 residue 426), they are now considered to be variants of CPV-2a rather than distinct 52 

subtypes, as are all of the CPVs circulating worldwide today.  53 

One of the major biological differences between CPV-2 and CPV-2a was the ability of 54 

the latter to infect cats in vivo. This extended feline host tropism of CPV-2a was shown to be 55 

due to changes within VP2, demonstrating that subtle alterations in the capsid region could 56 

influence the tropism and host range of the virus (11, 12). Overall, the amino acid changes 57 

observed between the capsids of CPV-2 and CPV-2a altered their phenotypes by specifically 58 

conferring changes in the binding of the virus to the carnivore TfR, the antigenicity of the virus, 59 

and the pH-dependent binding of sialic acid (3,7-11). The biological effects conferred by 60 

residues 87, 101, 300, and 305 individually, and in all combinations, have been reported in 61 

detail by Stucker et al. (2012) (11), which showed that these residues work in concert to 62 

determine the specific antigenic properties found in the CPV-2 and CPV-2a capsids, as well as 63 

to the differences in binding to the domestic dog and cat TfRs.  64 

The rapid and global replacement of the CPV-2 strain by CPV-2a indicated a strong 65 

selective advantage in replication and/or transmissibility among dogs, indicating that the 66 

genetic/antigenic changes in CPV-2a had far-reaching biological consequences (13). The 67 

viruses that have descended from CPV-2a have broad host ranges and are ubiquitous 68 

pathogens of both domestic and wild carnivores, demonstrating that CPV-2a has become very 69 

widespread in many hosts since its emergence (12). CPV-2a may also possibly be displacing 70 

FPV-like viruses in many wild carnivore hosts, as CPV-2a was recently demonstrated to be 71 

dominant over FPV in sylvatic cycles in the United States (Allison et al, PLoS Pathogens, 72 

accepted 2014).  73 

To understand how the structural changes in the capsid have conferred an advantage, 74 

which allowed CPV-2a to outcompete completely its predecessor virus in dogs and other 75 

hosts, we solved the X-ray crystal structure of CPV-2a. Parvovirus capsids were purified by 76 

sucrose gradient ultracentrifugation as described previously (13). CPV-2a crystals were 77 



obtained at room temperature using the sitting-drop vapor-diffusion method by mixing 10 mg 78 

ml−1 of the virus in a 1:1 ratio with a mother liquor solution containing 10.2 M magnesium 79 

acetate tetrahydrate, 0.1 M sodium cacodylate trihydrate, pH 6.5, and 20% v/v (+/-) 80 

polyethylene glycol (PEG) 8000. Crystals appeared in twelve days and were soaked for 30 to 81 

90 sec in mother liquor containing 10% PEG 400 and 20% glycerol, then flash frozen in liquid 82 

nitrogen. Data were collected at 100 K on the ADSC Quantum4 charge-coupled device (CCD) 83 

detector at beam line F1 at the Cornell High Energy Synchrotron Source (CHESS) using an 84 

oscillation range of 0.2° and a detector distance of 375 nm. The crystal diffracted to a 85 

resolution of 3.1 Å (Table 1).  86 

For the structure solution and refinement of the CPV-2a variant, diffraction images were 87 

indexed and integrated using MOSFLM (14). The integrated diffraction images were scaled 88 

with AIMLESS (15) and the structure of the CPV variant was solved by molecular replacement 89 

with PHASER (16), using the molecular coordinates of a previously reported CPV structure 90 

(PDB code 4DPV) (17) that had been mutated to the sequence identity of CPV-2a. The partial 91 

structure solution from PHASER was then subjected to iterative cycles of manual model 92 

building with COOT (18). The final structure refinement was carried out in PHENIX (19) using 93 

six-fold non-crystallographic symmetry (NCS) averaging over the 30-capsid protein monomers, 94 

each of which is composed of 584 amino acids, covering the asymmetric unit. Final structure 95 

validation was performed manually in COOT (Figure 1).   96 

The structures of CPV-2a and CPV-2 superimposed with a RMSD = 0.55Å indicating 97 

high structural similarity. In addition to the four mutations in the capsid protein previously 98 

characterized, M87L, I101T, A300G, D305Y, we also examined N375D and N426D, which 99 

were in the structure of the CPV-2a-derived strain. Each change resulted in local alterations 100 

between the capsid structures of CPV-2 and CPV-2a (Figure 1). The most significant structural 101 

difference was seen at the Ala to Gly replacement of residue 300 in the GH loop, which 102 

resulted in a 3 Å movement of the polypeptide chain and the loss of a stabilizing hydrogen 103 



bond. Adjacent to Gly 300 is another glycine (Gly 299), suggesting this replacement with its 104 

lack of side chains and resultant fewer hydrogen bonds increases the flexibility of a significant 105 

surface loop of the capsid. This enhanced flexibility is reflected in the higher temperature factor 106 

seen in the CPV-2a GH loop. Single point mutations can enhance binding by changing the 107 

thermodynamic properties between two molecules without causing a detectable change in 108 

structure (20). Thus the change at 300 introduced increased entropy, which can influence the 109 

binding between the capsid and its major host cell receptor. 110 

In addition, Gly 300 is within one of the major antigenic sites (site “B”) on the capsid (7, 111 

8), along with residue 305, and it is also within a region that controls host tropism through 112 

binding to the domestic dog and cat TfRs (6, 21-23). Previous studies have shown that VP2 113 

residue 300 Gly, along with Tyr 305, make up the CPV-2a-specific antigenic epitope 114 

recognized by a number of CPV-2a specific monoclonal antibodies, while residues Leu 87 and 115 

Thr 101 control the 5 to 20-fold reduced level of binding of CPV-2a to domestic dog and cat 116 

cells (11). 117 

The Asp replacement of Asn at VP2 residue 375 may have caused a slight structural 118 

alteration (Figure 1) since there is a conformational change within the adjacent 359-375 loop, 119 

which has been described as a “flexible” loop (26). This loop is a pH-sensitive structure that 120 

directs binding to divalent ions (most likely calcium) in FPV and CPV-2 (26). In FPV, the ion 121 

density is adjacent to the flexible loop and coordinated by Asp 373 and Asp 375, as well as by 122 

the carbonyl oxygen atoms of Arg 361 and Gly 362, as previously described for the FPV 123 

structure at pH 7.5 (26). Densities corresponding to an ion, in this case presumably Mg++ due 124 

to its presence in the crystallization solution, were observed in the density map of CPV-2a. The 125 

coordination of a Mg++ ion likely contributed to the conformational differences between the 126 

flexible loops of CPV-2 and the CPV-2a variant.   127 

The change from Asn to Asp at residue 426 altered the characteristics of the antigenic 128 

site “A” (in the Asp-containing CPV-2a mutants formerly referred to as CPV-2b), which 129 



prevented the binding of several monoclonal antibodies (7, 8). Although the 426 site conferred 130 

only insignificant main chain movement (Figure 1), the Asp introduced a negative charge that 131 

likely blocked the interaction of some of the A-site antibodies (8). Of the four surface-exposed 132 

residues that are different between CPV-2 and CPV-2a (VP2 positions 87, 300, 305, 426; VP2 133 

positions 101 and 375 are buried), three map to the interface between capsid proteins (Figure 134 

2), suggesting a contribution to capsid stability or metastability. The interlinked nature of the 135 

CPV capsid proteins allows Gly 300 and Tyr 305 of one VP2 protein to stack with Leu 87 and 136 

Thr 101 of a neighboring protein (Figure 2), explaining how they may act in concert to alter the 137 

viral properties (5). 138 

In conclusion, the profound impact of the CPV-2a-associated mutations on the success 139 

of the virus in nature and its ability to globally replace CPV-2 has been conferred by minor 140 

rearrangements and subtle conformational changes. However, these small structural changes 141 

led to enhanced flexibility of the CPV-2a capsid, which influenced the host tropism, specific 142 

receptor and sialic acid binding, and antigenicity of the virus (5), and collectively resulted in the 143 

pandemic spread of CPV-2a and its ability to outcompete CPV-2 worldwide. 144 
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TABLES 228 
 229 
Table 1.  230 

Data collection and refinement statistics for the CPV-2a crystal structure. 231 

 232 

 233 

  234 

 

Data Collection 

 

   Space Group P42 21 2 

   a, b, c (Å) 453.10, 453.10, 319.02 

 90.0, 90.0, 90.0 

   Resolution (Å) 50-3.5 (3.56 - 3.50) 

   Rsym(%) 21.9 (44.3) 

   I/σ(I) 8.0 (4.4) 

   Completeness (%) 99.9 (100.0) 

   Multiplicity 6.7 (6.7) 

Refinement  

   Resolution (Å) 50-3.5  

   No. reflections 410,301 

   Rwork/Rfree 18.0/22.1 

Number of atoms  

   Protein 130560 

   Mg 30 

   Water - 

B-factors (Å
2
)  

   Protein 23.6 

   Wilson B 43.96 

R.M.S. deviation  

   Bond lengths (Å) 0.013 

   Bond angles (°) 1.54 

PDB Codes 4QYK 



FIGURE LEGENDS 235 

 236 

Figure 1.  (A) The crystal structure of a single capsid protein of CPV-2a shown as a ribbon 237 

diagram. The CPV-2a and CPV-2 (PDB accession number 1C8D) (24) carbon alphas 238 

superimposed with a RMSD= 0.546Å. Symmetry axes are indicated by black lines and 239 

symbols. (B) A representative region of the 2mFo-dFc electron density map of CPV-2a 240 

rendered at 1.0 σ shows the quality of the map with the crystal structure (green and red). (C-H) 241 

The local structure of each altered residue (cyan and yellow for CPV-2a and CPV-2, 242 

respectively) is shown with superimposed structures of CPV-2a and CPV-2 (blue and gold, 243 

respectively) (PDB accession number 1C8D) (24) within the electron density to show side 244 

chain density.  245 

 246 

Figure 2.  A) Capsid protein mutations that differentiate CPV-2 and CPV-2a, including VP2 247 

residues 87, 300, and 305 (highlighted in yellow), map to the surface of virus, which is 248 

displayed as a stereographic projection with the surface residues represented as a quilt of 249 

amino acids with one icosahedral asymmetric unit outlined by the triangle (25). The site of the 250 

VP2 426 mutation that distinguishes different variants of CPV-2a (i.e., “CPV-2b and 2c”) is also 251 

highlighted in yellow and is located on the top of the three-fold spike. VP2 residue 101 is buried 252 

just beneath the surface. Individual capsid proteins are differentiated by shades of blue, 253 

magenta, and green to show the close-knit interactions that make up the capsid. (B) The 254 

stacking interaction of 87 and 101 (pink and yellow) with 300 and 305 (magenta and yellow) on 255 

a neighboring VP2 molecule is possible because of the intertwining of structural proteins 256 

comprising the icosahedral capsid. 257 

 258 

Figure 3. Zoomed in view of the GH loop in the structures of CPV-2 (gold) compared to CPV-259 

2a (blue) to show the substitution at 300 (red arrows) from Ala (yellow in CPV-2) to Gly (cyan 260 



in CPV-2a). The ribbon diagram displays H-bonds (green) and shows that the A300G change 261 

in CPV2-a results in the loss of a Hydrogen bond (black arrow). The correspondingly higher B-262 

factor in the GH loop of CPV2-a suggests enhanced flexibility. 263 
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