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24

ABSTRACT

25

Sylvatic carnivores, such as raccoons, have recently been recognized as important hosts in the

26

evolution of canine parvovirus (CPV), a pandemic pathogen of domestic dogs. Although viruses

27

from raccoons do not efficiently bind the dog transferrin receptor (TfR) or infect dog cells, a

28

single mutation changing an aspartic acid to a glycine at capsid (VP2) position 300 in the

29

prototype raccoon CPV allows dog cell infection. As VP2 position 300 exhibits extensive amino

30

acid variation among the carnivore parvoviruses, we further investigated its role in determining

31

host range by analyzing its diversity and evolution in nature, and by creating a comprehensive

32

set of VP2 position 300 residues in infectious clones. Notably, some position 300 residues

33

rendered CPV non-infectious for dog, but not cat or fox, cells. Changes of adjacent residues

34

(299 and 301) were also often observed after cell culture passage in different hosts, and some

35

of those mimicked changes seen in viruses recovered from natural infections of alternative

36

hosts, suggesting that compensatory mutations were selected to accommodate the new 300

37

residue. Analysis of the TfRs of carnivore hosts used in the experimental evolution studies

38

demonstrated that their glycosylation patterns varied, including a glycan present only on the

39

domestic dog TfR that dictates parvovirus susceptibility. Overall, there were significant

40

differences in the ability of viruses with alternative 300 residues to bind TfRs and infect different

41

carnivore hosts, demonstrating that the process of infection is highly host-dependent and that

42

VP2 position 300 is a key determinant of host range.

43
44
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45

IMPORTANCE

46

Although the emergence and pandemic spread of canine parvovirus (CPV) has been well

47

documented, the carnivore hosts and evolutionary pathways involved in its emergence remain

48

enigmatic. We recently demonstrated that a region in the capsid structure of CPV, centered

49

around VP2 position 300, varies after transfer to alternative carnivore hosts and may allow

50

infection of previously non-susceptible hosts in vitro. Here, we show that VP2 position 300 is the

51

most variable residue in the parvovirus capsid in nature, suggesting it is a critical determinant in

52

the cross-species transfer of viruses between different carnivores due to its interactions with the

53

transferrin receptor to mediate infection. To this end, we demonstrated that there are substantial

54

differences in receptor binding and infectivity of various VP2 position 300 mutants for different

55

carnivore species, and that single mutations in this region can influence whether a host is

56

susceptible or refractory to virus infection.

57
58
59
60
61
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71

INTRODUCTION

72

The emergence of viruses to cause epidemic or pandemic disease in new hosts is a continual

73

threat to human and animal health. However, the viral and host mechanisms that control such

74

events are often poorly understood. Although there are constant viral exposures occurring

75

between many different species, most viruses do not infect or achieve sustained onward

76

transmission in alternative hosts, indicating that there are barriers that prevent viruses from

77

infecting, adapting to, or being maintained in a new host species (1). Blocks to infection and

78

transmission in new hosts may occur at many levels including passive barriers, innate immune

79

responses, cellular binding and entry, intracellular replication, cellular exit, and transmissibility

80

(2). However, exactly how such factors control cross-species transfers or prevent prolonged

81

transmission of viruses is often not well defined. Additionally, how viruses can overcome these

82

host barriers and the evolutionary processes that allow efficient host switching are often

83

obscure.

84

Canine parvovirus (CPV) first emerged as a pathogen of domestic dogs (Canis lupus

85

familiaris) in the mid-1970s and spread worldwide in 1978 (3-5).

Genetic and functional

86

analyses of CPV demonstrated that it is very closely related (>99% nucleotide identity) to feline

87

panleukopenia virus (FPV), a parvovirus infecting domestic cats (Felis catus) and other

88

carnivores that is non-infectious to dogs, and that the ability of CPV to infect and spread

89

efficiently in the dog population was due to a limited number of amino acid substitutions in the

90

capsid (6, 7). These capsid mutations enabled the virus to bind efficiently to the transferrin type

91

1 receptor (TfR) on dog cells allowing for infection, and that change appears to be a key event

92

in the pandemic emergence of CPV (8-10).

93

glycosylation site found only in the TfR of dogs and very closely related canids (coyotes [Canis

94

latrans] and gray wolves [Canis lupus]) was a primary determinant blocking binding and

95

infection of FP-like viruses in these species, which was overcome by CPV (11-15). Since its

96

emergence, CPV has not only continued to circulate worldwide in domestic dogs and cats, but is

It was later demonstrated that a unique
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97

also endemic in sylvatic cycles among various wild carnivore species such as raccoons

98

(Procyon lotor), pumas (Puma concolor), fishers (Martes pennanti), coyotes, and wolves, which

99

in turn suggests that cross-species transmission events between domestic and non-domestic

100

carnivores has played a major role in CPV evolution (15-17).

101

The capsid of CPV is a non-enveloped T=1 icosahedron that is 26 nm in diameter and is

102

composed of two viral proteins, VP1 and VP2. VP2 is a shorter form of VP1, lacking the 143 N-

103

terminal amino acids, and comprises ~90% of the capsid. VP1 and VP2 are composed of a

104

core eight-stranded β-barrel motif, with some β-strands connected by extensive loop structures

105

that form the capsid surface (18, 19). One raised area of the capsid known as the three-fold

106

spike contains epitopes recognized by neutralizing antibodies, as well as residues involved in

107

TfR binding and infection, such that it is central in controlling both the host range and

108

antigenicity of CPV (20). In particular, residues near the tip of an extended and exposed loop

109

on the shoulder region of the three-fold spike, including VP2 position 300 and the adjacent

110

residues 299 and 301, control domestic dog infection through binding to the TfR (9-11, 21-22).

111

Alteration of these residues can also affect the ability of monoclonal antibodies to bind and

112

neutralize the virus (23-24).

113

Recently, we demonstrated that variants of CPV isolated from raccoons did not

114

efficiently bind the TfR of the domestic dog or infect dog cells (16) and that the ability of raccoon

115

viruses to gain the host range for dog cells was associated with a single mutation of VP2

116

residue 300 from an Asp to Gly (15).

117

parvoviruses isolated from various hosts, position 300 tends to be highly variable. For example,

118

all FPV isolates from cats have a 300-Ala, as did the first strains of CPV in dogs (CPV-2),

119

whereas all recent isolates of CPV from dogs (CPV-2a and its variants) collected worldwide

120

have a 300-Gly. In contrast, all recently identified CPV raccoon isolates contain a 300-Asp,

121

which was the only mutation common to all raccoon viruses analyzed (15-17). Although a

122

number of additional VP2 mutations were observed in raccoon isolates when compared to dog

When comparing VP2 sequences among carnivore
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123

viruses (e.g., VP2 residues 190, 224, 232, 305), the change of residue 300 was the only capsid

124

mutation needed for that virus to gain the dog host range in vitro (15).

125

We have also previously reported that changes of VP2 residue 300-Ala to Asp, and/or

126

301-Thr to Ile, in a CPV-2 mutant derived by passage of the virus in domestic cat cells inhibited

127

infection of dog cells (21). Additionally, the change of residue 299 from Gly to Glu inhibits

128

domestic dog cell infection by blocking binding to the TfR (9, 11). Collectively, these findings

129

demonstrate that this loop region on the shoulder of the three-fold spike, encompassing

130

residues 299, 300, and 301, is a key determinant of host range. In the capsid structure, the

131

300-Ala to Asp mutation created a new hydrogen bond (salt bridge) between the 300-Asp and a

132

81-Arg in a neighboring three-fold subunit (23).

133

relatively small structural displacements of the 299, 300, and 301 residues, it resulted in major

134

differences in tropism, showing that even subtle structural changes in this region could

135

significantly alter viral host range (21). Additionally, FPV and CPV isolates recovered from a

136

variety of other carnivore hosts show several alternative substitutions of VP2 position 300

137

besides Asp, Gly, or Ala, including Ile, Leu, Pro, Ser, and Val (16, 25-27). Many of these

138

alternate amino acid residues are associated with different carnivore species, suggesting that

139

the variation observed at VP2 position 300 is due to host-mediated selection, most likely

140

through altered capsid binding interactions with the TfRs of different hosts.

Although the 300-Asp mutation induced

141

To further determine the role of this capsid region in controlling TfR binding and host

142

range, we examined the cell culture adaptation of natural VP2 position 300 parvovirus variants

143

(in addition to some residues that are not observed in nature) to the two predominant domestic

144

hosts for these viruses, the domestic dog and cat. The goal was to determine if there were

145

differences in the tropism of the mutants to the different hosts. We also investigated the N-

146

linked glycosylation patterns of the dog and cat TfRs to better define the role of receptor

147

glycosylation in dictating the host ranges of the various viruses. Finally, to further clarify how

148

TfR sequence and/or structure may be influencing host range, we analyzed the in vitro
6

149

adaptation of the parvovirus mutants to another carnivore host, the gray fox. Although the gray

150

fox belongs to the same family (Canidae) as the domestic dog (with the two species sharing

151

98% amino acid identity in their TfRs), unlike dogs, it is susceptible to FPV and has the same

152

potential TfR glycosylation sites as the domestic cat (15).

153
154

MATERIALS AND METHODS

155

Evolution of VP2 amino acid residue 300 in nature. To determine the evolution of

156

VP2 position 300 and adjacent residues 299 and 301 in nature, particularly the occurrence of

157

parallel mutations, we mapped mutations at these sites onto a previously determined (15)

158

maximum likelihood phylogeny of 343 VP2 sequences from multiple carnivore host species. To

159

undertake the amino acid mapping, we utilized the parsimony method available in the PAUP*

160

package (version 4) (28).

161

Construction of mutant viruses. A comprehensive set of VP2 position 300 mutants

162

was prepared in both CPV (strain CPV-2a) and FPV infectious clones (29). For the CPV clone,

163

this included the eight residues that have been identified in naturally occurring carnivore

164

parvoviruses (Ala, Asp, Gly, Ile, Leu, Pro, Ser, and Val), in addition to other residues that have

165

not been observed in field isolates (His, Phe, and Trp) (although 300-His has been observed

166

during in vitro adaptation of raccoon viruses in ferret cells [15]). The rationale of creating VP2

167

position 300 mutations of CPV previously not observed in nature was to determine if their

168

apparent absence from field samples was because those residues were deleterious in common

169

hosts.

170

observed in FPV in nature (Ala, Ile, Leu, and Val), as well as the two major VP2 position 300

171

residues seen in current CPV isolates from different hosts - Gly and Asp. The rationale for

172

incorporating Gly and Asp residues into the FPV infectious clone was to investigate why such

173

residues are only seen in CPV isolates but not FPV. Lastly, we specifically analyzed the VP2

174

position 299-Gly to Glu mutation in FPV. This change was consistently observed in some VP2

Mutations made in the FPV infectious clone were those that have previously been
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175

position 300 mutants of CPV when passaged in cat (but not dog or gray fox) cells (see Results),

176

suggesting it was a cat-specific mutation.

177

Mutant viruses were prepared using the Phusion Site-Directed Mutagenesis Kit

178

(ThermoScientific, Waltham, MA) according to the manufacturer’s instructions. Plasmids were

179

transfected into Nordon Laboratory feline kidney (NLFK) cells using Lipofectamine 2000

180

(Invitrogen, Carlsbad, CA) according to the manufacturer’s instructions, and recovered viruses

181

were passaged one additional time in NLFK cells to generate stocks for use in the experimental

182

evolution studies. The VP2 position 300 mutation (along with the lack of other mutations in the

183

entire VP2 gene) of the virus stocks were verified by PCR. Virus stocks were titrated by an

184

immunofluorescence TCID50 assay in NLFK cells as previously described (15). Capsid titers

185

were determined by hemagglutination of cat erythrocytes. Briefly, two-fold dilutions of virus in

186

Bis-Tris buffered saline (bTBS) (17mM Bis-Tris, 150mM NaCl, 2.5mM MgCl2, 0.7mM CaCl2, 1.0

187

g/l bovine serum albumin [BSA]; pH 5.87) were mixed with an equal volume of a 0.5% (v/v)

188

suspension of cat erythrocytes in bTBS and titers were expressed as the last dilution showing

189

>50% hemagglutination after a 4 h incubation at 4°C.

190

Cell lines and experimental evolution studies. The cell lines that were used in these

191

studies included NLFK [domestic cat (Felis catus) kidney], A72 [domestic dog (Canis lupus

192

familiaris) tumor], and FoLu [gray fox (Urocyon cinereoargenteus) lung] cells.

193

canine kidney cells (MDCK) (domestic dog kidney) were also used in some instances for

194

additional confirmation of results in A72 cells and for correlation with a similar tissue type

195

(kidney) between species (domestic dog and cat). A72, FoLu, and MDCK cells were obtained

196

from the American Type Culture Collection (ATCC, Manassas, VA). NLFK cells are a clonal cell

197

line derived from Crandell-Rees feline kidney cells. All cell lines were grown at 37°C in a 5%

198

CO2 atmosphere using minimum essential medium supplemented with 5% fetal bovine serum

199

(FBS) (Mediatech Inc., Manassas, VA) and 400 units/ml penicillin, 400 μg/ml streptomycin, and 1

200

μg/ml amphotericin B (Sigma, St. Louis, MO). Mutant viruses were inoculated into each of the

Madin-Darby
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201

cell lines at the time of seeding (~1 x 105 cells/ml) using a multiplicity of infection (moi) of 0.1

202

TCID50 in a 10-cm2 well format (6-well plate). Once the culture was confluent, the monolayer was

203

washed five times with sterile PBS to remove any residual virus, trypsinized, and the entire

204

culture (in 1 ml) was transferred into a 75-cm2 flask containing 19 ml of media. The supernatant

205

(passage 2) was harvested once confluency was reached or significant cytopathology was

206

observed. For passages 3-20, viruses were transferred at weekly intervals by inoculating 200 μl

207

of supernatant into a freshly seeded 10-cm2 well. DNA was extracted from supernatants from

208

passages 2, 5, 10 and 20 and the VP2 gene was sequenced and examined for mutations and

209

capsid titers were determined by hemagglutination of cat erythrocytes as above.

210

Single growth curve and relative infectivity assays. For single growth curve (multi-

211

step) analysis, select FPV and CPV mutants were assayed to determine how changes at VP2

212

position 300 and/or residues 299 or 301 affected replication. For FPV in cat cells, we chose to

213

analyze the two dominant residues found in CPV, 300-Gly and 300-Asp. As these two viruses

214

were shown to mutate by passage 5 to either 300-Val (Gly) or 300-His (Asp) (suggesting these

215

changes were necessary for a better fit to the cat TfR; see Results), we compared their growth

216

properties by reintroducing those mutations (300-Val or 300-His) back into a FPV background

217

and testing them against their parental viruses (300-Gly or 300-Asp, respectively). For CPV in

218

dog cells, we analyzed the 300-Val mutant in which a 301-Thr to Pro change occurred during

219

cell culture passage. This virus was chosen because the 301 change occurred both early in

220

passage (passage 5) and also became fixed by that passage (based on DNA chromatogram

221

peaks), suggesting that the 301-Pro mutation conferred an advantage over the parental virus.

222

This mutation (301-Pro) was reintroduced into the CPV 300-Val background and tested against

223

the parental virus (301-Thr).

224

Titers of each stock virus was determined by TCID50 in NLFK cells and used at a moi of

225

0.005 TCID50 for experiments. For the growth curves, NLFK or A72 cells were seeded at a

226

density of 1 x 105 cells/ml in a 4.0-cm2 well format and infected with ~1000 TCID50 of virus.
9

227

Wells were harvested daily for 6 days and frozen at -80°C until processing. Titrations (log10

228

TCID50/ml) were performed in NLFK cells in a 96-well plate format by an immunofluorescence

229

assay. Briefly, on day 3 post-inoculation, cells were fixed with 10% formalin, washed three times

230

with sterile PBS, and incubated with a polyclonal rabbit anti-CPV VP1/VP2 antibody in

231

permeabilization buffer (1X PBS, 0.5% BSA, 0.5% Triton X-100) for 1 h. The wash steps were

232

repeated, and then the cells were incubated with an Alexa Fluor 488 goat anti-rabbit IgG (H+L)

233

antibody (Life Technologies) for 1 h, followed by a final wash series. Immunofluorescence was

234

analyzed using a Nikon Eclipse TE300 inverted fluorescence microscope equipped with a

235

Hammamatsu OrcaER digital camera (Nikon Corporation, Tokyo, Japan).

236

For relative infectivity assays, NLFK, A72, MDCK, and FoLu cells were seeded at a

237

density of 1 x 105 cells/ml in a 1.9-cm2 well format and infected with a moi of 0.1 TCID50. The

238

viruses chosen for the infection assays were mutants of CPV-2a containing 300-Trp (a large

239

aromatic residue which could be passaged in cat and fox cells only) or 300-Gly (the normal

240

residue found in all dog viruses worldwide) to demonstrate how single mutations can influence

241

host range.

242

immunofluorescence assay as above.

Plates were stained for viral antigen at 72 h post-infection by an

243

TfR ectodomain expression and purification. For mammalian cell expression of the

244

domestic dog and cat TfRs, the ectodomain of each receptor starting at amino acid residue 121

245

was cloned into a pNUT vector containing a mouse metallothionein promoter and a mutated

246

dihydrofolate reductase gene for selection (30). The pNUT expression vector also features a

247

human transferrin signal sequence for secretion and a N-terminal 6 × His tag for nickel

248

purification. Recombinant pNUT vectors containing the dog and cat TfRs were transfected into

249

baby hamster kidney (BHK) cells (ATCC, Manassas, VA) using Lipofectamine 2000 (Invitrogen,

250

Carlsbad, CA) according to the manufacturer’s protocol and selected with methrotrexate (0.5

251

mM) in DMEM/F-12 media (Lonza BioWhittaker, Walkersville, MD) supplemented with 5% FBS

252

and antibiotics/antimycotics as above. Single transfected cells were isolated by serial dilution in
10

253

a 96-well plate and then expanded to a 12-well plate format.

Cultures were treated with

254

brefeldin A (3.0 μg/ml) (Sigma-Aldrich, St. Louis, MO) for 6 h to inhibit ER to Golgi protein

255

trafficking and then examined for intracellular TfR expression using a mouse anti-TfR antibody

256

(T4F3) and a Alexa Fluor 488 rabbit anti-mouse IgG secondary antibody (Life Technologies,

257

Carlsbad, CA). Immunofluorescence was detected as above. Individual clones expressing high

258

levels of TfR (based on relative fluorescence intensity versus non-transfected cells) were

259

harvested and one clone expressing the domestic dog or cat TfR was used for large-scale

260

protein production.

261

Each clone was expanded in 850-cm2 roller bottles (Corning Inc., Corning, NY) and once

262

confluency was reached, growth media (DMEM/F-12 with 5% FBS) was replaced with Pro293A-

263

CDM (Lonza BioWhittaker) containing 2 mM L-glutamine and 1 mM butyric acid and

264

supernatant was recovered at 2 to 3-day intervals up to 12 to 15 days and stored at 4°C. Pooled

265

supernatant containing the secreted TfR was clarified at 6700 × g for 30 min, sterile-filtered

266

(0.22 μm), and then concentrated and dialyzed in 50 mM Tris-HCl, pH 7.5, 150 mM NaCl,

267

0.05% sodium azide using a Prep/Scale-TFF cartridge-peristaltic pump system (Millipore,

268

Billerica, MA). TfR was purified by binding to Ni-NTA Superflow resin (Qiagen, Valencia, CA)

269

and eluted with 100 mM imidazole using a ÄKTA fast performance liquid chromatography

270

(FPLC) system (GE Healthcare Life Sciences, Piscataway, NJ). The TfR-containing fractions

271

were then dialyzed overnight in PBS and concentrated using a 100-kD Amicon Ultra-15

272

centrifugal filter unit (Millipore). Protein concentrations were measured using a NanoDrop

273

spectrophotometer (ThermoScientific) and purity was assessed by SDS-PAGE.

274

TfR binding analysis of select mutants by biolayer interferometry. To further

275

analyze the differences in replication we observed between various mutants in the growth curve

276

assays, and to potentially correlate those differences to changes in receptor binding affinity, we

277

purified select mutants by sucrose density ultracentrifugation as previously reported (9) and

278

quantitatively determined their binding kinetics to purified TfRs by biolayer interferometry using
11

279

a BLItz system (Pall ForteBio, Port Washington, New York). TfR-virus interactions that were

280

analyzed included FPV 300-Val versus 300-His binding to the domestic cat TfR. These virus-

281

TfR combinations were chosen for binding assays as these two viruses demonstrated the

282

greatest differences in growth curves in NLFK cells (see Results). Optimization of the loading

283

concentration of receptors and virus was empirically determined in order to minimize binding

284

artifacts and saturation effects. Briefly, Ni-NTA biosensors (Pall FortBio) were soaked in kinetics

285

buffer (1X PBS, 0.02% BSA, 0.02% Tween 20), followed by loading of His-tagged purified TfR

286

(50 μg/ml) in PBS. The biosensor containing immobilized TfR was then washed in PBS,

287

followed by the addition of 250 μg/ml of purified virus in PBS. TfR bound Ni-NTA biosensors

288

dipped in PBS without virus was used as a reference to calculate background. Kinetic

289

parameters that were measured included the association rate constant (ka), disassociation rate

290

constant (kd), and affinity constant (KD) for each TfR-virus interaction.

291

acquisition of ligand-analyte binding measurements and their statistical analyses was performed

292

using standard BLItz software according to the manufacturer’s instructions.

Real-time data

293

N-linked glycan analysis of the domestic dog and cat TfRs. FPLC-purified dog and

294

cat TfR ectodomains were analyzed by SDS-PAGE in a 10% polyacrylamide gel and

295

Coomassie-stained bands containing ~3.0 µg of TfR were excised and subjected to in-gel

296

trypsin digestion followed by extraction of the tryptic peptides as reported previously (31).

297

Nanoscale liquid chromatography coupled to tandem mass spectrometry (nanoLC-MS/MS)

298

analysis for characterization of the glycosylation sites in the domestic dog and cat TfRs was

299

performed on an UltiMate 3000 nanoLC system (Dionex, Sunnyvale, CA) coupled with a hybrid

300

triple quadrupole, linear ion trap mass spectrometer (4000 Q Trap) (AB SCIEX, Framingham,

301

MA). MS data acquisition was performed using Analyst 1.4.2 software (Applied Biosystems,

302

Carlsbad, CA) for precursor ion scan triggered information dependent acquisition (IDA) analysis

303

and enhanced MS-based IDA analysis (32). The precursor ion scan of the oxonium ion

304

(HexNAc+ at m/z 204.08) was monitored at a step size of 0.2 Da across a mass range of m/z
12

305

400 to 1600 for detecting glycopeptides containing a N-acetylhexoamine unit. The nanospray

306

voltage was 1.9 kV and was used in positive ion mode for all experiments. The declustering

307

potential was set at 50 eV and nitrogen as collision gas. In IDA analysis, after each precursor

308

ion or enhanced MS (EMS) scan, followed by an enhanced resolution scan, the two to three

309

highest intensity ions with multiple charge states were selected for MS/MS with rolling collision

310

energy applied for detected ions based on different charge states and m/z values.

311

All acquired MS/MS spectra from the EMS-IDA scan were subjected to a Mascot

312

database search and glycopeptide ions detected by precursor ion scanning were manually

313

inspected and interpreted with BioAnalysis 1.4 software (Applied Biosystems). The peak areas

314

of detected precursor ions were determined by extracted ion chromatograms at each specific

315

m/z representing glycopeptide isoforms. The relative quantitation of the sugar glycan isoforms of

316

N-linked peptide ions was carried out based on precursor ion peak areas under the assumption

317

that all sugar glycan isoforms linked to the same core peptide have identical or similar ionization

318

efficiencies as reported previously (32).

319

Effects of glycosidase treatment on infection of CPV and FPV in domestic dog and

320

cat cells. To test if endoglycosidase H (Endo H) treatment would specifically remove glycans

321

from the dog and cat TfRs, we incubated 13.5 μg of FPLC-purified, denatured TfR with 4000U of

322

Endo Hf (New England BioLabs, Ipswich, MA) overnight according to the manufacturer’s

323

protocols and then analyzed their electrophoretic mobility by SDS-PAGE. Endo H cleaves the

324

chitobiose core of GlcNAc2 residues in high mannose and hybrid N-glycans, but does not cleave

325

complex glycans. Next, the effects of Endo H treatment of A72 and NLFK cells on virus

326

infectivity were analyzed. Briefly, cells were seeded at 2.5 x 104 cells/ml in a 96-well plate and

327

were washed five times in non-supplemented MEM once they reached ~50% confluency. After

328

the wash step, cells were treated for 2 h with 10,000U of EndoH in MEM and then inoculated

329

with a variable moi of FPV and CPV based on the cell type (i.e., a moi of 0.1 in NLFK cells and

330

a moi of 2.0 in A72 cells; different mois were used in order to detect an increase in infection due
13

331

to the differential susceptibility of the cell lines to the viruses [NLFK: high; A72: low]). Controls

332

consisted on infected cells without glycosidase treatment. Cells were fixed on day 3 post-

333

inoculation and analyzed by immunofluorescence as above.

334

Molecular modeling of capsid mutations and TfR glycosylation patterns.

To

335

predict how the VP2 position 299, 300, and 301 mutations may have affected the overall

336

structure of the loop region, we used the mutagenesis function in PyMOL Molecular Graphics

337

System, Version 1.5.0.4 Schrödinger, LLC PyMol. Briefly, mutations that were made in the

338

CPV-2a infectious clone were analyzed using the crystal structure of the recently solved CPV-

339

2a variant (PDB 4QYK) (33). For molecular modeling of the mutations observed in the FPV

340

infectious clone, the crystal structure of FPV (PBD 1FPV) was used (34). To analyze the

341

glycosylation patterns in the domestic dog and cat receptors, we mapped their N-X-S/T sites

342

onto the crystal structure of the human TfR ectodomain (PDB 1CX8) (35), again using PyMOL.

343
344

RESULTS

345

To examine the role of VP2 residues 299, 300 and/or 301 (Fig. 1) in determining the host range

346

of the carnivore parvoviruses, we analyzed the evolution of VP2 position 300 versus other

347

capsid residues in nature, and tested a comprehensive set of amino acid mutations at VP2

348

position 300 in infectious clones for their effects on host tropism. The different mutations at

349

position 300 were prepared in the genetic background of two representative carnivore

350

parvoviruses (within the genus Protoparvovirus, family Parvoviridae) currently circulating in

351

nature: CPV-2a and FPV. CPV-2a is a genetic and antigenic variant of CPV-2 that spread

352

globally in 1979-1980, completely supplanting the original pandemic CPV-2 strain, such that

353

CPVs circulating in dogs and other hosts today are derived from CPV-2a (33). The normal host

354

associations of the VP2 position 300 mutants of CPV and FPV (if they are naturally occurring)

355

are listed in Table 1.
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356

Evolutionary history of VP2 position 300 in nature. Our phylogenetic analysis (not

357

shown) revealed remarkable genetic diversity at residue 300 across multiple carnivore species.

358

In total, we observed 16 different sequences of this codon among the 343 sequences of FPV

359

and CPV, with eight different amino acid residues present (Ala, Asp, Gly, Ile, Leu, Pro, Ser, Val),

360

making it the most variable site in the alignment. VP2 position 426 is the next most variable with

361

three amino acid changes (Asn, Asp, Glu). The Gly-to-Asp mutation at position 300 has evolved

362

in parallel (i.e., independently) six times across the phylogeny, occurring on both internal and

363

external (tip) branches (not shown). In marked contrast, no mutations were observed among the

364

natural isolates at the adjacent codon of residue 299, as all sequences possess a Gly. Only two

365

single instances of Ala or Ser codons were seen at residue 301, with 341 of the 343 sequences

366

analyzed possessing a 301-Thr. Hence, most mutations at sites 299 and 301 are likely to be

367

deleterious in nature, unless they are associated with specific alternative 300 residues (e.g.,

368

300-Ser with 301-Ala).

369

Host susceptibility to VP2 position 300 mutants of CPV. Comparison of the ability of

370

the different CPV VP2 position 300 mutants to infect domestic dog, domestic cat, and gray fox

371

cells demonstrated striking differences in host susceptibilities. While both cat and fox cells were

372

susceptible to all viruses, dog cells were not infected by a number of the different VP2 300

373

position mutants (Fig. 2). Moreover, viruses which did infect dog cells (A72 and MDCK) showed

374

lower relative infectivities compared to either cat or fox cells (e.g., 300-Gly and 300-Trp

375

compared in Fig. 3), demonstrating that there were host differences in susceptibility when

376

comparing cells derived from the same tissue type (dog versus cat kidney cells). Passage of

377

some VP2 position 300 mutants also resulted in changes of adjacent VP2 positions 299 or 301,

378

as well as other residues located at different positions in the capsid, which are summarized in

379

Fig 2.

380

Changes at VP2 positions 299 or 301 in association with CPV 300 mutants.

381

Previously, we demonstrated that passage of a 300-Asp-containing raccoon CPV in ferret cells
15

382

resulted in the selection of a 300-His, which was invariably followed by a 301-Thr to Ala

383

mutation (15). This suggested that the 301 mutation may have been selected to compensate for

384

the new 300 residue, either due to structural interactions between the two residues or to

385

facilitate more efficient receptor binding and infection. Therefore, we sought to determine

386

whether other 300 mutations would result in additional changes of residues 299 and/or 301, and

387

if that varies between different carnivore hosts. Additional mutations occurred at both positions

388

299 and 301 and were largely dependent on the host of passage rather than the specific 300

389

residue. For example, passage of 300 mutants of CPV in cat cells repeatedly selected Glu at

390

position 299, as that change arose in the 300-His, -Ile, -Leu, -Trp, and -Val mutants (Fig. 2).

391

However, no changes at position 299 were observed during passage in dog or gray fox cells.

392

Similar to the 300-Asp, 299-Glu is a negatively-charged residue which severely restricts

393

infection of CPV in dog cells (21). Although 299-Glu appears to arise readily during in vitro

394

passage in cat cells, it has not been observed in field isolates, suggesting it may be selected

395

against in nature. However, 299-Glu did not arise in either the 300-Gly or 300-Asp mutants

396

during cat cell passage, the only two residues identified in CPV isolates recovered from

397

members of the Felidae family (Table 1).

398

Additional mutations of residues that flank VP2 position 300 were also observed upon

399

passage of CPV in dog cells, but those occurred only at position 301 and, in some cases, these

400

were found to be consistently polymorphic. For example, passage of 300-Val in dog cells

401

resulted in a mutation from the consensus 301-Thr to a Pro (Fig. 2). To determine if the 301-Thr

402

to Pro mutation resulted in an increase in infection, we tested these two viruses by single growth

403

curve experiments. Dramatic differences were observed, with the 301-Pro mutation resulting in

404

a 118-fold increase in maximum titer (1.1 x 103 versus 1.3 x 105 TCID50/mL) by day 4 post-

405

infection (Fig. 4A) and the induction of cytopathic effects (Fig. 4B). Interestingly, the only virus

406

in which multiple different 301 mutations were detected was 300-Gly, which is the normal VP2

407

position 300 residue found in all dog CPV isolates that exist in nature. In addition to the wild16

408

type 301-Thr, changes to an Ala or Gly were also observed, and this site remained polymorphic

409

with all three residues present in the population over time, as none became fixed after 20

410

passages (based on DNA chromatogram profiles and analysis of 15 clones). The passage 20

411

300-Gly CPV was further passaged five times in both dog and cat cells, and although it still

412

remained polymorphic at position 301 (with Thr, Ala, Gly all present in approximately equal

413

amounts) in dog cells, the 301-Gly became fixed in cat cells.

414

contained a Gly at positions 299, 300, and 301, resulting in an increase in flexibility of the

415

corresponding loop as previously observed in the transition from CPV-2 (300-Ala) to CPV-2a

416

(300-Gly) (33).

The latter virus therefore

417

Host susceptibility and TfR binding of VP2 position 300 mutants of FPV. Passage

418

of alternate FPV 300 residue mutants in cat and fox cells demonstrated that although the

419

dominant VP2 position 300 residues seen in CPV today (Asp and Gly) have not been observed

420

in FPV isolates recovered in nature, FPVs with those mutations were infectious (Fig. 5).

421

However, both the VP2 300-Asp and 300-Gly were quickly selected against in cat cells,

422

resulting in changes of Asp (GAT) to a His (CAT) and Gly (GGT) to Val (GTT) (Fig. 5).

423

Additionally, the 300-Leu became polymorphic for both Leu (CTT) and His (CAT) after 10

424

passages, with 300-His becoming fixed by passage 20. Only the prototype 300-Ala (or 299-

425

Glu/300-Ala) and 300-Ile did not have additional changes among the 299-300-301 residues

426

during passage in NLFK cells, suggesting that viruses with those residues are well adapted to

427

infect cat cells. During passage in fox cells, all the alternative FPV VP2 position 300 mutants

428

(including Asp, Gly, Ile, and Leu) were tolerated, while none of the mutants were maintained in

429

dog cells, demonstrating that such mutations in VP2 position 300 did not allow FPV to efficiently

430

propagate in dog cells.

431

Although we commonly observed a 299-Glu change during passage of a number of VP2

432

position 300 mutants of CPV in cat cells, such a change has never been observed in the wild in

433

either CPV or FPV isolates from cats. When introduced into the prototype FPV (299-Gly/30017

434

Ala), the 299-Glu was infectious to cat cells, demonstrating it was not lethal in vitro and that

435

such a change might be observed as a compensatory mutation in conjunction with some

436

alternative VP2 300 mutations. Interestingly, passage of the FPV 299-Glu/300-Ala virus in cat

437

cells, but no other FPV mutant, resulted in changes at VP2 positions 323 (Asp to Asp/Asn) and

438

564 (Asn to Asn/Ser) (Fig. 5), two changes that have been recognized as amino acid

439

differences between FPV and CPV (6, 7, 16).

440

As noted above, the introduction of either an Asp or Gly at position 300 in FPV resulted

441

in the selection of a His or Val, respectively, when passaged in NLFK cells (Fig. 6A and C). To

442

analyze the effects of these mutations, we compared the growth curves of these four viruses

443

(300-Asp versus 300-His and 300-Gly versus 300-Val) in cat cells. We also performed growth

444

curves with the FPV prototype, 300-Ala, as a control (not shown). When comparing 300-Asp to

445

its descendant virus, 300-His, both viruses reached their peak titers by day 5. However, the

446

peak titer of 300-His was >150-fold higher than that of the 300-Asp mutant (8.4 x 104 versus 1.2

447

x 107 TCID50/ml) (Fig. 6B). Similarly, comparison of the 300-Gly versus 300-Val mutation

448

showed increases in fitness, with the 300-Val mutant having an approximate 18-fold higher peak

449

titer (7.0 x 105 versus 1.2 x 107 TCID50/ml) (Fig. 6D). The peak titers of the FPV 300-His and

450

300-Val mutants in NLFK cells (1.2 x 107 TCID50/ml) were similar to that of the FPV prototype

451

(1.3 x 107 TCID50/ml) (not shown).

452

To examine the effects of mutations at position 300 on receptor binding, we analyzed the

453

binding kinetics of the 300-Asp and 300-His FPV mutants to the recombinant cat TfR by biolayer

454

interferometry. As shown in Fig. 6F, receptor binding was substantially increased following the

455

mutation of position 300 from an Asp to His, corroborating the growth curve data (Fig. 6B).

456

Affinity constant (KD) values were 1.2 x 10-8 M for 300-Asp and 4.06 x 10-9 M for 300-His,

457

demonstrating a tighter interaction of the 300-His over the 300-Asp mutant to the cat TfR.

458

Mutations occurring outside of the 299-300-301 region in CPV and FPV mutants.

459

Analysis of the amino acid substitutions that occurred outside of the 300 loop region during
18

460

passage of CPV or FPV VP2 300 position mutants in dog, cat, and fox cells demonstrated that

461

all but one of these changes (VP2 position 429) were directly exposed on the surface of the

462

virus. Interestingly, most of the additional changes, including VP2 residues 81, 85, 232, 234,

463

555, 556, 562, 564, 565, and 570, were in very close proximity to the 300 loop region (Fig. 7A

464

to E), strongly suggesting that these were coordinated changes in relation to the new 300

465

residue that altered the efficiency of binding and infection. The known or suspected host range

466

functions of these new mutations are highlighted in the lower panel in Fig. 7. Determining how

467

these individual mutations (alone or sequentially) alter fitness of each virus and its ability to bind

468

to the host TfR will be an aim of future studies.

469

N-linked glycosylation patterns in the domestic dog and cat TfRs.

We have

470

previously shown that the domestic dog, gray wolf, and coyote (species resistant to FPV)

471

contained an additional putative glycosylation site (384-NLT-386) in their TfRs in comparison to

472

other carnivores and that mutating that site in the dog TfR allowed FPV binding and infection

473

(11-12, 14-15). To confirm glycosylation of that site and to define the glycans attached to the

474

receptor, we produced the domestic dog and cat TfRs from a mammalian expression system

475

and determined their glycan profiles. The dog TfR has five potential glycosylation sites at

476

positions 261 (NGS), 327 (NHT), 384 (NLT), 732 (NKS), and 737 (NET). The domestic cat TfR

477

has 4 potential sites, and is missing the 3rd site (383-KLS-385) (cat glycosylation sites are -1

478

relative to the dog TfR sequence due to the deletion of codon 205 in the cat TfR). The dog TfR

479

had four glycosylated Asn residues at positions 261, 327, 384, and 737, confirming that position

480

384 is glycosylated, while a putative glycosylation site at position 732 (NKS) did not have a

481

glycan attached (Fig. 8A). The cat TfR had the same glycosylation pattern, but lacked the

482

equivalent N384 site. For the dog TfR, position 384 contained hybrid N-linked glycans, with

483

eight of the nine glycoforms having the consensus sequence (Hex)2-4(HexNAc)1-4(NeuAc)1-2 +

484

(Man)3(GlcNAc)2, while one glycoform had a single deoxyhexose addition (Fig. S1). The

485

majority glycoform on residue 384 in the dog receptor was (Hex)2(HexNAc)1(NeuAc)1 +
19

486

(Man)3(GlcNAc)2 (Fig. 8B). For both the dog and cat TfRs, site 736/737 was the only position

487

that consistently contained oligomannose type glycosylation (without sialic acid), while positions

488

260/261 and 326/327 contained complex N-linked glycans (Fig. S1).

489

Effects of glycanase treatment of domestic cat and dog cells on FPV and CPV

490

infectivity. As we identified the glycans present on domestic cat and dog TfRs, we wanted to

491

test whether their removal by Endo H treatment would alter infection with FPV or CPV. Endo H

492

treatment of cat cells did not enhance infection of either the prototype FPV (300-Ala) or

493

prototype CPV (300-Gly) (Fig. 9C), confirming that the parvovirus binding site is not directly

494

affected by any of the glycans in that TfR (positions 260, 326, 736; see Fig. 8A). However,

495

Endo H treatment of A72 cells allowed FPV infection, presumably through the removal of the

496

position 384 glycan in the domestic dog TfR (Fig. 9D), although the relative infectivity of FPV for

497

the Endo H-treated dog cells was substantially lower than seen for cat cells. Interestingly, Endo

498

H treatment of dog cells also resulted in a marked increase in CPV infection (Fig. 9D),

499

suggesting that, although CPV gained the ability to infect dogs and their relatives (coyotes,

500

wolves) by being able to subvert the unique 384 TfR glycan through capsid mutations, this

501

glycan may still play a role in reducing the efficiency of infection of dog cells.

502
503

DISCUSSION

504

Despite the importance of host range in disease emergence (36-38), we have an incomplete

505

understanding of how closely related species (e.g., from the same taxonomic group such as

506

Carnivora) differ in susceptibility to specific viruses and the factors that determine such

507

differences. While major host jumps that lead to the emergence of a new epidemic or pandemic

508

virus (such as CPV in dogs) are the focus of considerable attention, there are many other inter-

509

species transfers that involve lower levels of host restriction. Here we examine several natural

510

parvovirus-host interactions that reveal different levels of host barriers that influence viral

511

transmission and also the mechanisms that viruses use to overcome those barriers.
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512

A key site in the parvovirus capsid that controls host range. Here we focused on a

513

site in the capsid - VP2 position 300 - that appears to have specific patterns of variation among

514

parvoviruses isolated from different carnivore hosts (16, 25-27), suggesting it is important in

515

determining host range. Through experimental evolution studies, we demonstrated significant

516

differences in host range by altering this one residue in the capsid. Notably, while little restriction

517

was observed among the various VP2 position 300 mutants in domestic cat and gray fox cells,

518

many mutants in a CPV background were unable to infect domestic dog cells (Fig. 2 and 3),

519

likely due to their inability to efficiently bind to the dog TfR. Although VP2 position 300 is the

520

most variable codon in the carnivore parvovirus capsid in nature, all current CPV isolates

521

sampled from domestic dogs globally contain a 300-Gly, suggesting this residue provides the

522

optimal interaction with the dog TfR.

523

The VP2 300 region is an important host range site in multiple viruses. All VP2

524

position 300 mutations introduced into CPV allowed infection and sustained passage in cat

525

cells, and those mutations were retained as the same residue after passage (although changes

526

of residues 299 or 301 were sometimes selected). However, when introduced into FPV, some of

527

those same changes were quickly selected to alternative residues. Specifically, the two

528

dominant VP2 300 residues that occur naturally in CPV (Gly in domestic dogs and Asp in

529

several wildlife hosts) were rapidly selected against when introduced into FPV and passaged in

530

cat cells, with the substitutions that arose (Val and His, respectively) conferring increased TfR

531

binding and/or replication (Fig. 6). Thus single mutations at VP2 position 300 in FPV can

532

influence infection of cat cells, confirming that this site determines efficient infection by both

533

CPV and FPV in multiple hosts, as is also suggested by its extensive variation when recovered

534

from different naturally infected carnivore species (Table 1).

535

VP2 position 300 (or residues 299 and 301) did not change during gray fox cell passage

536

of either CPV or FPV mutants, suggesting these residues do not alter fox TfR binding. However,

537

one mutation (VP2 556 Asp to Asn) previously observed in a CPV isolate containing a 300-Asp
21

538

(15) was also observed in connection with 300-Asp in CPV during this study. Importantly, VP2

539

position 300 mutants of CPV other than 300-Asp did not acquire the 556 Asp to Asn mutation,

540

but instead showed other changes at position 556 such as Gly or His (Fig. 2 and 7), suggesting

541

that VP2 residues 300 and 556 are connected in forming the binding site to the gray fox TfR.

542

Selection of additional mutations in the capsid after changes to VP2 position 300.

543

Additional VP2 mutations that arose after cell culture passage were found to be in very close

544

proximity to the 300 loop region, suggesting that they were associated with optimal receptor

545

binding for infection. For instance, passage of the 300-Ala CPV mutant in dog cells resulted in

546

the mutation of VP2 position 565 from an Asp to a Lys (Fig. 7C), which is directly adjacent to a

547

known host range mutation (VP2 564) that differs between FPV and CPV (7, 10-11). Molecular

548

modeling of this change in CPV demonstrated the Lys mutation would form two new hydrogen

549

bonds with 300-Ala and 299-Gly (not shown), thus altering the flexibility of the loop and its

550

interaction with the dog TfR. Such findings reinforce the notion that the plasticity of CPV to

551

mutate in nature (as exemplified by VP2 codon 300) is a prerequisite for its apparently broad

552

host range among the potential 280+ host species in the order Carnivora (39-40). Thus, it

553

appears that the efficient infection of such a wide range of different carnivore species by CPV

554

and FPV results from the acquisition of one or a small number of key capsid changes to

555

optimally bind to their TfRs, which may differ by up to ~12% in amino acid divergence among

556

sequenced caniform and feliform hosts (14-15).

557

During the in vitro passages conducted here, many VP2 position 300 mutations were

558

accompanied by changes in residues 299 and 301, yet changes in those positions are not

559

commonly observed in nature. This may be explained by the fact that most viruses analyzed

560

from nature contain one of three dominant residues found at VP2 position 300: Ala (in FPV and

561

the extinct CPV-2), or Gly/Asp (in CPV-2a and its variants). In their respective infectious clone

562

backgrounds (Ala in FPV or Gly/Asp in CPV-2a), these mutations generally did not result in any

563

accompanying mutations at positions 299 or 301. Rather, VP2 position 299 or 301 mutations in
22

564

viruses from naturally infected animals are associated with alternative 300 residues such as Val

565

and Ser, which have been found in host species that are infrequently sampled. For example,

566

CPVs recovered from naturally infected masked palm civets (Paguma larvata) have a 301-Thr

567

to Ala change accompanying their 300-Ser mutation (27), and this same 301 change was

568

observed when we passaged a 300-Ser CPV mutant in cat cells (another feliform host) (Fig.

569

10A), strongly suggesting that changes at VP2 position 301 occurred as compensatory

570

mutations.

571

introduction of a new 300 residue can greatly increase viral fitness (Fig. 4).

Indeed, we were able to show that position 301 mutations that arise after

572

Selection of CPV-associated mutations in FPV. During the passage of the FPV 300

573

mutants in gray fox cells, VP2 position 323 varied from an Asp to Asn, which was one of two

574

mutations observed in the original CPV that allowed the virus to infect dog cells (6). During

575

passage of the 299-Glu/300-Ala FPV mutant in cat cells, the mutation of 323-Asp to Asn was

576

again observed, along with 564-Asn to Ser, another characteristic difference between FPV and

577

CPV (7) (Fig. 7B). Although both the CPV-2 and CPV-2a strains contained 564-Ser and 568-

578

Gly, only CPV-2a was infectious to both domestic cats and dogs in vivo, suggesting that the

579

gain of the cat host range by CPV-2a was due to other changes between the two viruses such

580

as 300-Ala to Gly (41). The recognition of these canine adaptive mutations in vitro suggests that

581

changes in the 300 region of an FP-like virus, such as during infection in an alternative host,

582

may then favor selection of additional compensatory mutations and that this process may have

583

been involved in the adaptation of the ancestral FP-like virus to dogs. Although the exact

584

evolutionary pathway and hosts involved in the emergence of CPV is unknown, the finding of

585

CPV-like changes in FPV mutants suggests how some of the observed mutations in CPV may

586

have arisen.

587

While most mutations appeared to become fixed after passage in carnivore cells, a few

588

remained polymorphic, such as VP2 position 301 in the prototype dog-specific CPV (300-Gly),

589

where Thr, Ala and Gly all remained present over extended passage in dog cells. It is possible
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590

that those are equally efficacious in allowing cell infection and replication, or that they are being

591

maintained by alternative receptor interactions, perhaps by variations in the canine TfR

592

sequence (e.g., different isoforms that exist in carnivore TfRs) or by differential expression of

593

glycans. Although variation of position 301 has not been observed in viruses from domestic

594

dogs, we previously identified a 301-Ser in wild coyotes (which have an identical TfR sequence

595

to the domestic dog) (15, 17), suggesting such variability may exist in nature.

596

TfR structural variation and the unique glycosylation of the domestic dog TfR. We

597

previously reported that a unique N-linked glycosylation site (384-NLT-386) in the TfR of domestic

598

dogs, coyotes, and wolves blocked FPV binding (14). Here we demonstrated that the domestic

599

dog TfR is glycosylated at four of its five potential sites, including a sialylated glycan as the

600

major glycoform at the unique

601

parvovirus attachment site on one face of the apical domain, and this glycan would likely cover

602

a significant proportion of that site (Fig. 8) (11-13). We also demonstrated that glycosidase

603

treatment of dog cells allowed for FPV infection, further confirming that the glycan (and not just

604

the Asn residue) is a major determinant in the host range barrier to FPV infection in dogs. The

605

ability of the CPV capsid to bypass this barrier and bind to the dog TfR with the glycan present

606

was a key step in its pandemic emergence (14). However, it also appears likely that this unique

607

fourth glycan present on the dog, coyote, and gray wolf TfR may also reduce CPV infectivity, as

608

its removal by glycosidase treatment also allowed increased infection of the prototype CPV

609

found in those species (CPV 300-Gly) (Fig. 9D). Whether the continuing capsid evolution of

610

CPV in the domestic dog, coyote, and wolf populations (15, 42-45) is associated with more

611

efficient TfR binding remains to be determined.

384-

NLT-386 site that is in close proximity to the proposed

612

Conclusion. The interactions between the carnivore parvoviruses and different host

613

TfRs during cellular entry are clearly highly refined and complex, with the physical capsid-

614

receptor interactions that dictate binding and infection likely varying depending upon both the

615

protein structures of the individual virus strain and the carnivore species TfR involved. Here, we
24

616

demonstrated that one key viral interaction with the carnivore TfR involves VP2 residue 300 and

617

it structural partners, and that these interactions can control host switching. Analyzing the

618

varying mutational pathways that different parvoviruses use to select for residues that allow

619

efficient infection of alternative carnivore hosts, and how such amino acid changes alter the

620

structural interactions between the different viruses and their various host receptors, will be the

621

focus of future studies aimed at discovering how viruses successfully switch host species.

622
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FIGURE LEGENDS

764
765

FIG 1. Structure of the parvovirus capsid and the three-fold spike region. (A) The four major

766

morphological regions of the CPV capsid are shown. The terminal residue at the distal tip of each

767

of the three VP2 monomers (position 224) that constitute the three-fold spike is highlighted in red

768

for orientation between panels A and B. (B) Magnification of the three fold-spike region, viewed

769

from the side. VP2 residues 299 (teal), 300 (white), and 301 (royal blue) are found beneath the

770

apex of the spike, on a region known as the shoulder. Note that each individual 300 loop region

771

in one VP2 monomer (e.g., dark gray) is in close proximity to two other VP2 monomers, one from

772

the same three-fold spike (e.g., green) and one from a neighboring subunit (e.g., dark blue).

773
774

FIG 2. Host range of VP2 position 300 mutants of CPV in cells of different carnivore species.

775

The eleven different amino acids that were created at VP2 position 300 in a CPV-2a infectious

776

clone are shown in the far left column and highlighted in green in the second column from the

777

left, with the flanking residues, 299 and 301, also indicated. Viruses were passaged in domestic

778

cat (NLFK), domestic dog (A72), and gray fox (FoLu) cells and mutations occurring in VP2 (either

779

specifically in the 299-300-301 region or outside of this region) were monitored at passages 2, 5,

780

10, and 20. During the passage experiments, viruses that could no longer be detected from

781

culture by PCR are indicated with a boxed (x) that is shaded gray. Mutations that arose in

782

position 299 or 301 during host cell passage are shown in blue, with the VP2 position 300 mutant

783

in which it occurred highlighted in green. If the mutated position remained polymorphic during the

784

passage series, each amino acid residue that was detected is shown and separated by a (/). For

785

mutations occurring outside of the 299-300-301 region, the VP2 amino acid position and

786

associated change are shown (also see Fig. 8). Viruses in which no mutations were observed

787

outside the 299-300-301 region during cell culture passage are indicated with an (*).

788
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789

FIG 3. Single mutations of VP2 position 300 can dictate host range of CPV in vitro. Relative

790

infectivity of two VP2 position 300 mutants of CPV (300-Gly and 300-Trp) in domestic cat, gray

791

fox, and domestic dog cells are shown at day 3 post-infection. Immunofluorescence indicates

792

viral antigen detected using a rabbit anti-CPV VP1/VP2 antibody and an Alexa Fluor 488 goat

793

anti-rabbit IgG. Note that the 300-Trp mutation renders CPV non-infectious to dog cells, while no

794

such restriction is observed during infection of cat or fox cells. Also note the lower relative

795

infectivity of dog versus cat or fox cells for the prototype CPV (300-Gly), the virus normally found

796

in dogs.

797
798

FIG 4. Compensatory mutations at residues that flank VP2 position 300 can significantly alter

799

fitness of CPV in domestic dog cells. (A) Single growth curves of CPV 300-Val containing either

800

the wild-type Thr or mutant Pro at position 301 in A72 cells. Note that the 301 Pro mutation

801

results in a 118-fold increase in titer by day 4 post-infection. Data shown are from experiments

802

performed in triplicate with error bars indicating standard deviations. (B) A72 cells at day 6 post-

803

infection from panel A, showing significant cytopathic effects resulting from the increase in

804

replication conferred by the 301 Pro mutation, while cellular morphology in the cells infected with

805

the 301 Thr virus is similar to the uninfected control. Scale bars = 200 μm. Structural models of

806

the 301 mutations in the CPV-2a infectious clone are shown on the right.

807
808

FIG 5. Host range of VP2 position 300 mutants of FPV in cells of different carnivore species.

809

The five different amino acids that were created at VP2 position 300 in a FPV infectious clone

810

are shown in the far left column and highlighted in green in the second column from the left, with

811

the flanking residues, 299 and 301, also indicated. Note that position 299 was also mutated

812

(from a Gly to a Glu) in the prototype FPV (300 Ala) based on the occurrence of this 299-Gly to

813

Glu change observed during passage of CPV-2a in domestic cat cells (see Fig. 3). Viruses were

814

passaged in domestic cat (NLFK), domestic dog (A72), and gray fox (FoLu) cells and mutations
31

815

occurring in VP2 (either specifically in the 299-300-301 region or outside of this region) were

816

monitored at passages 2, 5, 10, and 20. During the passage experiments, viruses that could no

817

longer be detected from culture by PCR are indicated with a boxed (x) that is shaded gray. Note

818

that FPV mutants cannot be maintained in dog cells. Mutations that arose in the 299-300-301

819

region during host cell passage are shown in blue. If the mutated position remained polymorphic

820

during the passage series, each amino acid residue that was detected is shown and separated

821

by a (/). For mutations occurring outside of the 299-300-301 region, the VP2 amino acid position

822

and associated change are shown (also see Fig. 8).

823

observed outside the 299-300-301 region during cell culture passage are indicated with an (*).

Viruses in which no mutations were

824
825

FIG 6. Effects of mutations at VP2 position 300 on receptor binding and infectivity of FPV in

826

domestic cat cells. (A) Passage of FPV containing a 300 Asp results in the selection of a His

827

through a single mutation at the first base in the codon (GAT to CAT). Note the 300 loop region

828

is shown in the same configuration as the capsid surface rendition in Fig. 1. (B) Single growth

829

curves demonstrating that the Asp to His mutation at position 300 results in a 152-fold increase

830

in peak viral titer in NLFK cells. Data shown are from experiments performed in triplicate with

831

error bars indicating standard deviations. (C) Passage of FPV containing a 300 Gly results in the

832

selection of a Val through a single mutation at the second base in the codon (GGT to GTT). (D)

833

Single growth curves showing that the Gly to Val mutation at position 300 results in a 18-fold

834

increase in peak viral titer in NLFK cells. Data shown are from experiments performed in

835

triplicate with error bars indicating standard deviations. (E) Coomassie-stained SDS-PAGE of

836

purified FPV 300-Asp and 300-His mutants used for biolayer interferometry, showing the

837

constituent protein composition (VP1 and VP2) of the capsid. (F) Biolayer interferometry analysis

838

of FPV 300-Asp and 300-His mutants.

839

immobilized on a Ni-NTA biosensor and loaded with either FPV 300-Asp or 300-His. Note the

His-tagged recombinant domestic cat TfR was

32

840

increase in virus binding of the 300-His mutation in comparison to the 300-Asp, corroborating the

841

infectivity data in panel B.

842
843

FIG 7. Capsid location of additional amino acid changes that were observed in areas outside of

844

the 299-300-301 loop region during passage of VP2 position 300 mutants of CPV-2a and FPV in

845

domestic dog (A72), domestic cat (NLFK), and gray fox (FoLu) cells. Mutations that occurred in

846

various VP2 positions during passage in dog, cat, or fox cells were mapped onto the surface

847

rendition of the crystal structures of their cognate viruses (CPV-2a or FPV). Note that VP2

848

position 300 is highlighted in white in all panels for orientation and that positions 299 and/or 301

849

are highlighted only if they also mutated during passage in a particular host (see Fig. 2 and 5).

850

(A-E) Structural location of each of the changes observed during passage of the CPV and FPV

851

VP2 position 300 mutants in the three cell lines (note that FPV does not grow in dog cells and is

852

thus not included). Amino acids are colored-coded as observed in the lower panel and the virus

853

and host of passage are indicated. Note that most of the additional mutations are in close

854

structural proximity to the 300 loop region, suggesting that such changes may be coordinated.

855

Lower panel: Additional information of mutations occurring outside the 299-300-301 loop region,

856

including the VP2 position 300 mutant in which they were observed, host of passage, amino acid

857

change, location on capsid, and known or suspected functional roles in host range and

858

associated references.

859
860

FIG 8. Glycosylation patterns in the transferrin receptors (TfRs) of different carnivore hosts. (A)

861

N-linked glycosylation sites identified in the domestic dog and cat TfRs by mass spectrometry. A

862

total of five potential glycosylation sites - TfR positions 261, 327, 384, 732, and 737 (amino acid

863

residues and numbering based on the dog TfR) - were present, of which only four were

864

glycosylated. The surface rendition of the crystal structure of the human TfR ectodomain (35) is

865

shown, with the subdomains color-coded: apical (white), protease-like (grey), and helical (aqua).
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866

N-acetylglucosamine (GlcNac)-linked aspargine (Asn) residues in the human TfR are shown as

867

green stick representations (which are equivalent to the blue boxes shown in B), and are present

868

at the 261, 327, and 737 sites (the human TfR does not contain an Asn at the 384 or 732

869

positions) (35). Note that the TfR position 384 glycosylation site (shown in red) is in close

870

proximity to Leu 221/222 (shown in purple), a residue that has previously been shown to be

871

critical in parvovirus binding (13). (B) Identification of the glycan present at position 384 in the

872

domestic dog TfR, but absent in the domestic cat or gray fox receptors. MS/MS spectrum

873

showing the N-linked glycopeptide

874

[(Hex)2(HexNAc)1(NeuAc)1 + (Man)3(GlcNAc)2]. Note that the glycan contains oligomannose and

875

complex antennae (i.e., is a hybrid glycan; shown in the upper right corner). A series of y-ions

876

(y3 to y11) were observed with the complete knockout of the glycan molecule, leading to the

877

identification of the glycopeptide.

382-

NVNLTVNNVLK-392 with an attached 1710.6 Da glycan

878
879

FIG 9. Effects of glycanase treatment of domestic cat and dog TfRs and cells on CPV and FPV

880

infectivity. (A) Cleavage site (arrow) of endoglycosidase H (Endo H), located between the

881

chitobiose core of GlcNAc2 residues in high mannose and hybrid N-glycans. The glycan

882

identified by mass spectrometry at position 384 in the domestic dog TfR is shown as an

883

example. (B) Coomassie-stained SDS-PAGE of the purified, recombinant domestic dog TfR

884

ectodomain treated with Endo H, showing an increase in electrophoretic mobility indicative of

885

glycan cleavage. Lane 1: dog TfR without Endo H treatment; Lane 2: dog TfR treated with Endo

886

H; Lane 3: Endo H without TfR. (C) Treatment of domestic cat (NLFK) cells with Endo H does

887

not result in an increase in infection with either CPV or FPV over control (non-Endo H treated)

888

levels, suggesting that the cat TfR high mannose and hybrid N-glycans are not influencing

889

parvovirus infection. (D) Treatment of domestic dog (A72) cells with Endo H results in an

890

increase in infection with both CPV and FPV. Left column: Although A72 cells incubated with

891

the prototype dog-specific CPV strain (300-Gly) results in infection (control panel), Endo H
34

892

treatment leads to an substantial increase in infected cells detected by immunofluorescence,

893

suggesting that the unique glycan found at TfR position 384 may reduce CPV infection. Right

894

column: A72 cells are refractory to infection with FPV (control panel). However, Endo H

895

treatment allows the host range barrier of FPV to dog cells to be overcome, most likely through

896

the cleavage of the TfR position 384 glycan.

897
898

FIG 10. Virus capsid-host receptor interactions and the pandemic emergence of CPV. (A) VP2

899

position 300 is highly variable among parvovirus isolates recovered from different carnivore

900

species, suggesting it is a key site in dictating cross-species transfers by binding to the host

901

TfR. Parvovirus infections in a new host, resulting in a change at VP2 position 300, may also

902

result in additional compensatory mutations of surface-exposed capsid residues (such as those

903

at VP2 position 299 or 301) that increase infectivity. For example, mutation of prototype CPV-

904

2a 300-Gly to a Ser followed by its passage in domestic cat cells selects for a 301-Ala, identical

905

to the 301-Ala seen in 300-Ser CPV-2a isolates recovered from masked civets in nature (27),

906

another feliform species. (B) Glycan mapping of the domestic dog and cat TfRs demonstrated

907

that the domestic dog TfR contains a N-linked glycan at position 384 not found in the cat

908

receptor, and this glycan is a key determinant in blocking FPV infection in dogs and other

909

species with identical TfRs (coyote and gray wolf). As shown here, Endo H treatment of dog

910

cells allows for FPV infection, reiterating the role the glycan plays in dictating the host range of

911

FPV. Note that Endo H does not cleave complex glycans such as the one shown at position

912

261. (C) The pandemic emergence of CPV-2a was facilitated by the ability of the virus to

913

overcome the host range barrier induced by the position 384 glycan on the dog TfR by

914

mutations in its capsid, including VP2 position 300. The role in the TfR position 384 glycan in

915

determining host susceptibility was further demonstrated as its removal allowed for an increase

916

in CPV infection in dog cells. For purposes of clarity, note that the viruses and receptors/glycans

917

are not shown to scale.
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FIGURES – SINGLE MUTATIONS IN THE VP2 300 LOOP REGION OF THE THREE-FOLD
SPIKE OF THE CARNIVORE PARVOVIRUS CAPSID CAN DETERMINE HOST RANGE

FIG 1. Structure of the parvovirus capsid and the three-fold spike region. (A) The four major morphological
regions of the CPV capsid are shown. The terminal residue at the distal tip of each of the three VP2
monomers (position 224) that constitute the three-fold spike is highlighted in red for orientation between
panels A and B. (B) Magnification of the three fold-spike region, viewed from the side. VP2 residues 299
(teal), 300 (white), and 301 (royal blue) are found beneath the apex of the spike, on a region known as the
shoulder. Note that each individual 300 loop region in one VP2 monomer (e.g., dark gray) is in close
proximity to two other VP2 monomers, one from the same three-fold spike (e.g., green) and one from a
neighboring subunit (e.g., dark blue).

FIG 2. Host range of VP2 position 300 mutants of CPV in cells of different carnivore species. The eleven
different amino acids that were created at VP2 position 300 in a CPV-2a infectious clone are shown in the
far left column and highlighted in green in the second column from the left, with the flanking residues, 299
and 301, also indicated. Viruses were passaged in domestic cat (NLFK), domestic dog (A72), and gray fox
(FoLu) cells and mutations occurring in VP2 (either specifically in the 299-300-301 region or outside of this
region) were monitored at passages 2, 5, 10, and 20. During the passage experiments, viruses that could
no longer be detected from culture by PCR are indicated with a boxed (x) that is shaded gray. Mutations
that arose in position 299 or 301 during host cell passage are shown in blue, with the VP2 position 300
mutant in which it occurred highlighted in green. If the mutated position remained polymorphic during the
passage series, each amino acid residue that was detected is shown and separated by a (/). For mutations
occurring outside of the 299-300-301 region, the VP2 amino acid position and associated change are
shown (also see Fig. 8). Viruses in which no mutations were observed outside the 299-300-301 region
during cell culture passage are indicated with an (*).

FIG 3. Single mutations of VP2 position 300 can dictate host range of CPV in vitro. Relative infectivity of
two VP2 position 300 mutants of CPV (300-Gly and 300-Trp) in domestic cat, gray fox, and domestic dog
cells are shown at day 3 post-infection. Immunofluorescence indicates viral antigen detected using a rabbit
anti-CPV VP1/VP2 antibody and an Alexa Fluor 488 goat anti-rabbit IgG. Note that the 300-Trp mutation
renders CPV non-infectious to dog cells, while no such restriction is observed during infection of cat or fox
cells. Also note the lower relative infectivity of dog versus cat or fox cells for the prototype CPV (300-Gly),
the virus normally found in dogs.

FIG 4. Compensatory mutations at residues that flank VP2 position 300 can significantly alter fitness of
CPV in domestic dog cells. (A) Single growth curves of CPV 300-Val containing either the wild-type Thr or
mutant Pro at position 301 in A72 cells. Note that the 301 Pro mutation results in a 118-fold increase in titer
by day 4 post-infection. Data shown are from experiments performed in triplicate with error bars indicating
standard deviations. (B) A72 cells at day 6 post-infection from panel A, showing significant cytopathic
effects resulting from the increase in replication conferred by the 301 Pro mutation, while cellular
morphology in the cells infected with the 301 Thr virus is similar to the uninfected control. Scale bars = 200
µm. Structural models of the 301 mutations in the CPV-2a infectious clone are shown on the right.

FIG 5. Host range of VP2 position 300 mutants of FPV in cells of different carnivore species. The five
different amino acids that were created at VP2 position 300 in a FPV infectious clone are shown in the far
left column and highlighted in green in the second column from the left, with the flanking residues, 299 and
301, also indicated. Note that position 299 was also mutated (from a Gly to a Glu) in the prototype FPV
(300 Ala) based on the occurrence of this 299-Gly to Glu change observed during passage of CPV-2a in
domestic cat cells (see Fig. 3). Viruses were passaged in domestic cat (NLFK), domestic dog (A72), and
gray fox (FoLu) cells and mutations occurring in VP2 (either specifically in the 299-300-301 region or
outside of this region) were monitored at passages 2, 5, 10, and 20. During the passage experiments,
viruses that could no longer be detected from culture by PCR are indicated with a boxed (x) that is shaded
gray. Note that FPV mutants cannot be maintained in dog cells. Mutations that arose in the 299-300-301
region during host cell passage are shown in blue. If the mutated position remained polymorphic during
the passage series, each amino acid residue that was detected is shown and separated by a (/). For
mutations occurring outside of the 299-300-301 region, the VP2 amino acid position and associated
change are shown (also see Fig. 8). Viruses in which no mutations were observed outside the 299-300301 region during cell culture passage are indicated with an (*).

FIG 6. Effects of mutations at VP2 position 300 on receptor binding and infectivity of FPV in domestic cat
cells. (A) Passage of FPV containing a 300 Asp results in the selection of a His through a single mutation
at the first base in the codon (GAT to CAT). Note the 300 loop region is shown in the same configuration as
the capsid surface rendition in Fig. 1. (B) Single growth curves demonstrating that the Asp to His mutation
at position 300 results in a 152-fold increase in peak viral titer in NLFK cells. Data shown are from
experiments performed in triplicate with error bars indicating standard deviations. (C) Passage of FPV
containing a 300 Gly results in the selection of a Val through a single mutation at the second base in the
codon (GGT to GTT). (D) Single growth curves showing that the Gly to Val mutation at position 300 results
in a 18-fold increase in peak viral titer in NLFK cells. Data shown are from experiments performed in
triplicate with error bars indicating standard deviations. (E) Coomassie-stained SDS-PAGE of purified FPV
300-Asp and 300-His mutants used for biolayer interferometry, showing the constituent protein composition
(VP1 and VP2) of the capsid. (F) Biolayer interferometry analysis of FPV 300-Asp and 300-His mutants.
His-tagged recombinant domestic cat TfR was immobilized on a Ni-NTA biosensor and loaded with either
FPV 300-Asp or 300-His. Note the increase in virus binding of the 300-His mutation in comparison to the
300-Asp, corroborating the infectivity data in panel B.

FIG 7. Capsid location of additional amino acid changes that were observed in areas outside of the 299-300-301 loop
region during passage of VP2 position 300 mutants of CPV or FPV in domestic dog (A72), domestic cat (NLFK), and
gray fox (FoLu) cells. Mutations that occurred in various VP2 positions during passage in dog, cat, or fox cells were
mapped onto the surface rendition of the crystal structures of their cognate viruses (CPV-2a or FPV). Note that VP2
position 300 is highlighted in white in all panels for orientation and that positions 299 and/or 301 are highlighted only if
they also mutated during passage in a particular host (see Fig. 2 and 5). (A-E) Structural location of each of the
changes observed during passage of the CPV and FPV VP2 position 300 mutants in the three cell lines (note that
FPV does not grow in dog cells and is thus not included). Amino acids are colored-coded as observed in the lower
panel and the virus and host of passage are indicated. Note that most of the additional mutations are in close
structural proximity to the 300 loop region, suggesting that such changes may be coordinated. Lower panel: Additional
information of mutations occurring outside the 299-300-301 loop region, including the VP2 position 300 mutant in
which they were observed, host of passage, amino acid change, location on capsid, and known or suspected
functional roles in host range and associated references.

FIG 8. Glycosylation patterns in the transferrin receptors (TfRs) of different carnivore hosts. (A) N-linked
glycosylation sites identified in the domestic dog and cat TfRs by mass spectrometry. A total of five
potential glycosylation sites - TfR positions 261, 327, 384, 732, and 737 (amino acid residues and
numbering based on the dog TfR) - were present, of which only four were glycosylated. The surface
rendition of the crystal structure of the human TfR ectodomain (35) is shown, with the subdomains colorcoded: apical (white), protease-like (grey), and helical (aqua). N-acetylglucosamine (GlcNac)-linked
aspargine (Asn) residues in the human TfR are shown as green stick representations (which are equivalent
to the blue boxes shown in B), and are present at the 261, 327, and 737 sites (the human TfR does not
contain an Asn at the 384 or 732 positions) (35). Note that the TfR position 384 glycosylation site (shown
in red) is in close proximity to Leu 221/222 (shown in purple), a residue that has previously been shown to
be critical in parvovirus binding (13). (B) Identification of the glycan present at position 384 in the domestic
dog TfR, but absent in the domestic cat or gray fox receptors. MS/MS spectrum showing the N-linked
glycopeptide 382-NVNLTVNNVLK-392 with an attached 1710.6 Da glycan [(Hex)2(HexNAc)1(NeuAc)1 +
(Man)3(GlcNAc)2]. Note that the glycan contains oligomannose and complex antennae (i.e., is a hybrid
glycan; shown in the upper right corner). A series of y-ions (y3 to y11) were observed with the complete
knockout of the glycan molecule, leading to the identification of the glycopeptide.

FIG 9. Effects of glycanase treatment of
domestic cat and dog TfRs and cells on CPV
and FPV infectivity. (A) Cleavage site (arrow)
of endoglycosidase H (Endo H), located
between the chitobiose core of GlcNAc2
residues in high mannose and hybrid Nglycans. The glycan identified by mass
spectrometry at position 384 in the domestic
dog TfR is shown as an example. (B)
Coomassie-stained SDS-PAGE of the purified,
recombinant domestic dog TfR ectodomain
treated with Endo H, showing an increase in
electrophoretic mobility indicative of glycan
cleavage. Lane 1: dog TfR without Endo H
treatment; Lane 2: dog TfR treated with Endo
H; Lane 3: Endo H without TfR. (C) Treatment
of domestic cat (NLFK) cells with Endo H does
not result in an increase in infection with either
CPV or FPV over control (non-Endo H treated)
levels, suggesting that the cat TfR high
mannose and hybrid N-glycans are not
influencing parvovirus infection. (D) Treatment
of domestic dog (A72) cells with Endo H
results in an increase in infection with both
CPV and FPV. Left column: Although A72
cells incubated with the prototype dog-specific
CPV strain (300-Gly) results in infection
(control panel), Endo H treatment leads to an
substantial increase in infected cells detected
by immunofluorescence, suggesting that the
unique glycan found at TfR position 384 may
reduce CPV infection. Right column: A72 cells
are refractory to infection with FPV (control
panel). However, Endo H treatment allows the
host range barrier of FPV to dog cells to be
overcome, most likely through the cleavage of
the TfR position 384 glycan.

FIG 10. Virus capsid-host receptor interactions and the pandemic emergence of CPV. (A) VP2 position 300 is highly
variable among parvovirus isolates recovered from different carnivore species, suggesting it is a key site in dictating
cross-species transfers by binding to the host TfR. Parvovirus infections in a new host, resulting in a change at VP2
position 300, may also result in additional compensatory mutations of surface-exposed capsid residues (such as
those at VP2 position 299 or 301) that increase infectivity. For example, mutation of prototype CPV-2a 300-Gly to a
Ser followed by its passage in domestic cat cells selects for a 301-Ala, identical to the 301-Ala seen in 300-Ser CPV2a isolates recovered from masked civets in nature (27), another feliform species. (B) Glycan mapping of the
domestic dog and cat TfRs demonstrated that the domestic dog TfR contains a N-linked glycan at position 384 not
found in the cat receptor, and this glycan is a key determinant in blocking FPV infection in dogs and other species with
identical TfRs (coyote and gray wolf). As shown here, Endo H treatment of dog cells allows for FPV infection,
reiterating the role the glycan plays in dictating the host range of FPV. Note that Endo H does not cleave complex
glycans such as the one shown at position 261. (C) The pandemic emergence of CPV-2a was facilitated by the ability
of the virus to overcome the host range barrier induced by the position 384 glycan on the dog TfR by mutations in its
capsid, including VP2 position 300. The role in the TfR position 384 glycan in determining host susceptibility was
further demonstrated as its removal allowed for an increase in CPV infection in dog cells. For purposes of clarity, note
that the viruses and receptors/glycans are not shown to scale.

TABLE 1. Natural variation observed at VP2 position 300 among the carnivore parvoviruses. All eight
amino acid residues that are known to naturally occur are shown, along with the host(s) from which they
have been recovered (and their taxonomic classification), the geographical distribution or specific location
of isolation for each particular VP2 300 mutation, and representative GenBank accession numbers.

