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Determining how viruses infect new hosts via receptor-binding mechanisms is important for understanding virus emergence. We
studied the binding kinetics of canine parvovirus (CPV) variants isolated from raccoons—a newly recognized CPV host—to different
carnivore transferrin receptors (TfRs) using single-particle tracking. Our data suggest that CPV may utilize adhesion-strengthening
mechanisms during TfR binding and that a single mutation in the viral capsid at VP2 position 300 can profoundly alter receptor bind-
ing and infectivity.

Canine parvovirus (CPV) is a pathogen of dogs that emerged and
caused a pandemic of disease in the 1970s and is �99% identical

in nucleotide sequence to feline panleukopenia virus (FPV), a parvo-
virus that infects cats and other carnivore hosts but not dogs (1–3).
Although the emergence of CPV has been presumed to be the result
of a direct transfer of FPV or a similar virus from domestic cats to
dogs, we recently demonstrated that CPV exists endemically in syl-
vatic cycles in North America involving a number of wild carnivore
hosts, most notably raccoons (4, 5). These recent findings, along with
the lack of isolation or detection of intermediate viruses between FPV

and CPV from domestic animals, suggest that parvoviruses transfer
frequently between domestic and wild carnivores and that the events
preceding the pandemic emergence of CPV were more complex than
previously believed (6).

Although raccoons have long been known to be susceptible to
FPV infection (7), they have only recently been identified as an
important host for viruses that are closely related to CPV (4, 8).
While CPVs from dogs, wolves, and coyotes all contain a Gly at
capsid (VP2) position 300, CPVs from raccoons contain an Asp at
that position, suggesting that this mutation is important for the
adaptation of CPV to raccoons and possibly other wild carnivore
hosts (4, 6). Additionally, VP2 position 300 is the most variable
residue in the capsid (9–11). Since FPV and CPV capsids can bind
to the transferrin receptor type 1 (TfR), in part by involving the
structural region surrounding VP2 position 300 (12), the varia-
tions observed at this position appear to be selected by the unique
TfR structures of individual carnivore hosts. To examine this phe-
nomenon and to better understand the receptor-binding mecha-
nisms involved, we used single-particle tracking (SPT) techniques
to characterize the binding of raccoon-derived CPVs, containing
either a 300-Asp or 300-Gly VP2 residue, to dog and raccoon TfRs.

The virus studied here was the prototype CPV isolated from rac-
coons (CPV/Raccoon/VA/118-A/07, GenBank sequence accession
number JN867610), which contains an Asp at VP2 position 300 and
cannot be propagated in dog cells (4, 6). We refer to this virus as
Rac118-300D. However, a single point mutation of the VP2 300-Asp
(codon GAT) to a Gly (codon GGT) results in efficient dog cell infec-
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FIG 1 Schematic of the single-particle tracking (SPT) binding assay. The de-
vice was set up on a 100�, 1.46-numerical-aperture, oil-immersion objective
in a total internal reflection fluorescence (TIRF) microscope (Carl Zeiss;
Model Axio Observer Z1). The TIRF microscope used here produces an eva-
nescent wave that illuminates only a 100-nm-deep region away from the glass
surface, which is where the virus-TfR binding interaction occurs, thus ignoring
virus particles floating in the bulk solution. The eGFP-labeled TfRs are teth-
ered to the supported lipid bilayer (SLB) via nickel-His interactions. The Alexa
594-labeled virus is detected with a 561-nm laser, whereas the eGFP-labeled
TfR is detected using a 488-nm laser. The CPV structure is from VIPERdB
based on PDB identifier 1P5W. The TfR structure is from PDB identifier 1CX8.
Note that the CPV and TfR structures are used only for illustrative purposes
and deviate from the virus capsid and receptor structures used in this work.
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tion, demonstrating that this capsid residue is important for deter-
mining host range (6). The virus that contains a Gly at VP2 position
300 is referred to as Rac118-300G. For the SPT studies, both the
Rac118-300G and -300D viruses were propagated and purified using
methods described previously (13). Infectious virions were extracted
from a sucrose gradient, dialyzed in phosphate-buffered saline (PBS),
and concentrated using a 100-kDa Amicon Ultra-15 centrifugal filter
unit (EMD Millipore). The viral genomes were sequenced to confirm
that no additional VP1/VP2 capsid mutations had occurred during
propagation. The purified particles were labeled with Alexa Fluor 594
succinimidyl ester (Invitrogen) according to the manufacturer’s in-
structions, and unbound Alexa dye was removed using Sephadex
G-25 PD-10 columns (GE Healthcare Life Sciences). The Alexa dye
labeling does not appear to affect the ability of the virus to bind and
enter cells, based on previous studies (13), and the Asp and Gly resi-
dues do not contain free reactive amine groups for dye conjugation.

The raccoon and dog TfR ectodomains were expressed as pre-
viously described (13, 14). Briefly, the cDNA sequence of each TfR
ectodomain was cloned into a pFastBac construct containing an
N-terminal hexahistidine (6�His) tag and an enhanced green flu-
orescent protein (eGFP) fused to its C terminus. The pFastBac
TfR-eGFP constructs were expressed in High Five cells (Life Tech-
nologies) using the Bac-to-Bac baculovirus expression system (In-
vitrogen). TfRs were purified by binding to nickel-nitrilotriacetic
acid (Ni-NTA) Superflow resin (Qiagen) and eluted with 100 mM

imidazole using an ÄKTA fast-performance liquid chromatogra-
phy system (GE Healthcare Life Sciences). TfRs were dialyzed
overnight in PBS and concentrated using a 10-kDa Amicon Ul-
tra-15 centrifugal filter unit (EMD Millipore). Purified TfR-eGFP
was loaded on top of a supported lipid bilayer (SLB), formed inside a
microfluidic device as described elsewhere (15, 16). A detailed sche-
matic view of the SPT experimental setup is shown in Fig. 1. Lipid
vesicles that are needed to form SLBs were produced by mixing
1 mol% 1,2-dioleoyl-sn-glycero-3-[(N-(5-amino-1-carboxypentyl)
iminodiacetic acid)succinyl] nickel salt (DGS-NTA) and 99 mol%
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) (Avanti
Polar Lipids) in chloroform, drying them in vacuum, and rehydrating
them in MES buffer [1 mM 2-(N-morpholino)ethanesulfonic acid,
150 mM NaCl, pH 7.00] such that the final vesicle concentration was
1 mg/ml. Lipids were extruded using 50-nm-pore filters (Whatman)
to create �100-nm-diameter vesicles. The vesicles were loaded into
the microfluidic channel to spontaneously form supported lipid bi-
layers (SLBs) via the vesicle-rupture method (17). After 4 h, excess
vesicles were rinsed away with MES buffer. Subsequent SPT experi-
ments were performed at 25°C.

The relative concentrations of Rac118-300D and -300G were de-
termined by making them nonspecifically and directly adsorb onto a
glass surface for 30 min. Images of the glass-adsorbed viruses were
taken when the virus density, Vglass, remained fairly constant
(Fig. 2A). In a separate microfluidic channel containing only the

FIG 2 Images of the TfR-parvovirus binding experiments at different stages. (A) Images of the Alexa 594-labeled virus adsorbing to glass after 30 min of
incubation. White numbers are the particle counts, Pcount. In this panel, Pcount is equal to Vglass, which is used to quantify the relative virus concentrations between
virus batches. Pcount is shown instead of N or N� because Pcount is insensitive to the binding event criteria. (B) Images of SLBs incubated with virus after a 10-min
waiting period. Negligible binding events here indicate that the viruses do not readily bind to the SLBs and that the SLBs have no defects exposing the glass surface.
(C) Images of the eGFP-labeled TfR attached to the SLBs, prior to loading the virus. Yellow numbers are the TfR particle counts, RTfR. (D) Images of parvovirus
binding to TfR-loaded SLBs after 10 min. Image details: each image portrays an 82- by 82-�m2 physical space in 512 by 512 pixels. Uneven backgrounds were
subtracted out, and all image intensities were linearly scaled, which preserves particle features.
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SLBs, viruses were loaded to check for nonspecific binding levels,
which were negligible (Fig. 2B). Unbound viruses were rinsed away,
and His-tagged dog or raccoon TfRs were loaded into the channels to
bind to the DGS-NTA lipids containing nickel ions. Unbound TfRs
were rinsed away, and images were taken to determine the TfR loca-
tion and density, RTfR (Fig. 2C). Without changing the field of view,
either Rac118-300D or -300G virus was loaded onto the SLB. As soon
as the flow stopped, images were acquired at 500-ms intervals for 10
min (Fig. 2D). Using a custom image processing software made in
MATLAB (MathWorks), the binding on and off times of the viruses
were tracked throughout the movie.

Since binding events are extracted via visual cues from the
video, we next filtered out ambiguous binding events, such as
floating virions or false particles (bright pixels from shot noise that
resemble particles), by setting several criteria. Based on a manual
inspection of final particle tracking results, a majority of ambigu-
ous binding events lasted at most 5 frames; hence, to remove these
from the analysis, we imposed a criterion that binding events must
last longer than the cutoff time of 5 frames (or 2.5 s). The cutoff time
is much shorter than the lifetime of a clathrin-coated pit (�2 min)
that the virus is endocytosed into after receptor binding (13); thus,
binding events that are relevant for infection are still captured. Note
that changing the cutoff time or camera rate will ultimately affect the
number of binding events observed and binding data, and therefore,
it was important that we kept those settings the same across all trials.
Additionally, only immobile particles that were colocalized with a
TfR particle were tracked because the TfRs were also immobile (likely
due to multiple His residues binding to DGS-NTA lipids), and im-
mobility served as a strong visual cue for authentic virus-TfR con-
tacts. In the cell membrane, however, the TfR is not static, and this
mobility could affect viral binding avidity via the formation of mul-
tiple TfR contacts (13). The immobile TfRs in our SPT setup enable
us to directly study 1:1 binding that would otherwise be challenging to
study with cell membranes, which helps in understanding how rele-
vant binding avidity is for infection.

Before describing the kinetic data, we introduce several vari-
ables: (i) N is the number of binding events, (ii) N� (or N�) is the
accumulated number of binding (or unbinding) events since the
movie started, and (iii) Pcount is the number of particles in an
image. Note that Pcount is not the same as N because some particles
do not last long enough to meet the criteria for a binding event;
hence, N is �Pcount. We also have two time variables: (i) t for time
and (ii) tres for binding residence time of virus to receptors. Lastly,
both N and N� were normalized by dividing them by virus density
(Vglass) and TfR density (RTfR), which enables a fair comparison of
kinetic data across the different samples. Instead of using Vglass as
a normalization factor, using the actual concentration of visible
virus in the bulk solution, Vbulk, would also suffice. However, Vbulk

is difficult to obtain directly. A calibration curve between Vglass

and dilutions of Vbulk shows a linear relation (Fig. 3A); hence,
Vbulk can be replaced by Vglass for normalization purposes.

The binding frequency rate data are shown in Fig. 3B, with the
normalized N� on the y axis and the time (t) on the x axis. The slope
of the plots is referred to as normalized binding frequency rate,
Ron,norm (equation 1). Rac118-300D binds �18 times more fre-
quently than does Rac118-300G to the raccoon TfR. Conversely,
Rac118-300G binds �5.7 times more frequently than does Rac118-
300D to the dog TfR. However, the binding rate of Rac118-300G with
the dog TfR is �80% lower than that of Rac118-300D with the rac-
coon TfR. This is not an unexpected result, as previous studies

have shown that a number of different CPV variants bind to very
low levels to the dog TfR relative to the TfRs of other carnivore
hosts (4, 14), possibly owing to the unique protein structure
and/or glycosylation profile of the dog TfR (11).

Ron,norm �
Ron

Vglass RTfR
�

1

Vglass RTfR

dN�

dt
(1)

We next analyzed the binding residence time distribution, which
reflects the binding strength of the parvovirus capsid to the TfR.

FIG 3 Kinetics of virus binding to raccoon or domestic dog TfR-loaded SLBs.
(A) Calibration curve to show the linear relationship between Vglass and Vbulk.
We measured Vglass at several dilution factors, D, of Vbulk for the Rac118-300D
and -300G stock viruses. The dotted fit lines (y � mx) have R2 values greater
than 0.98. The m parameters for 300D and 300G virus are 169,250 and 18,660,
respectively. (B) Normalized binding rate data. Ron,norm is calculated using the
linear fit of the data (Norm N� � Ron,normt). Ron,norm values, in the order of the
symbol key, are (1.6 	 0.2) � 10�6 s�1, (9.1 	 1.3) � 10�8 s�1, (5.9 	 0.9) �
10�8 s�1, and (3.4 	 0.5) � 10�7 s�1. The R2 values for linear fits are �0.98 for
all cases. The error ranges were calculated via propagation of worst-case 10%
errors in each Vglass and RTfR due to particle detection software limitations. The
true error is expected to be less, since errors are corrected manually. (C) Normal-
ized binding residence time distributions. The plot shows how many binding
events, N, last longer than a certain residence time, tres. The data are fitted accord-
ing to equation 2 (dotted lines) but in normalized form. The fit parameters (with
95% confidence intervals) and the number of binding events included in each
distribution (Nbe), in the order of the symbol key, are A � 1.66 	 0.01, B � 7.52 	
0.01, Nbe � 2151; A � 1.91 	 0.07, B � 5.20 	 0.03, Nbe � 203; A � 1.57 	 0.19,
B � 3.39 	 0.07, Nbe � 36; and A � 1.27 	 0.03, B � 5.77 	 0.02, Nbe � 345. The
R2 values for equation 2 fits are �0.97 for all cases.
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Biased binding events were removed using a criterion described
elsewhere (18). Briefly, binding events that started since the first
frame of the movie and those that started after halfway through
the movie were discarded due to the inability to determine actual
binding times and oversampling of short binding events, respec-
tively. Hence, tres can be plotted only up to half the movie time.
The residence time distribution was plotted as N versus tres (Fig.
3C), which shows how many binding events last longer than a
certain tres time. The unbinding curves do not fit the standard 1:1
binding model, suggesting that a more complex interaction is in-
volved. A different empirical fit equation (equation 2) was deter-
mined by testing various log-log plots. Relating equation 2 to the
standard dissociation equation dN/dtres � �koffN yields equation
3 for koff, which is not a constant and varies with tres.

N�tres� � exp�B��ln
tres

1s ��A

(2)

where tres � binding event cutoff time (2.5 s).

koff �tres� �
A

tres ln
tres

1s

(3)

where tres � binding event cutoff time (2.5 s).
The decreasing value of koff with respect to tres (equation 3)

would imply a mechanism for the virus to increase its binding
strength to the receptor with longer contact times, a phenomenon
generally referred to as adhesion strengthening (19–21). Adhesion
strengthening can occur via either multivalent binding, corecep-
tor binding, or conformation changes occurring to the viral pro-
tein upon ligand binding. Multivalent binding is unlikely to occur
in our SPT setup because (i) TfRs are spaced greater than 1 camera
pixel (160 nm) apart, whereas the virus is only 26 nm in diameter;
(ii) the TfRs are immobile and do not diffuse laterally to create
multiple bonds; (iii) the planar SLB geometry restricts binding of
TfR to one side of the virus; and (iv) TfRs may sterically hinder
each other’s access to the same virus. Whether the multivalent

binding that may occur in vivo is a prerequisite for infection is
unknown; rather, it may be a by-product of mobile TfRs clustering
around a virus that is already strongly bound to a single TfR.
However, CPV does not seem to undergo significant multivalent
binding, as it appears that the engagement of the virus with TfR
may potentially prevent additional binding events from occur-
ring, although the mechanism involved is unknown (12).

A more plausible explanation for the increasing binding
strength over time is that there is a complex mechanism of binding
of parvovirus to the TfR (12), such that upon receptor binding, the
virus capsid and/or TfR changes conformation that results in
tighter binding. Our mathematical fit model and raw data agree
with, but do not definitively confirm, adhesion strengthening via
conformation changes that may occur when a virus binds to single
TfR. Additional work is needed to confirm and potentially identify
the changes to the parvovirus or TfR structure that occur as a
direct result of receptor binding.

To determine if the SPT results agree with cell infection data,
relative infectivity studies using raccoon uterine (Pl1Ut; ATCC
CCL-74) and domestic dog (A72; ATCC CRL-1542) tumor cells
were performed using procedures similar to those described else-
where (6, 11). Briefly, cells were seeded at a density of �1 � 105

cells/ml in a 1.9-cm2-well format and inoculated with a multiplic-
ity of infection of 0.4 50% tissue culture infective dose (TCID50)
per cell of either Rac118-300D or -300G. At 72 h postinfection,
cells were fixed in 10% formalin, triple washed with PBS, and
incubated with a polyclonal rabbit anti-CPV VP1/VP2 antibody in
permeabilization buffer (1� PBS, 0.5% bovine serum albumin,
0.5% Triton X-100) for 1 h. The wash step was repeated, and cells
were incubated with a secondary Alexa Fluor 488-conjugated goat
anti-rabbit IgG (heavy plus light chains [H�L]) antibody (Life Tech-
nologies) for 1 h, followed by a final wash in PBS. Immunofluores-
cence was detected using a Nikon Eclipse TE300 inverted fluores-
cence microscope equipped with a Hamamatsu Orca ER digital
camera (Nikon Corporation). As shown in Fig. 4, there was a sub-
stantial reduction in the number of infected raccoon cells with

FIG 4 Relative susceptibility of domestic dog and raccoon cells to infection by Rac118-300D and -300G. (A) Dog (A72) and raccoon (Pl1Ut) cells were infected
with equivalent amounts of Rac118-300D or -300G and fixed, stained, and analyzed by immunofluorescence at 72 h postinfection using a polyclonal rabbit
anti-CPV VP1/VP2 antibody and a goat anti-rabbit Alexa Fluor 488 secondary antibody. (B) For relative infectivity estimates, Alexa Fluor 488-positive cells were
visually counted and the number of infected cells seen with the normal VP2 position 300 mutation associated with each host (i.e., Asp in raccoons, Gly in dogs)
was set to 1.0. Error bars indicate standard deviations for duplicate experiments.
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Rac118-300G compared to Rac118-300D, whereas the reverse trend
was observed with dog cells, as there was a �95% decrease in the
number of infected cells with Rac118-300D in comparison to
Rac118-300G. Thus, both the SPT and infectivity data confirm that
although the Asp-to-Gly change at VP2 position 300 enabled the pro-
totype raccoon-derived CPV to bind to the dog TfR and to also effi-
ciently infect dog cells when that virus previously could not, the pro-
cess of dog adaptation also reduced the virus’ ability to bind to the
raccoon TfR and to infect raccoon cells. These results not only further
demonstrate the importance of this single capsid residue in host
switching (11) but show that in this particular case, viral adaptation to
a new host (dog) simultaneously led to the loss in the ability to effi-
ciently infect the previous host of isolation (raccoon). Additionally,
the unbinding kinetic data suggest that these parvoviruses may in-
crease their binding strength during prolonged contact with their
receptors, which may alter infectivity, and preliminary studies using
biolayer interferometry approaches have also shown similar dissoci-
ation kinetics (unpublished data).

As the platform of the SPT binding assay illustrated here allows
for the examination of a variety of TfR-parvovirus combinations
along with their complex receptor-binding behaviors, future work
will be aimed at applying this binding model to examine the virus
unbinding kinetic data obtained from other assays and determin-
ing how single or multiple capsid or receptor mutations affect
binding to the TfRs from other carnivore hosts. Such studies will
give a better understanding of how viruses successfully cross spe-
cies barriers to infect novel hosts.
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