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Canine parvovirus (CPV) and its relative feline panleukopenia virus (FPV) bind the transferrin receptor
type 1 (TfR) to infect their host cells but show differences in the interactions with the feline and canine TfRs
that determine viral host range and tissue tropism. We changed apical and protease-like domain residues by
introducing point mutations and adding or removing glycosylation signals, and we then examined the inter-
actions of those mutant TfRs with the capsids. Most substitutions had little effect on virus binding and uptake.
However, mutations of several sites in the apical domain of the receptor either prevented binding to the capsids
or reduced the affinity of receptor binding to various degrees. Glycans within the virus binding face of the apical
domain also controlled capsid binding. CPV, but not the related feline parvovirus, could use receptors
containing a canine TfR-specific glycosylation to mediate efficient infection, while addition of other N-linked
glycosylation sites into the virus binding face of the feline apical domain reduced or eliminated both binding
and infection. Replacement of critical feline TfR residue 221 with every amino acid had effects on binding and
infection which were significantly associated with the biochemical properties of the residue replaced. Receptors
with reduced affinities mostly showed proportional changes in their ability to mediate infection. Testing feline
TfR variants for their binding and uptake patterns in cells showed that low-affinity versions bound fewer
capsids and also differed in attachment to the cell surface and filopodia, but transport to the perinuclear
endosome was similar.

Cell infection by animal viruses involves the attachment of
the virion to one or more receptors on the plasma membrane,
allowing them to enter the endosomal system or to fuse directly
to the plasma membrane. Some cell receptors for viruses may
act as a simple tether allowing the particle to be drawn into the
cell, while others may both bind the viral protein and also
induce structural changes that are necessary for infection.
These specific interactions between the receptor and virus may
also control the viral endosomal pathways of infection, as well
as the cell and tissue tropisms and host ranges.

We are studying viruses that differ in host range. Feline
panleukopenia virus (FPV) has long infected cats, whereas
canine parvovirus (CPV) is a new host range variant virus that
emerged in 1978 as a mutant of FPV (reviewed in reference
33). Both FPV and CPV infect cat cells by binding the feline
transferrin receptor type 1 (TfR). The CPV capsid contains
changes that allow it to also bind the canine TfR, and that
additional binding is the critical determinant of its expanded
canine host range (18, 20). The original 1978 strain of CPV,
designated CPV type 2 (CPV-2), was replaced during 1979 and
1980 by a natural variant termed CPV-2a that contained five
changes in the capsid protein. CPV-2 and CPV-2a capsids
differ in affinity of binding to the feline TfR (21, 29), and while
both are able to infect canine cells by binding the canine TfR,

the affinity of attachment to that receptor is very low (29).
Since 1980, additional mutants of CPV-2a have arisen (includ-
ing CPV-2b and CPV-2c, due to changes of VP2 residue 426 to
Asp and Glu, respectively), and those have receptor binding
properties similar to those of CPV-2a. Differences in CPV
capsid attachment to and uptake into canine cells compared to
those with feline cells have been observed. On canine cells, the
first attachment of virions occurs preferentially to filopodia
rather than to receptors on the cell body, although the virus
later ends up in the same endosomal compartments (17).

TfR is a type II glycoprotein that is expressed as a ho-
modimer, and each monomer is comprised of a protease-like
domain, an apical domain, and a helical domain (24). The TfRs
from different species are variably glycosylated, with two N-
linked glycosylations on the murine TfR, three on the human
and feline TfRs (22), and four on the canine TfR (20). Trans-
ferrin (Tf) binds to TfR beneath the protease and helical
domains, close to the membrane (10). The hemochromatosis
protein (HFE) binds the protease-like domain and regulates Tf
binding in the intestinal epithelium (7). The function of the
apical domain for the normal host functions of TfR is not
known.

Analysis of feline and canine TfR chimeras and mutants
showed that the apical domain is involved in FPV and CPV
binding, and it also controls the host-specific binding of CPV to
the canine TfR (30). The specificity of binding of CPV to the
canine TfR is caused by a unique Asn-linked glycosylation
within the apical domain (30), and changing that conjugated
Asn to Lys (as seen in the feline TfR) allows the receptor to
efficiently bind FPV capsids and also greatly increases the
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binding affinity for the CPV-2 and CPV-2b capsids (30). In our
previous studies we have shown that residue Leu221 in the
feline TfR (equivalent to Leu212 in the human TfR) influences
the binding of the receptor to both CPV and FPV capsids (30).
However, the canine TfR binds the CPV capsid with an inter-
action distinct from that seen for the feline TfR, as many
mutations in CPV prevent canine TfR binding and infection of
dog cells but do not affect feline TfR binding (9, 18, 32). The
differences in CPV capsids that control the specific interaction
with the canine TfR alter the flexibility of capsid surface loops,
suggesting that the movement of capsid surface loops is a
requirement for attachment to the canine TfR and its glycans
(15). When the binding of the feline TfR to CPV capsids was
examined, only a small number of receptors (between one and
five) bound per capsid, but the receptor attachment site on the
viral surface included the positions on the 3-fold spike of the
capsid that controlled canine TfR binding and canine host
range (16).

The TfR is also used by other viruses for cell infection,
including various New World arenaviruses and the mouse
mammary tumor virus (MMTV) (34, 38, 43). The New World
arenaviruses that can infect humans bind both the human and
the native rodent receptors, as well as the feline TfR, while
those viruses that do not infect humans do not bind the human
TfR efficiently (2, 34). Binding of arenaviruses to the human
TfR is determined by sequences in the receptor apical domain,
including tyrosine 211 in the human TfR sequence (2, 35).
Mouse mammary tumor virus glycoprotein binding to the mu-
rine TfR is influenced by sequences in the apical and protease-
like domains (43).

CPV and FPV have small (25-nm) nonenveloped capsids
that package a single-stranded DNA genome of �5,120 bases.
The particles are assembled from two overlapping proteins,
VP1 and VP2, with �90% of the protein being VP2. VP1
contains a 143-residue unique N-terminal sequence that en-
codes a phospholipase A2 (PLA2) enzyme (46), and that se-
quence also includes basic amino acid motifs that play roles in
infection, likely through effects on nuclear localization (42).
The VP1 unique region becomes exposed during entry without
capsid disintegration, and the PLA2 aids in endosomal escape
(13, 39). For CPV most of the capsids do not leave the endo-
somes, and unlike Tf, they do not recycle to the cell surface
(17).

Other parvoviruses bind a variety of molecules as receptors
for cell infection, including glycans, such as sialic acids or
heparin sulfate proteoglycans, or a variety of different glyco-
proteins. Some adeno-associated virus (AAV) capsids have
been modified to include ligands that allow binding to alter-
native receptors, and those can still infect cells, suggesting that
they lack structural specificity for receptor binding and cell
infection (27).

Here we define structures of the feline and canine TfRs that
control capsid binding and cell infection and examine the ef-
fects on those processes of changes of specific residues in the
structure and of glycans within the receptor apical domain.
One residue proved to have a critical role in binding, and
alternative replacements at that position resulted in a variety
of binding affinities and altered cell infection patterns by FPV
and the different CPV strains.

MATERIALS AND METHODS

Structure modeling. The amino acid sequence of the feline TfR
(NP_001009312.1) was aligned to the sequence corresponding to the crystal
structure of the human TfR (1) (Protein Data Bank accession no. 3KAS) using
UCSF Chimera (http://www.cgl.ucsf.edu/chimera/). Using COOT (http://www
.biop.ox.ac.uk/coot/), substitutions for feline wild-type Leu at 221 were made,
and the bond lengths and angles were normalized to produce a pdb file repre-
senting the predicted TfR structure with each possible amino acid substitution.

Cells, viruses, and ligands. Chinese hamster ovary (CHO)-derived cells lack-
ing the hamster TfR (TRVb cells [26]) were grown in Ham’s F-12 medium
containing 5% fetal bovine serum. For virus propagation, feline NLFK cells were
grown in a 1:1 mixture of McCoy’s 5A and Liebovitz L15 media with 5% fetal
bovine serum. Virus capsids were concentrated by polyethylene glycol precipi-
tation followed by sucrose gradient centrifugation and then dialyzed against
Dulbecco’s phosphate-buffered saline (PBS) or 20 mM Tris-HCl (pH 7.5) and
stored at 4°C (3, 28). For binding assays, purified capsids were conjugated to
Alexa Fluor-488 (Alexa488) or Alexa594 (Invitrogen, Carlsbad, CA) (17, 20).
Canine Tf (Sigma Aldrich, St. Louis, MO) was iron loaded as previously de-
scribed (5, 6) and labeled with Cy5 or Texas Red.

Cloning and expression of receptor mutants. Plasmid clones of the feline or
canine TfR were expressed from the pcDNA3.1(�) plasmid as previously de-
scribed (31). Point mutations were introduced directly into the plasmid using the
Phusion procedure (New England Biolabs, Beverly, MA) and confirmed by
sequencing. The feline and canine TfRs were altered at a variety of sites pre-
dicted to be exposed on the surface of the apical and the protease-like domains,
as listed in Table 1 and shown in Fig. 1A. Residue 221 in the feline TfR sequence
had a critical influence on binding to both CPV and FPV capsids, and that
residue was therefore mutated to all possible alternative residues to test for their
effects on virus binding and cell infection. Other mutations altered residues
within the apical and protease-like domains to nonconservative replacements. In
some cases N-linked glycosylation sites were introduced into or removed from
positions in the apical domain (Table 1).

To test binding or infection, TRVb cells were seeded into six-well trays at 2 �
104 cells per cm2 and transfected with 2 �g of TfR plasmid using Lipofectamine
according to the manufacturer’s instructions (Invitrogen, Carlsbad, CA). Stable
TRVb-derived cell lines expressing some of the mutant TfRs were selected by
growth in the presence of 400 �g/ml of G418.

Flow cytometry. In the binding studies, cells were tested at 2 days after trans-
fection, when they were washed twice in cold PBS and detached using Accutase
(Innovative Cell Technologies, San Diego, CA). Cells were then washed in PBS
with 1% ovalbumin and then incubated with 10 �g/ml of Alexa488-capsids and
Cy5-Tf combined for 1 h at 37°C. The cells were finally washed in PBS-ovalbumin
and fixed with 4% paraformaldehyde (PFA) in PBS. Flow cytometry was per-
formed with a FACScalibur (BD Biosciences), analyzing at least 10,000 cells.
Studies were performed in three independent replicates.

For assaying infection by flow cytometry, TRVb cells were seeded and trans-
fected as described above, incubated for 2 days, washed with Dulbecco’s modi-
fied Eagle’s medium (DMEM) with 0.1% bovine serum albumin (BSA), inocu-
lated with viruses, and incubated for 2 days at 37°C. The cells were then detached
as described above and first incubated with Cy5-labeled Tf for 1 h. The cells were
then fixed and permeabilized using an intracellular staining preparation kit
(eBioscience, San Diego, CA) and stained for viral proteins using a polyclonal
anti-CPV rabbit serum labeled with fluorescein isothiocyanate (FITC). Cells
were finally resuspended in PBS with 1% ovalbumin and 0.09% sodium azide and
analyzed by flow cytometry as described above.

Fluorescence microscopy. Stable TRVb cell lines expressing variant TfRs were
seeded at a density of 1 � 104 cells/cm2 in coverslip dishes (MatTek, Ashland,
MA) and then used for experiments 2 days later. To detect the early stages of
entry, the TfR cell lines were incubated with Alexa488– or Alexa594–CPV-2
capsids or with Texas Red- or Alexa488-labeled Tf at 37°C in phenol-red free
DMEM. The binding and distribution of the virus or Tf were observed within 15
min of incubation, and then the cells were washed and incubated at 37°C for
various times (17). Cells were also fixed with 4% paraformaldehyde after 15, 30,
or 60 min of incubation at 37°C. Images were collected with a Hamamatsu
OrcaER camera, with different labels collected as separate channels, and then
analyzed using the SimplePCI software (Hamamatsu, Sewickley, PA).

Statistical analyses. Flow cytometry data were analyzed using FlowJo v.9
(TreeStar, Ashland, OR). After gating based on cell size/granularity, differences
between the raw fluorescence data of the samples were statistically tested using
the multivariate probability binning method (36, 37). In a second analysis, we
gated the cells based on staining patterns, exported the raw fluorescence data for
cells positive for both CPV and Tf, and further analyzed using statistical software
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JMP 8 (SAS, Cary, NC). The CPV/Tf dual-positive data for each of the three
replicates of the TfR clones tested were fitted to regression curves and trans-
formed by multiplying the inverse by 10. Samples which had no intercept were
either assigned an intercept of zero (those which bound Tf but not virus) or
marked “NCS” (no cell surface expression) (for those which did not bind Tf or
virus because they did not reach the cell surface). Stable cell lines of TRVb cells
expressing the TfR variants were also tested for Tf binding levels using fluores-
cence microscopy, where cells were incubated with labeled Tf and photographed
under equivalent conditions, and the digital images were compared using NIH
ImageJ (http://rsbweb.nih.gov/ij/).

RESULTS

Receptor mutants affecting capsid binding are highly fo-
cused. In order to define the specific binding features of the
TfR and the effects of altered receptors on cell infection by
parvoviruses, we prepared a number of mutants of the feline
TfR with altered surface residues in the apical and protease-
like domains (Table 1; Fig. 1A). All mutant TfRs were ex-
pressed in receptor-negative TRVb cells, screened for binding
and uptake of labeled capsids and canine Tf at 37°C, and
compared to the wild-type TfR in parallel (the method is
illustrated in Fig. 2). Several statistical methods were used to
compare the results for the mutant TfRs to those for the
wild-type feline TfR, including a robust chi-square-based anal-
ysis designed for flow cytometry (36, 37). This test was utilized
to compare the overall differences in virus and Tf binding or
infection. Due to normal variation in receptor expression levels
caused by transfection efficiency, cell dissociation efficacy, and
other possible factors, some variant receptors appeared to
have lower percentages of virus/Tf dual-positive cells, but virus
binding was actually statistically similar to that for the wild
type. We therefore did a secondary analysis of the intercept of
the virus-Tf regression. Since the binding site of human Tf is
distant from the mutations we made (Fig. 1) (10), we did not

expect most of the mutants to affect Tf binding, and this was
seen in the study. Some variant receptors, including one of the
glycosylation mutants, did not traffic to the cell surface, and
those therefore did not show either Tf or virus attachment
(indicated as “not cell surface” [NCS] in the figures).

Changes of most positions within the apical and protease-
like domains of the receptors had little effect on virus binding
or CPV infection, although the replacements of Thr300 with
Asp and of Asp369 with Lys reduced both binding and infec-
tion (Table 1; Fig. 1 and 3). The most striking effects were seen
for replacements of Leu221 in the feline TfR sequence (equiv-
alent to residue 212 of the human TfR), which showed reduced
virus binding (Table 1; Fig. 1, 2, and 4). When that codon was
changed to express each of the other possible residues, a range
of effects on virus attachment was seen, varying from no de-
tectable binding up to binding that was equal to that of the
wild-type receptor (Fig. 2 and 4). Specific virus binding levels
were determined by comparing the virus and Tf levels on the
same cells using flow cytometry (Fig. 2 to 5). We have shown
previously that Tf binding to the feline TfR does not influence
virus binding (30), and that was confirmed here (results not
shown), and the capsid binding efficiencies were therefore de-
termined from the ratios of the virus and Tf binding levels. The
lower-binding TfR mutants allowed virus binding only when
cells expressed the highest levels of TfR, where they bound as
much as 100-fold more TfR than the wild type to give the same
level of virus binding. Virus binding avidities were then com-
pared by taking the y axis intercept of cells that showed virus
binding, and the reciprocals of the data are shown in the
figures to allow the direct comparison with data from infection
assays (Fig. 3 to 5A). TfR mutants showing no detectable
capsid binding were reported as 0, as there was no intercept.

To understand the effects of the replacements on the struc-

TABLE 1. Feline TfR mutants prepared in these studiesa

Domain Feline TfR mutationb Human TfR position

Wild-type feline — —
Apical, deletion �V201-V390c �V192-V380
Apical, feline to canine changes (canine unique

glycosylation site introduced)
G203S/N205ins/S207Q/K383N/S385T D194/196/Q198/K374/T376

Apical (glycosylation site introduced) V212N 203
Apical (altered to all other residues) L221X (L221Cc) L212
Apical (glycosylation site removed) N326Yc N317

N260R N251

Apical N284K N275
N254K D245
T300D V291
T214A K205
D369K D360
N256F Y247
R378Dc E369

Protease-like E583K K574
Q587K E578
K588D R579
D569K D560
D534K D525
I538D A529

a Controls included the wild-type canine TfR and the canine TfR with the unique glycosylation site (N383/T385) removed (30).
b —, no mutation (wild type); �, deletion between the indicated residues in the feline TfR.
c Receptor did not reach the cell surface (indicated with the notation “NCS” in Fig. 3 to 5).
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ture and virus binding, we examined their effects on a model
derived from the human TfR structure that has been refined in
a recent study by Abraham et al. (1). That model revealed that
residue 221 is within a �-strand which is part of a �-sheet that

is likely conserved between human and feline TfRs. There
were no predicted intramolecular interactions with the side
chain of the conserved feline Leu221, which is surface exposed
and extending away from the neighboring �-strand (Fig. 1B).

FIG. 1. (A) Locations of mutations tested, shown on a model of the feline sequence aligned to the human TfR structure. The different domains
are colored in green (apical), red (protease-like), and yellow (helical). A portion of the stalk domain is colored in cyan (left), and the sites
associated with Tf binding are brown (right). The following color code is used on the gray portion of the structure to highlight the substitutions
which were made: red, Leu221; cyan, conserved N-linked glycosylation sites; orange, new glycosylation site added; pink, canine TfR unique
glycosylation site added; dark blue, all other sites mutated in these studies. Changes with a large effect on virus binding are indicated by labels in
red or purple. The labels of all the Asn-linked glycosylation sites are orange. (B) The position of residue Leu221 within the apical domain, shown
in a model derived from the human TfR (the human position is Leu212). (C) Binding of CPV-2 capsids or infection by CPV-2 virus (as the
percentage of positive cells) when using feline TfRs containing the indicated changes of residue 221, compared to the average buried accessible
surface area (ASA) of the amino acid expressed. (D) Infection by CPV-2, CPV-2b, or FPV (shown as the percentage infection-positive cells) of
cells expressing feline TfRs containing the indicated changes of residue 221, compared to average buried ASA of the amino acid expressed.
(E) Binding of CPV-2 capsids to cells expressing feline TfRs containing the indicated changes of residue 221, compared to normalized van der
Waals (VDW) side chain volumes of the replacement residues. Error bars indicate standard deviations.

FIG. 2. Methods used for analyzing virus binding by the variant forms of the TfR. Representative examples of different binding profiles are
shown, with Tf and virus (CPV-2) binding assayed by flow cytometry in transfected TRVb cells. The lines superimposed on the graphs represent
regressions of the data in the upper right quadrant, and the intercept of the regression line with the axis between the Tf-positive and dual-stained
quadrants shows the level of TfR expression (measured as Tf binding) required for detectable virus binding. Each panel represents three
independent replicates of at least 10,000 cells, which were concatenated to make these plots.
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We examined the relationships between known amino acid
parameters of the replacements of residue 221 and our exper-
imental observations on binding and infection. We examined
the correlation between the character of the side chain and
binding effects of the mutant receptor. Properties examined
included charge, polarity, normalized van der Waals (VDW)
volume, hydrophobicity and localized electrical effect (14); hy-
dropathy index (23); electronic charge and isotropic surface
area (11); and accessible surface area (ASA), average buried
ASA, and burial propensity (47). The average buried ASA (47)
was the only parameter that displayed a direct correlation (P �
0.001) to the alterations in binding and infection, followed by
a close correlation with VDW side chain volume (P � 0.004)
and binding.

Buried ASA measurements have been used previously to
describe the effects of mutations on the interactions between
macromolecules (4, 12). Here, average buried ASA values (47)
describe the surface buried away from solvent when virus and
TfR associate to form a complex, and they likely have a direct
relationship with complex stability. Residue 221 could be de-
fined as a “hot spot,” such as other authors have shown for
antibody-protein complexes (40), with mutational analyses and
structural evidence suggesting that residue 221 would be bur-
ied in the receptor-virus interface. Our analysis indicates that
there is a range of buried ASA values which are favorable to
the interactions and contribute to complex stability (high virus
binding), while residues outside that range cause the complex
to lose stability and show low virus binding. Average buried

FIG. 3. Effects of replacements of various residues in the apical and protease-like domains of the feline TfR on the binding of virus and on virus
infection, compared to those with the wild-type (wt) feline TfR. Means and standard deviations from three independent experiments are shown.
Receptors not reaching the cell surface are indicated with the notation “NCS.” Statistically significant differences from the results seen for the
wild-type feline TfR are noted (*, P � 0.05; **, P � 0.01); these were determined by testing the raw fluorescence data (not the mean values of
percent bound or infected cells shown). (A) As illustrated in Fig. 2, flow cytometry was used to determine CPV-2 binding. Results of both analyses
of viral binding are shown (percent dual CPV-2/Tf positive and intercept between the y axis of the Tf binding versus CPV-2 binding). The intercept
represents the level of TfR expression on cells required to allow detectable virus attachment and uptake (here presented as the inverse for visual
comparison) with cells not binding virus assigned an intercept of zero. (B) Infection of transfected TRVb cells with CPV-2, CPV-2b, and FPV. Cells
were assayed by antibody staining combined with labeled Tf uptake and flow cytometry.
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ASA values of between 130 and 190 Å2 corresponded to high
binding, while outside this range the binding dropped (Fig.
1C). For each substitution except Arg, the effect on infectivity
corresponded to the effect on binding (Fig. 1C and D and 4).
Arginine has an average buried ASA of 131 Å2, which is within
the preferred range for binding, but shows a significant de-
crease in infectivity, suggesting that the charge of the Arg side
chain causes a reduction in infectivity. The correlation be-
tween binding/infection and van der Waals side chain vol-
ume is slightly different, being more affected by the charge
of the residue side chain (Fig. 1E), suggesting that van der
Waals forces also govern the interaction between virus and
TfR at residue 221 (12).

Altering glycosylation sites. The specificity of the canine
TfR for CPV capsids is largely due to the unique N-linked
glycan attached to Asn383 (feline TfR numbering), and the
viral sequences that control binding to the canine TfR in-
clude VP2 residues 93, 299 or 300, and 323 (21). To further
examine the role of glycosylation in the control of virus
binding, we replaced residue 212 with an Asn, to give a new
glycosylation site, and also changed the glycosylated Asn
residues 260 and 326 (Fig. 5). The feline TfR with Asn212
showed normal levels of Tf binding but greatly reduced virus
binding (Fig. 5). The canine TfR with the unique glycosyla-
tion site mutated to Lys (as in the feline TfR sequence)
showed increased capsid binding (30). Altering residue
Asn326 prevented receptor transport to the cell surface,
while modification of glycosylation site Asn260 within the
apical domain allowed cell surface receptor expression and

resulted in only a small reduction in virus binding and a
CPV-2b strain-specific reduction in infection (Fig. 5).

Effects on virus infection of cells. In most cases there was a
close correlation between the level of binding of the mutant
TfRs to the virus and the efficiency of cell infection. Those
receptors that showed no or low virus binding allowed no or
little infection, while those that showed intermediate effects
on binding allowed intermediate infection compared to the
wild-type receptor (Fig. 2 to 5). For the low-binding recep-
tors, the cells that became infected were those that showed
the highest levels of TfR expression (as detected by Tf
binding levels), while for the wild-type feline TfR, cells were
infected when they expressed 10-fold less receptor or even
lower levels (Fig. 2).

Virus strain-specific binding and infection. The natural vi-
rus strains FPV, CPV-2, and CPV-2b differ in binding affinity
and specificity for the feline and canine TfRs, and we therefore
compared their binding and cell infection using the mutant
TfRs. There were differences in the number of receptors re-
quired to allow infection by the different virus strains (Fig. 3 to
5B), indicating strain-specific differences in the control of in-
fection. Specifically, CPV-2 showed similar levels of infection,
while CPV-2b and FPV strains showed lower levels of infection
for several of the mutant TfRs. This indicates a different in-
teraction of some virus strains with the feline TfR, which may
be modulating later stages in the infection process.

Effects of mutants on binding to and uptake into cells. We
recently reported that the initial binding of CPV capsids to
canine and feline cells differs in the attachment to filopodia or

FIG. 4. Effects of all replacements of residue 221 of the feline TfR on virus binding and virus infection. Virus binding (A) and infection (B) are
shown as described in the legend of Fig. 3.
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to the cell body (17), and this was suggested to be due to
differences in the affinity of the interaction with the canine and
feline TfRs. Here we examined this difference directly by ex-
amining the attachment and uptake patterns of viruses by a
feline TfR with a single change that resulted in lower virus
binding, Leu221Ala (Fig. 2 and 6). Tf binding was similar for
both receptors (Fig. 2 and 6A). While capsid binding to recep-
tors on the cell body was seen on cells expressing the wild-type
feline TfR, the Leu221Ala mutant showed more capsid binding
to the filopodia (Fig. 6B); at later times of incubation, capsids
accumulated inside the cell (Fig. 6B).

DISCUSSION

Here we have identified and characterized specific sites on
the TfR that directly control binding to CPV and related vi-
ruses. The interaction of the feline TfR with CPV-2 capsids
was affected by replacements in residue 221 in one face of the
apical domain, as well as residues 300 and 369 on the “end” of
that domain. Other residues in the apical domain had no effect,
and neither did the changes tested in the protease-like do-
mains. Similar levels of infection were seen for the three viral
strains tested, but CPV-2b and FPV had lower rates for some
TfR variants. A critical and amino acid-dependent virus inter-
action with the TfR is controlled by residue 221 (Fig. 4), a
conserved residue that is exposed on the human TfR surface
and on models of the feline TfR (Fig. 1). Modifications in
N-linked glycosylation sites also had significant effects, includ-
ing complete inhibition of binding and infection (Fig. 5).

We prepared a series of receptors altered in only residue 221
that showed various levels of virus binding, ranging from not
detectable to equal to the wild-type level. The direct correla-
tion of virus binding and infection with buried ASA and VDW
volume suggests that the 221 site is within the TfR structure
that allows virus recognition and the formation of stable virus-
receptor interactions. The residues with the smallest average
buried surface areas and volumes may not allow an interaction
with the virus, due to the insufficient volume or altered topol-
ogy of the binding site. Since a Trp at position 221 also caused
reduced binding and infection, it appears that too large a
volume also causes surface changes that hinder the interaction
with virus. Thus, the actual topology of the TfR at the site of
residue 221 is critical, identifying a “hot spot,” a unique residue
within the broad footprint of TfR on the virus surface that
controls binding and infection.

Some viral receptors appear to make critical structural in-
teractions with the viral protein that are required for infection,
while others appear to act as simple tethers and not to play a
structural role. For CPV and FPV a structural role has been
suggested, due the observation that sialic acids can bind CPV
or FPV to the surface of cells but do not mediate infection, and
neither do receptors prepared with binding domains derived
from antiviral antibodies (19, 41). This question is not com-
pletely resolved here. Most of the mutations of residues that
reduce capsid binding cause a proportional reduction in virus
infection, except in the case of Arg221, which has a greater
effect on infection than binding, suggesting that some specific
interactions between virus and receptor may affect later steps
in the infectious process.

That relationship between affinity and infectivity was not
seen for the canine TfR, which had a low affinity of CPV-2
binding, similar to that seen for the Ala or Asn mutations of
residue 221 in the feline TfR. That receptor allowed approxi-
mately 2-fold-higher levels of infection by CPV-2b than by
CPV-2 and allowed no infection by FPV. This likely resulted
from the adaptive process of the CPV in dogs, which allowed
the efficient use of the canine TfR in nature in newer strains.

The sequence of the TfR apical domain is quite conserved,
but its natural function for the host is still unknown, and it does
not interact with known TfR ligands, including Tf or HFE (7).
When the entire apical domain was deleted, the receptor was
not transported to the cell surface (Fig. 3). The apical domain

FIG. 5. Characterization of feline and canine TfR mutants with
alterations in glycosylation patterns, including either addition (V212N
and K383N/S385T) or removal (N260R and N326Y) of sites within the
apical domain, or the canine TfR with the unique glycosylation site
(N383/T385) removed (30). Virus binding (A) and infection (B) are
shown as described in the legend of Fig. 3, and representative binding
profiles are compared (C).
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structure appears to be a “viral binding patch,” as the same
TfR structure is also targeted by other pathogens, including the
New World arenaviruses and MMTV (35, 43). Binding to mu-
rine or human TfRs by the New World arenaviruses is con-
trolled by a residue (211 in the human TfR) that is immediately
adjacent to the human Leu212 (feline TfR residue 221) that
controls binding of these parvovirus capsids (2). In the case of
the arenavirus binding to the TfR, the feline but not the canine
TfR also binds the glycoproteins of four different arenaviruses
(2). That host specificity is also controlled by sequences in the
apical domain, perhaps in part by the additional glycan on the
canine TfR. Such a receptor structure that is bound by multiple

viruses has been suggested for angiotensin-converting hor-
mone receptor 2, which has a small region that is bound by at
least two different coronaviruses (44). The reasons for these
sites on receptors that bind multiple viruses are not known, but
they may involve some feature of their structure or other con-
sequences of the virus-host coevolution.

Receptor glycosylation controls virus binding. The canine
TfR specificity for CPV is controlled primarily by a single
additional glycosylation site within the apical domain, and
CPV gained the ability to bind the canine TfR without losing
its ability to bind the feline TfR. Here we also showed reduced
binding to the feline TfR by adding a novel glycosylation site at

FIG. 6. Binding and uptake patterns of Tf or virus on TRVb cells expressing the wild-type feline TfR or the Ala221 mutant feline TfR, that
shows a low affinity of virus attachment. (A) Cells after incubation with Tf for 15 or 30 min at 37°C, as indicated, and fixation with paraformal-
dehyde. A light microscopy image (phase) is shown, as well as a fluorescence image of labeled Tf (transferrin). (B) Cells after incubation with
Alexa594-virus for 15 or 60 min at 37°C, as indicated, and fixation with paraformaldehyde. A light microscopy image (phase) is shown, as well as
a fluorescence image of labeled capsids (virus). A magnified view shows an overlay of the cell phase image with the labeled capsids, with the
association of virus with the filopodia on cells expressing the Ala221 TfR but not the wild type.
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feline TfR position 212. CPV binding to the canine TfR is
associated with the flexibility of surface loops that likely allow
the capsid surface to accommodate the added glycan in the
apical domain of the canine TfR (15, 25, 28), but those changes
did not allow it to accommodate the novel glycan. Some gly-
cosylations of the human TfR, such as that attached to residue
317, are required for correct folding and transport to the
plasma membrane (8, 45). Changing the equivalent position in
the feline TfR (Asn326Tyr) prevented the receptor from
reaching the cell surface (Fig. 5). Changing the other highly
conserved site at feline TfR residue 260 reduced levels of
infection by CPV-2b but not by CPV-2 or FPV.

TfR affinity and patterns of entry. In previous studies we
observed virus binding to feline cells over the cell surface but
attachment to canine cells that was initially to filopodia, and
that was hypothesized to be due to differences in the affinities
of binding to the feline and canine TfRs (17). Here we ob-
served that the low-affinity Leu221Ala variant of the feline TfR
gave specific capsid binding to filopodia when it was expressed
on TRVb cells and that capsid (but not Tf) binding was at a
much lower level than was seen for the wild-type feline TfR.
However, after attachment the bound virus was able to enter
the endosomal system, as seen for dog and cat cells (17).

These studies confirm the specific nature of the interactions
between the TfR and the CPV and FPV capsids and identify a
particular role for the interaction of the receptor apical do-
main and the capsid. In future studies we wish to identify the
residues in the capsids that control the binding to affinity-
altered receptors.
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