


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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