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Canine parvovirus (CPV) is a small, nonenveloped virus that is a host range variant of a virus which infected
cats and changes in the capsid protein control the ability of the virus to infect canine cells. We used a variety
of approaches to define the early stages of cell entry by CPV. Electron microscopy showed that virus particles
concentrated within clathrin-coated pits and vesicles early in the uptake process and that the infecting
particles were rapidly removed from the cell surface. Overexpression of a dominant interfering mutant of
dynamin in the cells altered the trafficking of capsid-containing vesicles. There was a 40% decrease in the
number of CPV-infected cells in mutant dynamin-expressing cells, as well as a ;40% decrease in the number
of cells in S phase of the cell cycle, which is required for virus replication. However, there was also up to 10-fold
more binding of CPV to the surface of mutant dynamin-expressing cells than there was to uninduced cells,
suggesting an increased receptor retention on the cell surface. In contrast, there was little difference in virus
binding, virus infection rate, or cell cycle distribution between induced and uninduced cells expressing
wild-type dynamin. CPV particles colocalized with transferrin in perinuclear endosomes but not with fluores-
cein isothiocyanate-dextran, a marker for fluid-phase endocytosis. Cells treated with nanomolar concentra-
tions of bafilomycin A1 were largely resistant to infection when the drug was added either 30 min before or 90
min after inoculation, suggesting that there was a lag between virus entering the cell by clathrin-mediated
endocytosis and escape of the virus from the endosome. High concentrations of CPV particles did not
permeabilize canine A72 or mink lung cells to a-sarcin, but canine adenovirus type 1 particles permeabilized
both cell lines. These data suggest that the CPV entry and infection pathway is complex and involves multiple
vesicular components.

The early steps of virus entry into cells involve attachment to
the cell surface, followed by penetration of the virion or its
components into the cytoplasm through the plasma membrane
or the membrane of an endocytic vesicle. For many enveloped
and nonenveloped viruses such as influenza virus, Semliki For-
est virus, vesicular stomatitis virus, adenovirus, and reovirus,
endocytic uptake is required for infection (36, 54, 57, 79).
Other viruses such as herpesviruses, rotavirus, poliovirus, and
some retroviruses may enter the cytoplasm by penetrating or
fusing directly to the plasma membrane after binding their
appropriate receptors (41, 50, 61, 75).

The general endocytic mechanisms by which ligands includ-
ing viruses can be taken into the cell are clathrin-mediated
endocytosis, uptake via caveolae, macropinocytosis, a poorly
characterized caveolin- and clathrin-independent pathway, and
phagocytosis (55). Electron microscopic studies show that
many viruses bind to coated regions of the plasma membrane
and are found in coated vesicles, indicating that they are taken
into cells by clathrin-mediated endocytosis, e.g., adenovirus,
minute virus of mice (MVM), and influenza virus (46, 53, 60).
In contrast, entry and infection of cells by simian virus 40
(SV40) has been shown to occur via caveolae (2).

Canine parvovirus (CPV) is a variant of a feline parvovirus
which gained the ability to infect dog cells and dogs through a
small number of sequence changes in its capsid coat protein

(76). CPV most likely enters and infects cells by an endocytic
route as agents which prevent endosome trafficking or acidifi-
cation block virus infection or replication (8, 81). The uptake
of CPV from the plasma membrane has been suggested to
occur via a non-clathrin-dependent endocytic pathway on the
basis of electron microscopic examination of cells after 15 min
of incubation at 37°C (8). However, coated pits and vesicles are
short lived, and coated vesicles containing viral particles may
rapidly lose their coats. A study of adenovirus entry found the
majority of particles within noncoated vesicles, with only a
minority of virions bound to coated pits (60). In addition,
uptake of the autonomous parvovirus MVM from the plasma
membrane occurs within coated vesicles (46). Therefore, it
remains possible that CPV infects cells by clathrin-mediated
endocytosis.

To initiate infection, CPV must bind to the cells, pass
through an endocytic pathway, and eventually deliver its single-
stranded DNA genome to the nucleus for replication. CPV has
been reported to bind to the basolateral surface of polarized
MDCK epithelial cells to a sixfold-greater degree than to the
apical surface (7). However, as those cells were not permissive
to CPV, the role of that binding in infection is unknown. About
105 high-affinity receptors are reported to be present on the
surface of canine A72 cells, and maximal binding of CPV is
reached after approximately 1 h of incubation at 4°C (7, 8).

The receptor used for CPV infection has not yet been de-
fined. CPV binds sialic acid, and although sialidase treatment
of cells reduces virus binding by ;30%, that does not prevent
CPV infection, and a non-sialic acid binding mutant of CPV is
highly infectious for cells (5). CPV binds 42- and 116-kDa
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proteins when cellular protein blots are probed with virus, and
it also binds to a glycophosphotidylinositol-linked protein on
feline lymphoid cells, although none of these molecules have
been confirmed as the receptor used during infection (6, 9).
Among other parvoviruses, sialidase treatment of cells blocks
infection by MVM, and the receptor for human B19 parvovirus
on erythroid cells is globoside, the erythrocyte P antigen (12,
19). Aleutian mink disease parvovirus binds a 67-kDa protein
on the surface of Crandell feline kidney cells, and a polyclonal
serum against this protein inhibits infection (31). Adeno-asso-
ciated virus type 2 binds to heparan sulfate, and it also binds to
a 150-kDa cell membrane-associated glycoprotein in overlay
blots (56, 73), while human fibroblast growth factor and/or the
aVb5 integrin are coreceptors for adeno-associated virus type
2 entry and infection (65, 72).

Ligands that are taken into cells by receptor-mediated en-
docytosis are trafficked to early sorting endosomes where the
low-pH environment causes many ligands to dissociate from
their receptors. Receptor-dissociated ligands are rapidly traf-
ficked to late endosomes and then to lysosomes, where they are
degraded (55, 68). Specific signals on the cytoplasmic tail of
some receptors may cause them to be sorted and returned to
the plasma membrane for reuse, while in other cases both the
receptor and ligand are targeted to the late endosome/lyso-
some for degradation (55). The fate of internalized ligands and
receptors is complex, and other pathways exist which target
receptors and receptor-bound ligands to a perinuclear recy-
cling endosomal compartment and in some cases to the Golgi
network (34, 49).

The specific role of endocytosis in CPV infection and the
details of the pathways used are still not well understood. CPV
particles taken into cells appear to be trafficked to a perinu-
clear vesicular compartment, and capsid proteins are largely
intact for several hours after uptake (81, 83). CPV infection of
A72 cells can be inhibited with the microtubule-depolymeriz-
ing agent nocodazole or by incubation at 18°C (81). Trafficking
between the early endosome and the late endosome or recy-
cling endosome is microtubule dependent and inhibited by
incubation at ,20°C (33, 66), which may indicate that CPV
infection requires that the capsid be trafficked beyond the early
endosome. It is also possible that microtubules are required to
transport the capsid within the cytoplasm, similar to what has
been shown for herpesvirus and adenovirus (70, 74).

Many viruses require exposure to an acidic pH during infec-
tious entry into cells (51). For example, influenza virus and
Semliki Forest virus require exposure to pH of less than 6.0 in
the endosome to cause their glycoprotein spike complexes to
undergo conformational changes needed for fusion of the viral
envelope with cellular membranes (13, 28, 44), and treating
cells with agents which disrupt endosomal acidification pro-
cesses blocks infection (43, 53). Nonenveloped viruses affected
by drug treatments which prevent endosomal acidification in-
clude adenovirus type 2 (79), rhinoviruses (63), reovirus (52,
57), and CPV (8), while SV40 (42), poliovirus (61), and hep-
atitis B virus (68) are not affected by such treatments. How-
ever, as well as their direct effects on pH, treatments that
prevent acidification of endosomes can also inhibit endosomal
trafficking within the cell. Infection by some pH-dependent
viruses may therefore be inhibited by these agents because of
indirect effects of the treatments on endosomal protease acti-
vation or on endosomal trafficking of the viral particle (4, 10,
17).

CPV infection is blocked in cells treated with NH4Cl or
chloroquine, indicating that acidification of endosomes may be
required (8). However, the capsid appears not to be directly
affected by exposure to low pH. The structures of CPV and

feline parvovirus empty capsids at pH 5.5 or 6.2 determined by
X-ray crystallography show relatively small changes compared
to the structures determined at pH 7.5 (A. Simpson, C. R.
Parrish, and M. G. Rossmann, unpublished data), and there is
little difference in susceptibility of the capsid to proteases at
pH 5.5 and 7.5 (83).

Overexpression of mutants of dynamin I defective in GTP
binding in a variety of different cells and organisms leads to
inhibition of clathrin-mediated endocytosis (16, 18, 23–25, 78).
Expression of the dynamin K44A mutant in HeLa cells re-
duced or prevented the infectious entry of adenovirus, Semliki
Forest virus, Sindbis virus, or human rhinovirus 14, indicating
that uptake of these viruses requires an active clathrin-medi-
ated endocytic pathway (27, 82). Dynamin is a large 100-kDa
GTPase required for scission of clathrin-coated vesicles bud-
ding from the plasma membrane and the Golgi apparatus. At
least three unique dynamin gene products have been described
that vary in their tissue expression. Dynamin I is expressed
predominantly in neurons, while dynamin II is ubiquitously
expressed and dynamin III is expressed in the testis, lung, and
brain. In addition, each form of dynamin has a variety of
alternatively spliced forms, although the specific functions and
expression patterns of these isoforms have not all been deter-
mined (14, 77).

Here we use a variety of approaches to further define the
uptake and infection pathway of CPV into cells. CPV capsids
concentrated within electron-dense coated pits on the cell sur-
face and then entered mink lung cells by clathrin-mediated
endocytosis. CPV did not significantly permeabilize cells to
allow the coentry of the toxin a-sarcin. CPV particles became
colocalized with transferrin (Tfn) in endosomes but not with
dextran, suggesting that viral particles are delivered to a recy-
cling endosomal compartment after endocytic uptake.

MATERIALS AND METHODS

Viruses and cells. CPV type 2 (CPV-d) was grown in NLFK cells, and aliquots
were frozen and stored at 270°C (59). Virus titers were determined on NLFK
cells by 50% tissue culture infective dose assay in 96-well plates as described
previously (58). Full CPV particles were purified and quantified as previously
described (47) and stored in phosphate-buffered saline (PBS) at 4°C. Canine
adenovirus type 1 (CAV-1) grown in MDCK cells was purified by banding on
CsCl gradients as described by Cotten et al. (20) and then dialyzed against PBS
(pH 7.4). CAV-1 particle concentration was determined spectrophotometrically,
using a conversion factor of 1.1 3 1012 viral particles per 1 unit of optical density
at 260 nm (48). Canine A72 cells and NLFK cells were grown and maintained in
a 1:1 mixture of McCoy’s 5A and Leibovitz L15 medium with 5% fetal bovine
serum (FBS), and tTA-Mv1Lu, Mv1Lu-TR, Mv1-WT, and Mv1-K44A cells were
grown in Dulbecco modified Eagle medium (DMEM) containing 10% FBS.

Tetracycline-regulated expression of wild-type and mutant dynamin. tTA-
Mv1Lu cells that stably express the tetracycline-responsive transactivator were
obtained from Joan Massague (67). Plasmids pUHD10-3 HA-wt and pUHD10-3
HA-ele1 express wild-type dynamin I and a dominant interfering mutant of
dynamin I with lysine 44 changed to alanine (K44A), respectively, from a min-
imal cytomegalovirus promoter under the control of a tetracycline-responsive
enhancer element. The genes are fused to a hemagglutinin (HA) epitope tag at
the N terminus and were provided by Sandra Schmid (25, 26). tTA-Mv1Lu cells
were transfected with 20 mg of either plasmid pUHD10-3 HA-ele1 or plasmid
pUHD10-3 HA-wt together with 1 mg of the puromycin resistance plasmid
pBSpac, using a Bio-Rad Gene Pulser II with radiofrequency module at 400 V,
85% modulation, 40-kHz radio frequency, and 5 bursts of 4.0-ms duration with
a burst interval of 1 ms. Cells were grown in medium containing puromycin (600
ng/ml) and tetracycline (2 mg/ml), and clones were picked after 7 to 10 days.
Clones showing strong inducible expression of wild-type and mutant dynamin
were further subcloned and designated Mv1-WT and Mv1-K44A, respectively.

Flow cytometry assay of infection. Mv1-K44A or Mv1-WT cells were cultured
for 48 h in DMEM with 10% FBS with or without 2 mg of tetracycline per ml. As
the growth rate of cells expressing mutant dynamin was slower than that of cells
grown in the presence of tetracycline, the Mv1-K44A cells when grown without
tetracycline were seeded at a higher density so that all cells were at the same
density 48 h later. Cells were incubated with CPV at a multiplicity of infection of
0.3 for 1 h at 37°C; then fresh medium containing tetracycline (2 mg/ml) was
added, and the incubation continued for 15 h at 37°C. Cells were then washed in
PBS, trypsinized and resuspended in DMEM–10% FBS, rinsed in PBS, and fixed
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in 2.5% paraformaldehyde in PBS at 20°C for 10 min. Cells were washed in PBS
with 0.5% bovine serum albumin (BSA), then permeabilized in PBS-BSA with
0.1% Triton-X100, and incubated with mouse monoclonal antibody (MAb)
CE-10 against the C terminus of the MVM nonstructural protein NS1 (obtained
from Caroline Astell [85]) for 1 h at room temperature. The antibody was
detected with a fluorescein-conjugated goat anti-mouse antibody; then 20,000
cells assayed in a FACScalibur flow cytometer (Becton Dickinson, San Jose,
Calif.).

Cell cycle analysis. Mv1-K44A or Mv1-WT cells were cultured for 48 h in
DMEM–10% FBS with or without tetracycline (2 mg/ml), isolated in suspension
as described above, and then incubated for 20 min at 220°C in 100% methanol.
After washing with PBS, the cells were treated with RNase A (1 mg/ml in PBS)
for 30 min at 37°C and then incubated with propidium iodide (0.01 mg/ml in
PBS) and 0.02% Triton X-100 at 4°C for 30 min. Cell DNA content was assayed
by flow cytometry (45). The data from four independent experiments were
modeled, and the percentage of cells in each phase of the cell cycle was estimated
with ModFit LT cell cycle analysis software (Verity Software, Topsham, Maine).

Electron microscopy. Cells grown for 24 h on Thermanox 13-mm-diameter
coverslips (Nunc Inc., Naperville, Ill.) were washed once in ice-cold DMEM and
CPV-d full particles (35 mg/ml) were incubated on the cells for 1 h at 0°C (1 mg
of CPV-d full particles is equivalent to ;1011 particles). Immediately after
incubation at 0°C or at 5 and 15 min after warming to 37°C, the cells were fixed
in 1% glutaraldehyde–0.1 M sodium cacodylate (pH 7.4) for 30 min at room
temperature and then for 1.5 h on ice in 2.5% glutaraldehyde in 0.1 M sodium
cacodylate (pH 7.5). After being rinsed three times in ice-cold cacodylate buffer,
cells were postfixed in 4% osmium tetroxide for 1 h at room temperature, stained
for 20 min with a 2% aqueous solution of uranyl acetate, and then dehydrated
with ethanol. The cells were embedded in Epon-Araldite plastic; thin sections
were cut and further stained for 20 min in 2% aqueous uranyl acetate, rinsed,
stained with lead citrate for 7 min, and then examined in a Philips 201 electron
microscope. The numbers of particles associated with coated and noncoated
regions of the plasma membrane at the 0-min time point were counted.

Virus binding to cells. Mv1-WT and Mv1-K44A cells cultured with or without
tetracycline for 48 h were washed with PBS and then treated with a nonenzymatic
cell dissociation solution (Sigma, St. Louis, Mo.) for 15 min at 37°C. Cells were
washed in DMEM–10% FBS and then incubated in cold DMEM–1% BSA on ice
for 10 min. The cells were pelleted at 4°C and then resuspended in DMEM–1%
BSA or in DMEM–1% BSA containing 40 mg of full CPV per ml. After incu-
bation on ice for 1 h, the cells were washed three times with ice-cold PBS, fixed
in 2% paraformaldehyde and PBS for 10 min on ice, and then immunostained
with a MAb 8 against the intact capsid protein (71). The cells were then washed
with PBS, permeabilized with 0.1% Triton X-100 in PBS, and immunostained for
the HA epitope tag with a rabbit polyclonal antiserum (Santa Cruz Biotechnol-
ogy, Inc., Santa Cruz, Calif.). Primary antibodies were detected with fluorescein
isothiocyanate (FITC)-conjugated goat anti-rabbit and R-phycoerythrin-conju-
gated goat anti-mouse secondary antibodies (Jackson Immunoresearch, West
Grove, Pa.). Viral binding and HA epitope tag expression were assessed by flow
cytometry.

Kinetics of CPV infectious entry. tTA-Mv1Lu cells grown on 60-mm-diameter
dishes were incubated with CPV at an multiplicity of infection of 0.3 for 2 h on
ice, washed once in cold DMEM to remove unbound virions, and then warmed
to 37°C by the addition of prewarmed DMEM–10% FBS. After various times of
incubation, a rabbit anti-CPV neutralizing antiserum was added and mixed with
the medium. Mock-inoculated cells were also treated with antibody. The cells
were then incubated for 24 h at 37°C, fixed, and assayed for infection by staining
for NS1 expression as described above.

Control markers of endocytosis. Human Tfn (HuTfn) did not bind Mv1-K44A
cells, so we used a cDNA for the HuTfn receptor (HuTfnR) to express the
human receptor in those cells. Cells transfected by electroporation were seeded
onto glass coverslips in the presence or absence of tetracycline. After 48 h, cells
were washed and incubated in DMEM–1% BSA for 45 min at 37°C and then
incubated for 10 minutes at 37°C with Texas red-labeled HuTfn (50 mg/ml;
Molecular Probes, Eugene, Oreg.) in DMEM–1% BSA. After washing with PBS,

FIG. 1. Electron microscopy of CPV bound to uninduced Mv1-K44A cells at 0, 5, and 15 min after warming from 4 to 37°C. The bars represents 100 nm; arrows
indicate likely viral particles. The nuclear envelope (NE) is indicated.

FIG. 2. Kinetics of uptake of infectious CPV from the cell surface. Virus was
bound to tTA-Mv1Lu cells at 4°C, and then the cells were rapidly warmed to
37°C. At various times after warming, neutralizing anti-CPV antibody was added
and mixed with the medium. The percentages of infected cells in each dish were
assayed 24 h later by immunostaining and flow cytometry. The average and
standard deviations of the percent maximal infection of four separate experi-
ments are shown.
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the cells were fixed for 10 min in 2.5% paraformaldehyde in PBS, rinsed three
times in PBS, then mounted on slides with Prolong (Molecular Probes), and
examined by confocal microscopy (25).

Fluid-phase endocytosis was examined by following the uptake of FITC-dex-
tran (10,000 Da, lysine fixable; Molecular Probes). Cells were washed twice in
DMEM–1% BSA and then incubated with FITC-dextran (2 mg/ml) at 37°C for
20 min. The cells were then chilled on ice, washed four times with ice-cold PBS,
fixed with 3% paraformaldehyde for 15 min, washed, and examined by fluores-
cence microscopy (25).

Immunofluorescence microscopy. Mv1-K44A cells were seeded onto glass
coverslips at a cell density of 1.2 3 104 or 2 3 104/cm2 with or without tetracy-
cline (2 mg/ml), respectively. After 48 h, the cells were cooled on ice and
incubated with purified CPV full particles (20 mg/ml in DMEM) for 1 h, and then
unbound virus was removed by washing with ice-cold DMEM. After warming to
37°C, the cells were incubated for 10, 30, or 90 min, washed three times in
ice-cold PBS, and then fixed with 2.5% paraformaldehyde in PBS. Cells were
permeabilized with 0.1% Triton X-100 in PBS-BSA, and the capsids were de-
tected either with MAb 8 followed by a Cy3-labeled donkey anti-mouse second-
ary conjugate (Jackson Immunoresearch) or with a rabbit polyclonal anticapsid
serum followed by goat anti-rabbit antibody-FITC conjugate. Confocal optical
sections through the center of the cells were collected using a Bio-Rad MR600
confocal system. Single optical sections of approximately 2.2-mm thickness are
shown.

Detection of CPV together with HuTfn and dextran in tTA-Mv1Lu cells.
tTA-Mv1-Lu cells were transfected with 20 mg of plasmid pCB6 HuTfnR to-
gether with 1 mg of pBSPac by electroporation as described above and then
seeded into 100-mm-diameter dishes. Stable clones were selected with puromy-
cin (600 ng/ml) as described above. A clone of cells which bound and endocy-
tosed HuTfn was chosen for further use and designated Mv1Lu-TR.

Mv1Lu-TR cells seeded on coverslips were washed with DMEM–1% BSA and
then incubated with DMEM–1% BSA for 45 min at 37°C to remove endogenous
Tfn from the receptors. The coverslips were then inoculated with purified CPV
full particles (20 mg/ml) and Texas red-labeled HuTfn (100 mg/ml) in
DMEM–1% BSA and incubated at 37°C for 2 h. After washing with ice-cold
PBS, cells were fixed and permeabilized as described above, and then capsid

proteins were detected by staining with MAb 8 followed by goat anti-mouse
antibody-FITC.

To examine co-uptake of CPV and dextran, purified capsids were bound to
uninduced or induced Mv1-K44A cells on coverslips as described above. After
washing in ice-cold DMEM–1% BSA, the coverslips were incubated with 2 mg of
lysine-fixable FITC-conjugated dextran (molecular weight, 10,000) per ml in
DMEM–1% BSA for 15 min at 37°C. The coverslips were washed extensively in
ice-cold PBS and fixed for 2 h in 4% paraformaldehyde in PBS. To detect capsid
proteins, the cells were briefly permeabilized with 0.05% saponin in PBS–2%
BSA and immunostained with MAb 8 followed by donkey anti-mouse antibody-
Cy3 conjugate, and confocal sections were collected through the center of the
cells.

Effect of BFLA1. In initial studies, we determined that 10 nM bafilomycin A1
(BFLA1) inhibited viral infection by 98% when added 30 min prior to virus
inoculation. To further examine the effect of BFLA1 on infection, the drug was
therefore added to cells either 30 min before or 90 min after virus incubation.
tTA-Mv1Lu cells seeded at 2 3 104/cm2 in 60-mm-diameter dishes were cultured
overnight, preincubated with DMEM alone or DMEM containing 20 nM BFLA1
for 30 min at 37°C, and then incubated with CPV with or without 20 nM BFLA1
for 1 h at 37°C. The cells were washed in DMEM and then in DMEM–10% FBS
or DMEM–10% FBS with 20 nM BFLA1 added. In some cases, 20 nM BFLA1
was added to the medium 30 min after removal of virus inoculum. Controls were
mock-inoculated cells or cells inoculated without BFLA1. Cells were harvested
by trypsinization, and then virus infection was assayed by staining the cells for
NS1 expression as described above.

In other experiments tTA-Mv1Lu cells seeded on coverslips were incubated
with 20 or 200 nM BFLA1 in DMEM–1% BSA for 30 min at 37°C, incubated for
20 min with 10 mg of FITC-dextran per ml in DMEM, and then fixed in 2.5%
paraformaldehyde in PBS for 30 min. Other cells treated with 20 or 200 nM
BFLA1 for 30 min at 37°C were chilled and incubated with 20 mg of purified full
CPV particles (with BFLA1) per ml for 1 h on ice, rewarmed to 37°C for 10 min,
and fixed in 2.5% paraformaldehyde in PBS for 10 min; then capsids were stained
with MAb 8 followed by a goat anti-mouse antibody-FITC conjugate. Control
cells were incubated with virus and FITC-dextran without BFLA1. Images were
collected by confocal microscopy as described above.

FIG. 3. Characterization of Mv1-K44A cells. (A) Western blot analysis of dynamin K44A expression in Mv1-K44A cells at various times after tetracycline removal.
The dynamin K44A was detected with MAb 12CA5 against the N-terminally fused HA epitope. (B) Expression of dynamin K44A in Mv1-K44A cells. Cells grown with
or without tetracycline for 48 h were harvested for flow cytometry. The HA-tagged dynamin was detected by indirect immunofluorescent staining with MAb 12CA5,
and 20,000 cells were analyzed by flow cytometry. (C) Uptake of HuTfn by induced and uninduced Mv1-K44A cells. Mv1-K44A cells transfected with the HuTfnR gene
were grown in the presence or absence of tetracycline for 48 h on coverslips. Texas red-labeled HuTfn was incubated with the cells for 10 min at 37°C prior to fixation
and examination by fluorescence microscopy.
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Cell permeabilization assay. The ability of CPV to permeabilize A72 or tTA-
Mv1Lu cells to the translation-inhibiting toxin a-sarcin was assessed as described
by Cuadras et al. (22). In brief, purified full CPV at between 2 3 1010 and 1 3
1013 particles per ml or purified CAV-1 at between 4.4 3 108 and 4.4 3 1010

particles per ml was added to confluent A72 cells or tTA-Mv1Lu cells seeded in
1-cm2 wells. After incubation at 37°C for 90 min with or without a-sarcin (100
mg/ml), the cells were washed in PBS, incubated with [35S]methionine for 1 h at
37°C, then washed with PBS, and incubated with 5% trichloroacetic acid for 5
min at room temperature. After washing the cells three times with ethanol they
were dried and recovered into 0.1 ml of 0.1% sodium dodecyl sulfate in 0.1 M
NaOH, and the incorporated [35S]methionine was measured by liquid scintilla-
tion counting.

RESULTS

Electron microscopy indicates virus binding to coated pits.
Virus cell binding and uptake were examined by transmission
electron microscopy. At 0 min, 67% (281 of 419 particles
counted) of viral particles seen bound to the plasma membrane
were in depressions that had an electron-dense coating resem-
bling clathrin-coated pits; 5 min after warming, most viral

particles were found in coated vesicles but some were in non-
coated vesicles; by 15 min, most viral particles were seen within
noncoated vesicles, some of which appeared to be close to the
nuclear membrane (Fig. 1).

CPV particles bound on the cell surface rapidly become
resistant to neutralizing antibody upon warming. Assays based
on postadsorption neutralization of virus have demonstrated
that the infectious entry of SV40 virus is slow and occurs in
hours, while adenovirus entry occurs in minutes (2, 79). We
used a similar assay to determine the kinetics of CPV removal
from the surface of mink lung cells. The virus rapidly became
resistant to antibody, and 50% of the infecting virus entered
the cell by 5 min after warming (Fig. 2). These results are
consistent with our finding that virus bound to coated pits.

Characterization of tTA-Mv1Lu cells which inducibly ex-
press wild-type dynamin or mutant dynamin K44A. Overex-
pression of dynamin K44A in cells inhibits clathrin-mediated
endocytosis (26). We prepared and cloned two tTA-Mv1Lu

FIG. 4. CPV uptake into vesicles in uninduced and induced Mv1-K44A cells. Purified CPV full particles were incubated with uninduced or induced Mv1-K44A cells
for 1 h at 4°C. The cells were then fixed immediately or after 10, 30, or 90 min of incubation at 37°C. CPV particles were detected by indirect immunofluorescence using
a rabbit anticapsid antibody, and confocal images were collected. Because of lower binding of CPV to uninduced cells, images of uninduced cells at time zero were
collected using a higher gain than those of the induced cells, and as a result nonspecific nuclear fluorescence is also seen.
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cell lines which inducibly expressed either wild-type dynamin
(Mv1-WT) or dynamin K44A (Mv1-K44A) in response to re-
moval of tetracycline from the growth medium, similar to that
described for HeLa cells (26). In Mv1-K44A cells grown with-
out tetracycline, dynamin expression was first detected 6 h
later, and the amount detected increased over 48 h (Fig. 3A).
Results for Mv1-WT cells were similar (data not shown). Ex-
periments with dynamin-expressing cells were therefore car-
ried out after a 48-h induction period.

The induced Mv1-K44A cells uniformly expressed dynamin
K44A after 48 h (Fig. 3B), and by light microscopy the induced
cells were more rounded and had fewer cytoplasmic extensions
than uninduced cells, as was seen for HeLa cells expressing
dynamin K44A (25).

Tfn uptake was used as a marker of clathrin-mediated en-
docytosis (25). As HuTfn did not bind Mv1-K44A cells, we
transfected the cells with a plasmid expressing the HuTfnR and

then examined the uptake of Texas red-labeled HuTfn. After
10 min at 37°C, HuTfn was found predominantly in perinuclear
vesicles in uninduced cells, whereas in the dynamin K44A-
expressing cells it was located close to the plasma membrane
(Fig. 3C). These results indicate that dynamin K44A inhibited
clathrin-mediated endocytosis in the induced Mv1-K44A cells
as reported for HeLa cells (25). Uptake of the fluid-phase
marker FITC-dextran was morphologically similar in both un-
induced and induced Mv1-K44A cells (data not shown).

Vesicular uptake of CPV particles was delayed in dynamin
K44A-expressing cells. The location of viral particles in in-
duced or uninduced Mv1-K44A cells was examined by immu-
nofluorescence. Cells fixed immediately after incubation with
virus on ice showed cell surface localization of viral particles in
both induced and uninduced cells; after 10 min at 37°C viral
particles were found in large, perinuclear vesicles in uninduced
cells, while in dynamin K44A-expressing cells the vesicles re-

FIG. 5. Binding of full CPV particles to uninduced and induced Mv1-K44A cells. (A) Purified CPV full particles were bound to uninduced or induced Mv1-K44A
cells for 1 h at 4°C; then the cells were fixed, and capsids were detected by indirect immunofluorescence with MAb 8. Phase-contrast images are shown in the left panels.
The two fluorescence images were collected using identical exposures. (B) Mv1-K44A cells grown in the presence or absence of tetracycline were suspended by
treatment with EDTA and then incubated for 1 h on ice with or without 40 mg of full CPV particles per ml. After washing, the cells were fixed and immunostained
for capsid and then permeabilized, and the dynamin K44A was immunostained using the fused HA epitope tag. Cell-associated fluorescence was determined by flow
cytometry for each sample. The histograms shows the binding of CPV to the cell surface. The inset is a dot plot showing the binding of CPV versus expression of the
HA tag.
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mained close to the cell surface; after 30 and 90 min at 37°C,
the viral particles remained in perinuclear vesicles in the un-
induced cells, while the virus-containing vesicles in the dy-
namin K44A-expressing cells had moved centripetally toward
the nucleus (Fig. 4). These results show that expression of
dynamin K44A disrupted the normal rapid trafficking of CPV
to a perinuclear location within cells. However, the gradual
centripetal movement of viral particles may indicate that dy-
namin K44A expression induced a kinetic block rather than an
absolute block to vesicle formation and trafficking.

Dynamin K44A expression enhances CPV binding but
causes cell cycle arrest and reduces infection. By fluorescence
microscopy, more CPV particles appeared to bind to induced
Mv1-K44A cells than to uninduced cells (Fig. 5A). By flow
cytometry, we found that up to 10-fold more viral particles
bound to many of the dynamin K44A-expressing Mv1-K44A
cells than to uninduced cells (Fig. 5B). The induced Mv1-K44A
cells which bound more virus represented approximately 40%
of the total population of cells, and this population of cells also
expressed more dynamin as indicated by increased HA epitope
expression (Fig. 5B, inset). We found no difference in CPV
binding to induced or uninduced Mv1-WT cells (data not
shown).

As there was a clear difference in CPV particle uptake be-
tween uninduced and induced Mv1-K44A cells, we compared
the efficiency of CPV infection of those cells to the efficiency of
infection in uninduced and induced Mv1-WT cells. We found
that between 8 and 25% of the uninduced Mv1-K44A cells
became infected, while the dynamin K44A-expressing cultures
had 40% fewer infected cells on average than the uninduced
cultures (Fig. 6A). In contrast, there was no significant differ-
ence in the infection rate of induced and uninduced Mv1-WT
cells. As CPV replicates only in cells that enter the S phase of

the cell cycle, we examined the cell cycle distribution of unin-
duced and induced Mv1-WT and Mv1-K44A cells at the time
of virus inoculation. On average, there were 39% fewer cells in
S phase, 39% more cells in G0/G1, and 30% fewer cells in
G2-M in the induced Mv1-K44A cells than in the uninduced
cells at the time of virus inoculation, whereas in the Mv1-WT
cells there was no difference in the cell cycle distribution of
induced and uninduced cells (Fig. 6B).

CPV colocalizes with Tfn in a perinuclear vesicular com-
partment but not with dextran. To examine virus trafficking,
we stably transfected tTA-Mv1Lu cells with the HuTfnR
(Mv1Lu-TR cells) and examined the localization of virus and
Tfn in these cells. After 2 h at 37°C, HuTfn and CPV particles
clearly colocalized to perinuclear vesicles in the Mv1Lu-TR
cells (Fig. 7A). In contrast, virus and FITC-dextran showed
little colocalization in the uninduced Mv1-K44A cells (Fig.
7B). In the induced Mv1-K44A cells the dextran was observed
in endosomal vesicles, while the virus remained associated with
the plasma membrane (Fig. 7C).

BFLA1 inhibited CPV infection. Previous studies of CPV
entry have shown that treatment of cells with ammonium chlo-
ride or chloroquine prevents viral infection (8). BFLA1 at
micromolar concentrations specifically inhibits the vacuolar
proton ATPase, preventing acidification of endosomes (11),
and it also inhibits transport from early to late endosomes in
HeLa cells (10). However, Bayer et al. found only a small
increase (0.2 pH units) in the intravesicular pH of HeLa cells
treated with 20 nM BFLA1 (10). We found that addition of 10
nM BFLA1 to NLFK and A72 cells 30 min before inoculation
with virus reduced the 50% tissue culture infective dose titer
measured 48 h later by 95% in NLFK cells and 98% in A72
cells (data not shown). There was a 96% reduction in the
infection rate of tTA-Mv1Lu cells treated with 20 nM BFLA1
30 min prior to incubation with virus and a 71% reduction
when BFLA1 was added 90 min after virus inoculation (Fig.
8A). The cell cycle distribution of tTA-Mv1Lu cells treated
with 100 nM BFLA1 for 16 h was no different from that of
untreated cells (data not shown). From these data, we con-
clude that 20 nM BFLA1 inhibits CPV infection of tTA-
Mv1Lu cells and that this inhibition was not due to an indirect
effect of BFLA1 on the cell cycle.

As it was unlikely that 20 nM BFLA1 treatment caused a
significant increase in endosomal pH, we investigated the pos-
sibility that BFLA1 treatment of tTA-Mv1Lu cells influenced
the endocytic trafficking of viral particles. Bayer et al. reported
that 200 nM but not 20 nM BFLA1 affected the endocytic
transport of dextran and human rhinovirus 2 in HeLa cells
(10). In contrast, we found that treatment of tTA-Mv1Lu cells
with 20 nM BFLA1 changed the vesicular distribution of viral
particles after 10 min of uptake at 37°C (Fig. 8B). The majority
of virus-containing vesicles in untreated cells were located
close to the Golgi in the perinuclear cytoplasm, whereas in
cells treated with 20 or 200 nM BFLA1 the virus-containing
vesicles were dispersed throughout the cytoplasm (Fig. 8B).
The 20 nM BFLA1 treatment had little effect on the distribu-
tion of FITC-dextran-containing vesicles, which were found in
the perinuclear cytoplasm after 20 min at 37°C (Fig. 8B). How-
ever, treatment with 200 nM BFLA1 did alter the distribution
of FITC-dextran, which was seen in smaller vesicles that were
distributed more widely throughout both the perinuclear and
peripheral cytoplasm (Fig. 8B).

CAV-1 but not CPV particles permeabilized cells to a-sar-
cin. Human adenovirus type 2, poliovirus, and rotavirus are
nonenveloped viruses that are known to permeabilize host cells
and permit the entry of certain proteins or toxins (29, 30).
Coincubation of A72 cells with 1013 particles of CPV per ml

FIG. 6. CPV infection and cell cycle analysis of uninduced and induced
Mv1-WT and Mv1-K44A cells. (A) Mv1-WT and Mv1-K44A cells grown with or
without tetracycline for 48 h were inoculated with CPV, and the percentage of
infected cells was assayed after 16 h by anti-NS1 staining and flow cytometry. The
results are expressed as the percentage of cells infected in the induced culture
relative to the percentage of cells infected in uninduced cultures. The average
and standard deviation of three independent experiments are shown. Each ex-
periment had a minimum of three replicates. (B) Mv1-WT and Mv1-K44A cells
grown with or without tetracycline for 48 h were analyzed for DNA content by
propidium iodide staining and flow cytometry. The percentage of cells in each
phase of the cell cycle was estimated with Modfit LT cell cycle analysis software.
Results shown are the average and standard deviation of four independent
experiments.
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and 100 mg of a-sarcin per ml resulted in an insignificant
decrease in [35S]methionine incorporation, while adding 2.5 3
1010 particles of CAV-1 per ml with 100 mg of a-sarcin per ml
resulted in a 89% decrease in incorporation of [35S]methionine
(Fig. 9). Results were similar when the experiment was carried
out in tTA-Mv1Lu cells (Fig. 9). In both cell lines, the degree
of permeabilization to a-sarcin by CAV-1 particles increased
with increasing amounts of virus, but no change was seen with
increasing amounts of CPV.

DISCUSSION

Here we have defined several steps in the capsid uptake and
infection pathway of CPV which have not been previously
reported. This small and very stable virus enters cells and
transports its DNA to the nucleus for replication. The success

of cell infection can vary more than 106-fold, depending on the
host of origin of the cell and on the presence of single or
double amino acid substitutions in the surface of the virus
capsid (15, 58, 76). The host range mutations affect infection
after virus binding to the cell surface but before DNA repli-
cation (38, 58).

Virus and its receptor enters cells via dynamin-mediated
endocytosis. We have demonstrated that uptake of viral parti-
cles from the plasma membrane occurred rapidly via clathrin-
coated vesicles. This was shown by the rapid removal of virus
from the cell surface, by the localization and concentration of
the particles within coated pits and vesicles, and also by the
observation that uptake and transport of virus-containing ves-
icles were strongly inhibited by overexpression of dynamin
K44A mutant in the cells.

FIG. 7. Confocal images showing co-uptake of CPV and Texas red HuTfn in Mv1Lu-TR cells or of CPV and FITC-dextran in uninduced and induced Mv1-K44A
cells. (A) Mv1Lu-TR cells stably expressing the HuTfnR were incubated with full CPV particles and Texas red-labeled HuTfn for 2 h at 37°C. Capsids were detected
with MAb 8. The upper panels show a 6303 magnification; the lower panels show a 15003 magnification of a single cell. The arrows indicate individual vesicles
containing virus and Tfn. Mv1-K44A cells grown for 48 h with (B) or without (C) 2 mg of tetracycline per ml were incubated with full CPV particles for 1 h at 4°C and
then warmed to 37°C by the addition of warm DMEM–1% BSA containing 2 mg of lysine-fixable FITC-dextran per ml. After incubation at 37°C for 15 min, the cells
were fixed and permeabilized, and capsids were detected with MAb 8.
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In a previous study, it was reported that most CPV particles
were seen within noncoated endosomes in A72 cells 15 min
after uptake, and it was suggested that CPV entered those cells
by a non-clathrin-mediated pathway (8). We found that in cells
fixed at 0 and 5 min after warming, the majority of capsids
(67% at time zero) seen were within coated pits or vesicles at
or close to the cell surface, while at 15 min virus was also seen
in noncoated vesicles in the peripheral and perinuclear cyto-
plasm. It is likely that in the previous study the clathrin coat
had been lost from virus-containing vesicles, as clathrin coats
may be removed from vesicles within 1 to 3 min after pinching
off from the plasma membrane (55).

The rapid uptake of the particles into a compartment inac-
cessible to neutralizing antibody also indicates that infectious
entry involves clathrin-mediated pathways. Rapid uptake of
ligands is characteristic of clathrin-mediated endocytosis (55).
In contrast, SV40 was found to enter and infect cells through
caveolae and to require 2.5 h for 50% of the bound virus to be
removed from the cell surface (2). Dynamin may also be in-

volved in budding of caveolae from the plasma membrane (37).
However, the rapid uptake of infecting CPV indicates that
caveolae were not involved, as uptake of ligands by caveolae is
characteristically slow (3). In addition, we have found that
treatment of cells with nystatin, an inhibitor of caveola forma-
tion (2), does not affect CPV infection (J. Parker and C. Par-
rish, unpublished data). Therefore, the effect of dynamin K44A
expression on CPV uptake and infection is most likely due to
inhibition of clathrin-mediated endocytosis.

The effects of the dynamin K44A expression on virus uptake
and infection of cells are complex, as many normal cellular
functions depend on efficient endocytosis regulated by dy-
namin (1, 32, 40, 80, 86). Although the dynamin K44A clearly
prevented efficient transport of virus-containing vesicles from
the plasma membrane, the virus-containing vesicles moved
slowly into the cytoplasm. It has been reported that in HeLa
cells expressing dynamin K44A, long clathrin-coated tubes can
extend from the plasma membrane deep into the cell (25). In
addition, although Tfn uptake in dynamin K44A-expressing

FIG. 8. Effect of BFLA1 on CPV infection and the distribution of virus-containing vesicles in tTA-Mv1Lu cells. (A) BFLA1 (20 nM) was added to tTA-Mv1Lu cells
either 30 before virus incubation or 90 min after inoculation and then maintained with the cells for a further 16 h. Control cells were inoculated but not treated with
BFLA1. Cells were trypsinized, fixed, and immunostained for flow cytometry. Results shown are the average and standard deviations from three replicates. (B)
tTA-Mv1Lu cells grown on coverslips were treated for 30 min with 20 or 200 nM BFLA1 at 37°C, and then full CPV particles (20 mg/ml) were bound to the cells for
1 h on ice in the presence of the drug. After washing in cold PBS, the cells were warmed to 37°C for 10 min. Similarly, 10 mg of FITC-dextran per ml was added for
20 min to cells treated with 20 or 200 nM BFLA1 for 30 min at 37°C. After washing in cold PBS, the cells were fixed and capsids detected with MAb 8. Confocal images
are shown.
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HeLa cells was reduced by .80% after 15 min, there was a
time-dependent increase in the percentage of bound Tfn that
entered these cells (25). Thus, CPV entry may not be com-
pletely blocked in induced Mv1-K44A cells, but the kinetics of
virus uptake and infection may be slowed. Overexpression of
mutant dynamin increases fluid-phase endocytosis (24), but as
we did not observe significant colocalization of viral particles
and the fluid-phase marker dextran in either induced or unin-
duced cells (Fig. 7), it appears that CPV capsids do not enter
cells by that process.

The increased binding of CPV to the surface of induced
Mv1-K44A cells is likely due to an increase in the amounts of
cell surface receptors, which is related to the level of dynamin
K44A expression. As the plasma membrane concentration of
many receptors depends on a balance between receptor addi-
tion to the plasma membrane by recycling and synthesis and
removal by endocytosis, inhibition of clathrin-mediated endo-
cytosis during the 48 h of induction may have prevented the
normal recycling of the CPV receptor, resulting in increased
amounts on the plasma membranes. The plasma membrane
concentration of the GLUT4 insulin receptor increased with
coexpression of dynamin K44A in primary rat adipose cells,
and all of the GLUT4 receptors were on the plasma membrane
after 24 h of dynamin K44A expression (1).

Over 90% of the cells expressed the dynamin K44A after
induction by growth without tetracycline, and there was a 40%
reduction in virus infection in the induced Mv1-K44A cells
(Fig. 6A), similar to what has been reported for adenovirus
infection of HeLa cells (82). However, this result must be
interpreted together with our finding that there was a 35 to
40% reduction in the number of cells in the S phase of the cell
cycle in the induced cells, which would reduce the number of
cells permissive for viral replication (Fig. 6B), while the in-
creased virus binding would likely increase the efficiency of
virus infection through any endosomes that were formed (Fig.
5).

Later stages of virus entry and endosomal trafficking are
blocked by BFLA1 treatment of cells. Twenty nanomolar

BFLA1 inhibited CPV infection by .95% when added to cells
prior to virus addition but also resulted in a 70% reduction in
infection when added to cells 90 min after the virus (Fig. 8A).
In addition, we observed a clear alteration of the distribution
of virus-containing vesicles in cells treated with 20 or 200 nM
BFLA1 compared to untreated cells (Fig. 8B). This suggests
that although viral particles rapidly enter cells within vesicles,
the majority of particles remain within endosomal compart-
ments for up to 90 min after uptake. When we examined the
effect of 20 or 200 nM BFLA1 on the distribution of FITC-
dextran-containing vesicles in tTA-Mv1Lu cells, we saw no
difference between treated cells and the untreated control at
20 nM, but there were obvious differences in vesicle distribu-
tion in cells treated with 200 nM BFLA1, as has been reported
for HeLa cells (10). The difference between the vesicular traf-
ficking of viral particles and FITC-dextran in cells treated with
20 nM BFLA1 is likely to be due to differential effects of
BFLA1 on fluid-phase versus receptor-mediated endocytosis.
Cell infection by many viruses is inhibited by BFLA1 (10, 35,
52). In micromolar amounts, BFLA1 inhibits the vacuolar pro-
ton pump and prevents acidification of endosomes, and it
blocks cell infection by adenoviruses, reoviruses, and certain
picornaviruses (52, 62, 63). However, treatment of HeLa cells
with 20 nM BFLA1 has minimal effects on endosomal pH (10).
We do not know what effect 20 nM BFLA1 had on the endo-
somal pH of tTA-Mv1Lu cells. BFLA1 treatment inhibits early
to late endosomal vesicular transport in some cells (10, 17) and
affects the recycling of Tfn (39, 64). It is therefore unclear
whether the inhibition of CPV infection that we observed was
due to an effect of BFLA1 on vesicle pH or on trafficking, or
both. Interestingly, the microtubule-destabilizing drug nocoda-
zole inhibits CPV infection when added at 60 min but not at
120 min after virus uptake (81). These results suggest that
capsids entering the cell are sequestered in a vesicular com-
partment and may be only gradually trafficked to another com-
partment from which they enter the cytoplasm and infect the
cell.

FIG. 9. Effect of CAV-1 or CPV capsids on the permeability of cells to the protein synthesis inhibitor a-sarcin. CPV full capsids or CAV-1 particles at the
concentrations shown (particles per milliliter) were incubated with A72 or tTA-Mv1Lu cells with or without 100 mg of a-sarcin per ml for 90 min at 37°C and then
incubated with [35S]methionine for an additional 1 h. Incorporated [35S]methionine was measured by scintillation counting. Results are expressed as the mean and
standard deviation of three separate dishes.
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Entry of CPV does not result in permeabilization of cells to
a-sarcin. At some stage in infection, the CPV capsid must
penetrate a membrane barrier to deliver its genome into the
cytoplasm of the host cell, prior to delivery to the nucleus. It is
not known whether the intact CPV particle passes through the
endosomal membrane or whether perhaps pores are formed
through which the DNA can pass. The toxin a-sarcin has been
used to examine the effects of virus capsids on cell membrane
permeability (22, 29, 52). Even very large amounts of CPV
capsids did not significantly increase the permeability of the
endosomes of mink or canine cells to a-sarcin (Fig. 9), while
CAV-1 gave over 90% inhibition of translation, similar to the
results reported for the human adenoviruses (30, 62). Adeno-
virus particles lyse an early endosomal compartment in re-
sponse to receptor binding and low pH, allowing the entry of
other molecules, including a-sarcin, or DNA into the cell cy-
tosol (21, 29).

These results may indicate that the cytoplasmic entry of
CPV occurs slowly or at very low levels; that the capsid forms
only a small pore through the endosomal membrane for deliv-
ery of its DNA, which does not allow the a-sarcin to pass
through; that CPV penetrates from the late endosome or ly-
sosome where the toxin is degraded; or that the a-sarcin may
not enter the pathway from which CPV penetrates the endo-
somal membrane. The last hypothesis is supported by the ob-
servation that CPV did not colocalize with FITC-dextran (Fig.
7B), which like a-sarcin enters cells through fluid-phase endo-
cytosis (29).

CPV particles colocalize with Tfn in endosomes. CPV par-
ticles clearly colocalized with Tfn in perinuclear vesicles of
Mv1Lu-TR cells after 2 h at 37°C (Fig. 7A). As Tfn efficiently
enters the perinuclear recycling vesicle in nonpolarized cells
(84) and more than 80% of the cell TfnR molecules reside in
this recycling compartment (34), it appears that CPV is also
trafficked to and becomes retained in the perinuclear recycling
vesicle. This would be consistent with the observation that
CPV particles do not become degraded even after many hours
of incubation with cells (83), as proteases are excluded from
the perinuclear recycling endosomes, but they would normally
be present in late endosomes or lysosomes.

We propose a model of cell entry events associated with
CPV infection. CPV first binds to a receptor on the cell surface
and then is rapidly transported by clathrin-mediated endocy-
tosis into an early sorting endosome, where the virus is segre-
gated from fluid-phase ligands and within 10 min is transported
to perinuclear recycling vesicles. The virus may penetrate to
the cytoplasm, allowing DNA delivery to the nucleus, either
from this compartment or after further transport to another, as
yet unidentified vesicular compartment. Our data would sup-
port the latter possibility, as the late effect of BFLA1 on in-
fection suggests that virus may be transported to another ve-
sicular compartment, perhaps the late endosome as suggested
by Vihinen-Ranta et al. (81). We are further testing this pro-
posed model in our current studies.
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