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Using several approaches, we investigated the importance of clathrin-mediated endocytosis in the uptake of
human rhinovirus serotype 2 (HRV2). By means of confocal immunofluorescence microscopy, we show that K�

depletion strongly reduces HRV2 internalization. Viral uptake was also substantially reduced by extraction of
cholesterol from the plasma membrane with methyl-�-cyclodextrin, which can inhibit clathrin-mediated
endocytosis. In accordance with these data, overexpression of dynamin K44A in HeLa cells prevented HRV2
internalization, as judged by confocal immunofluorescence microscopy, and strongly reduced infection. We also
demonstrate that HRV2 bound to the surface of HeLa cells is localized in coated pits but not in caveolae.
Finally, transient overexpression of the specific dominant-negative inhibitors of clathrin-mediated endocytosis,
the SH3 domain of amphiphysin and the C-terminal domain of AP180, potently inhibited internalization of
HRV2. Taken together, these results indicate that HRV2 uses clathrin-mediated endocytosis to infect cells.

Human rhinoviruses, members of the family Picornaviridae,
use functionally and structurally unrelated membrane proteins
for cell entry. Major-group viruses, represented by 91 sero-
types, bind to intercellular adhesion molecule 1 (ICAM-1/
CD54), a member of the immunoglobulin superfamily. Minor-
group viruses (10 serotypes) gain access to the host cell via the
low-density lipoprotein receptor (LDLR), the LDLR-related
protein (LRP) (22), and possibly other members of the LDLR
family such as the very-low-density lipoprotein receptor
(VLDLR) (36). In their extracellular domains, these mem-
brane proteins possess various numbers of ligand binding re-
peats, which are about 40 amino acids in length. Three disul-
fide bonds and a Ca2� ion maintain the structure of each
repeat; these are essential for ligand binding. LDLR binds and
internalizes lipids assembled with apolipoprotein B and E,
whereas VLDLR and LRP bind a large number of structurally
and functionally unrelated macromolecules. A hallmark of
these receptors is their high endocytosis rate. The ligands are
released in endosomes due to the low pH environment and
subsequently targeted to lysosomes for degradation (50). The
receptors are recycled to the plasma membrane.

Upon uptake, the minor-group virus human rhinovirus type
2 (HRV2) and the major-group virus HRV14 progress into
endosomal compartments where their RNA genomes are re-
leased into the cytosol through a pore in the endosomal mem-
brane or by disruption of the endosome, respectively, to initi-
ate viral replication (52).

The question of how viruses divert existing endocytic mech-
anisms used by the cells to carry out physiological functions has
attracted considerable interest. All eukaryotic cells internalize
a variety of ligands bound to their respective membrane re-
ceptors by clathrin-mediated endocytosis. This process is initi-
ated by coated-pit nucleation and assembly involving the scaf-

folding protein clathrin, the adaptor complex protein AP-2, the
linker proteins epsin and CALM/AP180, as well as the mem-
brane lipid phosphatidylinositol-4,5-P2 and cargo receptors
(62). Coated-pit maturation and fission then give rise to clath-
rin-coated vesicles by the action of endophilin, amphiphysin,
and the GTPase dynamin, among others. Alternatively, clath-
rin-independent internalization also occurs. The best-charac-
terized mechanism involves caveolae, small plasma membrane-
derived vesicles containing the membrane protein caveolin.
Recently, it has been found that this process is also dependent
on functional dynamin. Apart from their involvement in cho-
lesterol transport, the role of caveolae in constitutive endocy-
tosis remains uncertain (26). Finally, clathrin- and caveolae-
independent endocytosis has emerged as another pathway
whose tracers are associated with detergent-insoluble microdo-
mains or lipid rafts, but a precise description of the molecular
mechanisms is still missing.

The cytoplasmic domains of receptors of the LDLR family
contain NPXY and YXXL sequence motifs, which have been
shown to direct them into clathrin-coated pits by associating
with the clathrin terminal domain (28) or with AP-2 complexes
(29). Because of the presence of these internalization signals in
LDLRs, it was anticipated that uptake of minor-group HRVs
would occur by clathrin-mediated endocytosis. A previous
study by Huber et al. (23) showed that inhibition of clathrin-
mediated endocytosis by K� depletion or by expression of the
dominant-negative dynamin mutant K44A (dynK44A) in HeLa
cells (10), resulting in a defect in the severing of invaginated
vesicles from the plasma membrane (53), has pleiotropic ef-
fects such as impairment of the acidification of the endosomal
lumen. This increase of the pH, which might also alter the
function of endosomal carrier vesicles (8, 23), complicated the
interpretation of results on internalization of HRV2, which
were based on infection, because the low pH environment of
the endosomal compartment is absolutely required for uncoat-
ing of this serotype (39, 47). Since the contribution of clathrin-
mediated endocytosis to HRV2 entry was not established in
the previous study by Huber et al., we decided to reevaluate
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this issue by using in part approaches which have already been
used before but also new methods to block coated-pit inter-
nalization, with a special focus on confocal immunofluores-
cence microscopy. We found that K� depletion substantially
impairs HRV2 uptake. We show that dynK44A expression and
cholesterol depletion, treatments that inhibit clathrin-medi-
ated endocytosis, strongly reduce HRV2 internalization. We
also show that HRV2 bound to the surface of HeLa cells is
localized in coated pits but not in caveolae. Finally, transient
overexpression of the specific dominant-negative inhibitors of
clathrin-mediated endocytosis, the SH3 domain of amphiphy-
sin (Amph-SH3) and the C-terminal domain of AP-180
(AP180-C), resulted in a potent block of internalization of
HRV2. These results indicate that HRV2 uses clathrin-medi-
ated endocytosis for infection.

MATERIALS AND METHODS

Materials. All chemicals were purchased from Sigma (St. Louis, Mo.) unless
otherwise specified. Tissue culture media, supplements, and Lipofectamine were
obtained from Invitrogen (Carlsbad, Calif.). Tissue culture plates and flasks were
obtained from Costar (Cambridge, Mass.). Bafilomycin A1 (Alexis Biochemicals,
San Diego, Calif.) was dissolved in dimethyl sulfoxide at 200 �M and stored at
�20°C. The final concentration of dimethyl sulfoxide was kept below 1%. Alexa
Fluor secondary antibodies and rhodamine-conjugated transferrin (dissolved in
phosphate-buffered saline [PBS] at 5 mg/ml) were obtained from Molecular
Probes (Eugene, Oreg.). Horseradish peroxidase-conjugated goat anti-chicken
antibodies were obtained from Jackson Laboratories (West Baltimore, Pa.).

Vector pEGFP-C3 containing the clathrin light chain fused to green fluores-
cent protein (GFP-clathrin) (70) was a kind gift of Lois E. Greene (Laboratory
of Cell Biology, Bethesda, Md.). Plasmid pCMV-Amph-SH3 was kindly provided
by Harvey T. McMahon (Laboratory of Molecular Biology, Cambridge, United
Kingdom).

Rabbit antiserum directed against the hemagglutinin (HA) tag (HA-probe,
Y-11) and against the myc tag were obtained from Santa Cruz Biotechnology
(Santa Cruz, Calif.) and Upstate Biotechnology (Lake Placid, N.Y.), respectively.
Rabbit polyclonal antibody directed against caveolin-1 was obtained from Trans-
duction Laboratories (Lexington, Ky.). Monoclonal antibody 8F5 (2.2 mg/ml)
against HRV2 (57) was prepared in our laboratory.

Cells and viruses. HeLa-H1 cells (Flow Laboratories) were grown in mono-
layers in minimal essential medium (MEM) containing 10% heat-inactivated
fetal calf serum (FCS), 2 mM L-glutamine, penicillin (100 U/ml), and strepto-
mycin (100 �g/ml). For HRV2 internalization into HeLa cells, MEM supple-
mented with 2% FCS, L-glutamine, antibiotics, and 30 mM MgCl2 (MEM infec-
tion medium) was used.

HeLa cells stably expressing dynK44A and wild-type dynamin (dynwt) under the
control of the tetracycline-regulated promoter were kindly supplied by S. L.
Schmid. The cells were cultivated in Dulbecco’s MEM with high glucose, L-
glutamine, and sodium pyruvate supplemented with 10% heat-inactivated FCS,
400 �g of G418/ml, 200 ng of puromycin/ml, and 1 �g of tetracycline/ml. Cells
were plated on coverslips in six-well plates in the absence of tetracycline for 48 h
for induction. The cells were 60% confluent where used.

Constructs and transfections. A rat brain marathon-ready cDNA library
(Clontech, Palo Alto, Calif.) was used to amplify a DNA fragment encoding the
C terminus of AP180 (amino acids 530 to 915 [18]). The primers used were
GAATTCGCTGCCACCACCACCGCCGCCG and GAATTCTTACAAGAA
ATCCTTGATGTTAAGATCCG. This fragment was inserted into eukaryotic
expression vector pCI (Promega, Madison, Wis.), which had been modified to
allow fusion with a myc tag, using an EcoRI site. The same procedure was used
to produce the myc-tagged N-terminal domain of AP180 (amino acids 1 to 289).

A cDNA corresponding to canine rab5 (7) was amplified from an MDCK
cDNA library (a kind gift of I. Fialka and L. Huber, Institute of Molecular
Pathology, Vienna, Austria) and cloned as a myc-tag fusion protein in the same
modified pCI vector. The Ser34 3 Asn mutation was introduced by PCR using
primer elongation.

Internalization of HRV2 and of fluorescent-transferrin conjugates. Cells were
grown on coverslips and transfected with plasmids encoding the dominant-neg-
ative mutants 2 days before the experiment. They were then incubated with virus
(�30 PFU per cell) for 20 min at 34°C in MEM infection medium, washed with
PBS, and prepared for immunofluorescence. For cointernalization of HRV2 and

fluorescent transferrin, cells were preincubated with MEM without FCS at 34°C
for 30 min. The medium was replaced by MEM infection medium without FCS
and containing 5 �g of rhodamine-transferrin/ml together with HRV2. Incuba-
tion was at 34°C for 20 min, followed by three washes with ice-cold PBS prior to
fixation.

Fluorescence microscopy. Cells were fixed in 3% paraformaldehyde in PBS for
15 min at room temperature, quenched for 10 min in 50 mM NH4Cl in PBS,
washed three times with PBS, permeabilized with 0.1% Triton X-100 in PBS for
5 min, washed three times, and blocked with 5% FCS in PBS for 15 min.
Incubation with primary antibodies (8F5 or HA-probe) diluted 1:200 in PBS
containing 1% FCS was performed for 1 h at room temperature. Cells were
washed with PBS and incubated for 1 h at room temperature with secondary
antibodies diluted 1:400 in PBS containing 1% FCS. The coverslips were washed
three times with PBS and rinsed briefly in double-distilled H2O, and the cells
were mounted in Vectashield mounting medium (Vector Laboratories, Burlin-
game, Calif.). Samples were viewed under a Leica TCS NT confocal microscope
(Heidelberg, Germany). Images were processed using Adobe Photoshop soft-
ware.

Potassium depletion. HeLa-H1 cells were washed with K�-free buffer (140
mM NaCl, 20 mM HEPES, 1 mM CaCl2, 1 mM MgCl2, 1 mg of D-glucose/ml [pH
7.4]), incubated with K�-free buffer diluted 1:1 with water (hypotonic buffer) for
5 min, washed three times with K�-free buffer, and incubated with HRV2 for 20
min at 34°C in the same buffer prior to fixation and immunofluorescence. As a
control, the same buffers containing 10 mM KCl were used.

Cholesterol depletion and virus-uncoating assay. HeLa-H1 cells grown in
24-well plates were preincubated with 10 mM methyl-�-cyclodextrin (M�CD) in
MEM infection medium at 34°C for 30 min. For control purposes, cells were also
incubated without any addition of M�CD or in the presence of 400 nM bafilo-
mycin A1. HRV2 (�30 PFU per cell) was added, and the incubation was
continued for 20 min in the absence or presence of the drugs. After being washed
three times with PBS, samples were taken immediately (T � 0) or after further
incubation for the specified time periods prior to determination of the virus titer.

Virus titer determination. Infected cells were broken by three freeze-thaw
cycles, debris was removed by a brief centrifugation, and serial 10-fold dilutions
of the supernatants were prepared in MEM infection medium. Samples were
transferred onto subconfluent monolayers of HeLa-H1 cells grown in 96-well
culture plates containing 100 �l of MEM infection medium. After incubation at
34°C for 5 days, cells were stained with 0.1% crystal violet (in water) for 20 min.
The tissue culture infective dose which infects 50% of the cells (TCID50) was
calculated according to the method of Blake and O’Connell (5).

RESULTS

Because previous reports have suggested internalization of
HRV2 via a clathrin-independent pathway (3, 23, 34) we ini-
tially decided to study the underlying mechanism by asking
whether LDLRs lacking the coated-pit localization signal were
able to mediate viral infection.

The full-length human LDLR or a mutant lacking 33 amino
acids at the C terminus, including the clathrin-coated-pit-tar-
geting signal NPVY, were stably transfected into a fibroblast
cell line (M4) deficient in LDLR and LRP expression as a
result of gene disruption (21, 24, 68). Unfortunately, the ex-
pression level of the truncated LDLR was much higher than
that of wild-type LDLR in all clones examined, precluding a
strict comparison of the infection efficiencies mediated by the
two receptors. Nevertheless, we observed only small differ-
ences in infectivity by HRV2 between these clones, which did
not match the very large difference in receptor expression
(results not shown); this suggested that the full-length receptor
is considerably more efficient in mediating infection.

Although these results did not allow the drawing of a formal
conclusion, we were concerned that the clathrin-mediated en-
docytosis pathway might be more important for HRV2 infec-
tion than previously estimated and decided to proceed to a
reevaluation of this topic.

Hypotonic shock followed by K� depletion strongly inhibits
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HRV2 internalization. Previous experiments using K� deple-
tion to dissociate clathrin coats from the plasma membrane
(31, 34) have suggested that HRV2 infectivity was not dimin-
ished by this treatment. The authors of the latter report took
the inhibition of total protein synthesis as an indication of
virus-induced host cell shutoff. However, K� depletion can
have pleiotropic consequences on cell metabolism (3), and
these results need not necessarily reflect an effect on viral
entry. This prompted us to directly examine the effect of K�

depletion on HRV2 entry by using immunofluorescence and
confocal microscopy.

HeLa-H1 cells were incubated in hypotonic K�-free buffer
for 5 min prior to challenge with HRV2 at �30 PFU per cell
in isotonic K�-free buffer for 20 min. As a control, cells were
treated with the same buffers, but containing 10 mM KCl.
Subsequently, cells were fixed, prepared for immunofluores-
cence detection of HRV2 by use of the monoclonal antibody
8F5, and examined by confocal microscopy. In all control cells,
HRV2 accumulated in perinuclear vesicles, presumably early
and late endosomes, whereas in K�-depleted cells, intracellu-
lar virus-specific fluorescence was dramatically reduced (Fig.
1). In �80% of the K�-depleted cells, staining was seen only
on the plasma membrane, most probably representing surface-
bound virus which failed to penetrate into the cells, while in the
remainder of the cells, virus was found in peripheral or scat-
tered vesicles, without perinuclear accumulation. We observed
the same inhibition of viral entry when K� depletion was
performed on A431 carcinoma cells (data not shown).

These results demonstrate that K� depletion in fact strongly
inhibits HRV2 endocytosis and underscores the importance of
using confocal immunofluorescence microscopy to directly ex-
amine the effect of the treatment on viral entry. Measurement
of infectivity might be misleading, as K� depletion does not
inhibit internalization completely and virus spreads rapidly
from the infected cells to other cells. Moreover, virus particles
bound to the plasma membrane cannot be removed entirely
(3). Therefore, these are still able to infect after cessation of
the treatment with K�-free buffer. Attempts to dissociate virus
from the plasma membrane by exposure to low pH might even

result in uncoating, penetration of the RNA into the cytosol,
and infection (5a).

HRV2 internalization is inhibited by cholesterol depletion.
Next, we examined the effect of cholesterol depletion on the
internalization of HRV2. Depletion of cholesterol from the
plasma membrane by using M�CD has been shown to impair
clathrin-mediated endocytosis (48, 60). M�CD strongly re-
duces endocytosis of transferrin and epidermal growth factor
(EGF), whereas endocytosis of ricin, a general membrane
marker, is less affected (48). Therefore, we anticipated that
clathrin-mediated uptake of HRV2, as suggested by the K�

depletion experiment, would be inhibited by M�CD, keeping
in mind that the effect of this treatment is not entirely specific
because cholesterol depletion can also affect caveolae (63, 71).

In the next experiment, we assessed internalization by mea-
suring the loss of infectivity of cell-associated virus as a result
of uncoating in endosomes. The low endosomal pH results in
inactivation of the infecting virus as a consequence of confor-
mational change and expulsion of its RNA. The extent of this
reaction depends on the incubation time (up to about 3 h);
during this period, de novo-synthesized infectious particles
were not detected.

HeLa-H1 cells were treated with M�CD for 30 min prior to
incubation with HRV2 for 20 min at 34°C to allow internal-
ization; cells were washed, and fresh medium was added (T �
0). After 0, 1, and 3 h of incubation at 34°C, cells were collected
and cell-associated virus was released by freeze-thawing prior
to determination of the number of infectious virions. In un-
treated cells, we consistently found that the virus titer dropped
by about 2 orders of magnitude from 0 to 3 h of incubation,
whereas in the presence of bafilomycin A1, a drug preventing
acidification of endosomes (4, 47), the titer remained almost
constant (Fig. 2A). When cells were pretreated with M�CD,
the virus titer decreased much less with time compared with
what was seen with untreated cells. This result is consistent
with reduced internalization of the virus as a consequence of
impaired clathrin-mediated endocytosis.

To confirm that endocytosis of HRV2 is inhibited in M�CD-
treated cells, the localization of cell-associated virus was ex-
amined by confocal fluorescence microscopy. As depicted in
Fig. 2B, HRV2 was found predominantly at the plasma mem-
brane of M�CD-treated cells, in contrast to untreated cells,
where the virus was entirely intracellular and localized mainly
to the perinuclear region. Membrane-associated virus was seen
in most of the M�CD-treated cells; however, some cells also
showed intracellular staining concomitant with plasma mem-
brane staining. Plasma membrane staining was also observed
upon incubation of M�CD-treated cells with fluorescent trans-
ferrin, as reported by Wu and colleagues (70), or with fluores-
cent LDL, indicating that the drug effectively impaired recep-
tor-mediated endocytosis; these ligands, similar to HRV2,
showed some intracellular staining in a small number of cells
(data not shown). HRV2-associated fluorescence in the cyto-
plasm was then quantified by using TCNT Leica software.
Using confocal pictures taken with identical parameters of
more than 50 cells subjected to the various treatments, an area
excluding the plasma membrane was delineated; the mean
fluorescence intensity, corrected for background (areas with-
out cells), of each pixel in these areas was recorded and was

FIG. 1. K� depletion inhibits HRV2 internalization. HeLa-H1 cells
seeded on coverslips were subjected to hypotonic shock for 5 min,
washed, and incubated with HRV2 in K�-free medium for 20 min at
34°C. Control cells were treated with the same buffers containing 10
mM K�. Cells were fixed, and HRV2 was visualized by using the
anti-HRV2 monoclonal antibody 8F5. Preparations were photo-
graphed by using a confocal microscope. Noninfected cells did not
show any staining with 8F5. Bar, 10 �m.
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found to be 21.4 � 6 intensity units for untreated cells and 7.8
� 3 intensity units for M�CD-treated cells.

It is noteworthy that a reduction of internalization of Lipo-
plex transfection complexes upon cholesterol depletion has
been reported; these complexes are taken up by clathrin-me-
diated endocytosis (71). The authors of this previous study
observed plasma membrane staining by the labeled complexes
in cholesterol-depleted cells by using confocal immunofluores-
cence, similar to our finding for HRV2 (Fig. 2B).

Taken together, the results of the cholesterol depletion ex-
periments support the view that HRV2 is taken up via clathrin-
coated pits; however, if we did not have additional evidence,
this assay would not formally prove that clathrin-mediated
endocytosis is used by the virus.

Internalization of HRV2 is markedly reduced in HeLa cells
expressing dynK44A. The results presented above, suggesting
that HRV2 internalization is dependent on the clathrin-medi-
ated pathway, imply that HRV2 internalization should also
depend on functional dynamin. This protein is essential for

clathrin-coated-pit scission from the plasma membrane, and a
dominant-negative inhibitor, GTPase-deficient dynK44A, has
been shown to effectively block endocytosis of ligands such as
transferrin and EGF (10); however, dynK44A expression can
also affect other pathways (20, 42).

HeLa cells stably transfected with dynK44A or dynwt under
the control of the tTa-responsive promoter (12) were used for
the following experiments. Induction takes place upon removal
of tetracycline from the medium 2 days prior to the experi-
ment. Yet, examining dynK44A or dynwt expression by immu-
nofluorescence, we found that after induction only 60 to 80%
of the cells express the recombinant dynamins; this allowed us
to observe cells with no expression together with cells express-
ing dynK44A or dynwt. Using confocal immunofluorescence
microscopy, we observed a strong inhibition of HRV2 inter-
nalization in the cells expressing dynK44A after 20 min of in-
cubation with HRV2 (Fig. 3A). This block of internalization
was observed in all (�95%) dynK44A-expressing cells exam-
ined. In these cells, virus was found to be exclusively associated
with the plasma membrane, whereas it was entirely in the
perinuclear region in nontransfected cells or cells expressing
dynwt.

These data contrast with the results of previous reports in-
dicating dynamin-independent endocytosis of HRV2 (3, 23).
Reasons for the apparent discrepancy may include subtle dif-
ferences in methodology, differences in the expression levels
achieved, or the concentration of the virus used. HRV2 parti-
cles bound to the plasma membrane of dynK44A-expressing
cells may have also become trapped in clathrin-coated tubes
induced by the mutant (11), as has been shown for influenza
virus (49); this might be taken for internalized virus.

We also performed cointernalization of HRV2 and fluores-
cent transferrin in HeLa cells induced to express dynK44A. As
shown in Fig. 3B, there was a block of transferrin as well as of
HRV2 endocytosis in dynK44A-positive cells, indicating that
clathrin-mediated endocytosis was effectively impaired in these
cells. Identical results were obtained when fluorescent LDL
and HRV2 were coincubated with the cells (data not shown).
In addition, throughout this study, we observed colocalization
of transferrin and HRV2 in endosomes each time both mark-
ers were used simultaneously, as, for instance, in the cell that
does not express dynK44A shown in Fig. 3B.

Next, using immunofluorescence microscopy, we compared
infection efficiencies for cells expressing dynK44A and dynwt by
counting cells that produced virus 1 day after infection. Figure
3C shows that there was a significantly smaller number of
virus-producing cells among dynK44A-positive cells than among
nontransfected cells or cells expressing dynwt. The values ob-
tained in this experiment are very similar to those reported for
Hantaan virus using the same cells; this virus enters cells by
clathrin-dependent receptor-mediated endocytosis (25).

In conclusion, our results demonstrate that HRV2 endocy-
tosis is fully dynamin dependent. Other dynamin-dependent
pathways include caveolae (20, 42) and a recently described
lipid raft-dependent pathway (30); lipid rafts are very unlikely
to mediate HRV2 uptake for several reasons, which are delin-
eated below. Therefore, we believe that the block of HRV2
internalization by dynK44A most probably reflects the effect of
this mutant on clathrin-mediated endocytosis.

Colocalization of HRV2 and GFP-clathrin light-chain A on

FIG. 2. Cholesterol depletion inhibits internalization of HRV2.
(A) HeLa-H1 cells in 24-well plates were incubated for 30 min at 34°C
with 400 nM bafilomycin (white) or 10 mM M�CD (black) or left
untreated (gray). Cells were challenged with HRV2 at 30 PFU/cell for
20 min, washed three times with PBS, and incubated in fresh medium
containing the respective drugs for 0, 1, and 3 h at 34°C prior to
determination of virus titer, as described in Materials and Methods.
Shown are the means and standard errors of two independent exper-
iments. (B) Cells were treated for 30 min with 10 mM M�CD or left
untreated as indicated. HRV2 was added, and incubation was contin-
ued for 20 min prior to fixation, permeabilization, and immunofluo-
rescence detection of virus. Representative confocal images are shown.
Virus is retained on the plasma membrane of M�CD-treated cells.
Note that the cells tend to round up as a consequence of the M�CD
treatment. Bar, 10 �m.
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the plasma membrane. To examine whether membrane-bound
virus would be localized in clathrin-coated pits, we labeled
these structures by using a GFP-tagged clathrin light-chain A.
This fusion protein has been shown to specifically target coated
pits in the plasma membrane (70). Two days after transfection,
cells were incubated with HRV2 for 1 h at 4°C, fixed, and
processed for immunofluorescence detection of viral particles.
Cells expressing GFP-clathrin were examined by confocal mi-
croscopy (Fig. 4A). A large proportion of fluorescent dots
corresponding to virus on the plasma membrane was found to
colocalize with GFP-clathrin.

Colocalization of HRV2 and GFP-clathrin could be ob-
served even after cholesterol depletion by M�CD (Fig. 4B),
which flattens the pits but does not remove them from the
membrane (48, 60, 70). In about 15 fields examined, we con-
sistently found that 60 to 80% of plasma membrane-bound
HRV2 colocalized with GFP-clathrin, suggesting association
with coated pits. When plasma membrane-bound HRV2 was
compared with endogenous caveolin-1 in HeLa cells, there was
a complete lack of correlation between the two markers, indi-
cating that an involvement of caveolae in HRV2 internaliza-
tion is very unlikely (Fig. 4C). A further indication that caveo-
lae (or lipid rafts) were not involved was the lack of association
of HRV2 with detergent-insoluble fractions containing the
lipid domains in a sucrose density gradient flotation assay used
to isolate Triton X-100-resistant membranes (results not
shown). It is also notable that LDLR family members are not
present in these domains (19, 64).

HRV2 internalization is blocked by transient overexpres-
sion of two dominant-negative inhibitors of clathrin-mediated
endocytosis. Because M�CD and dynK44A are not entirely spe-
cific inhibitors of clathrin-mediated endocytosis, we also used
two mutant proteins with known specific dominant-negative
effect on the clathrin-mediated pathway.

The first mutant is myc-tagged Amph-SH3, which was shown
to induce a potent blockade of receptor-mediated endocytosis
of transferrin and EGF (43, 56, 67). Amph-SH3 was transiently
expressed in HeLa-H1 cells. Two days after transfection, cells

FIG. 3. Overexpression of dynK44A inhibits HRV2 uptake in stably
transformed HeLa cells. (A) dynK44A or dynwt expression was induced
in HeLa cells by incubation without tetracycline. After 48 h, cells were
incubated with HRV2 (�30 PFU/cell) for 20 min at 34°C, fixed, and
stained for confocal immunofluorescence detection of virus and dy-
namin mutants. Cells expressing dynK44A show strongly reduced virus
uptake. In these cells, virus clearly accumulates on the plasma mem-
brane. Cells expressing dynwt internalize virus-like untransfected cells.
Bar, 10 �m. (B) Cells induced to express HA-tagged dynK44A were
incubated with HRV2 and rhodamine-transferrin for 20 min at 34°C,
washed, fixed, and stained for immunofluorescence by using anti-
HRV2 and anti-HA antibodies. HRV2 (green) and transferrin (red)
internalization are blocked in cells overexpressing dynK44A. Note the
colocalization (yellow) of virus and transferrin, presumably in early
endosomes of the cell that does not express dynK44A. Bar, 10 �m.
(C) Cells induced to express HA-dynK44A or HA-dynwt were infected
with HRV2 (�15 PFU/cell) for 20 min, washed, and incubated over-
night at 34°C before immunofluorescence detection of virus-producing
cells and of the HA tag. For each experiment, a total of �250 cells
expressing the respective dynamins was observed and the fraction of
cells synthesizing virus was determined (black bars). This was divided
by the fraction of virus-producing cells that did not express dynamin
(white bars).
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were incubated for 20 min with HRV2, fixed, and processed for
immunofluorescence detection of virus and the myc-tag epi-
tope. Examination of cells by using confocal microscopy re-
vealed the strong inhibitory effect of Amph-SH3 overex-
pression on HRV2 endocytosis (Fig. 5). As expected for a
dominant-negative mutant, which acts by overwhelming the
wild-type protein to prevent its function, the effect was depen-
dent on the expression level; a full inhibition of virus uptake
indicated by the absence of perinuclear and cytoplasmic stain-
ing was usually observed at moderate and high expression
levels of Amph-SH3. In the latter case, plasma membrane
staining indicated retention of the virus on the surface of the
cells (Fig. 5).

Amphiphysin interacts with the AP-2 adaptor complex at its
N terminus and with the proline-rich domain of dynamin at its
C-terminal SH3 domain. Amph-SH3 presumably prevents re-
cruitment of dynamin to clathrin-coated pits and also inter-
feres with dynamin ring formation (43). Therefore, we cannot

exclude the possibility that Amph-SH3 also affects other dy-
namin-dependent but clathrin-independent endocytosis path-
ways, although to our knowledge no data indicating this have
been presented.

To target even more specifically the clathrin-mediated en-
docytosis pathway, we used another, recently described, dom-
inant-negative inhibitor, AP180-C, which has also been used in
other studies to block this pathway (40). AP180 has a phos-
phatidylinositol-4,5-P2 binding domain at its N terminus and
interacts with the clathrin heavy chain at its C terminus
through several clathrin-binding motifs (13, 18). It is believed
to induce the nucleation of clathrin lattices on the plasma
membrane. This process is impaired by overexpression of
AP180-C, and as a consequence, clathrin is redistributed in the
cells and the number of coated pits is drastically reduced (18).

The cDNA corresponding to AP180-C was amplified from a
rat brain cDNA library and cloned as an N terminally myc-
tagged fusion protein in a eukaryotic expression vector.
AP180-C was then expressed transiently in HeLa-H1 cells. As
a control, 2 days after transfection, cells were incubated with
fluorescent transferrin for 20 min prior to fixation and immu-
nofluorescence detection of myc-tagged AP180-C. As ex-
pected, expression of the truncated protein effectively blocked
transferrin uptake (Fig. 6A). We then examined internalization
of HRV2 (Fig. 6B). Like transferrin internalization, HRV2
endocytosis was strongly inhibited in cells expressing AP180-C,
and as observed for Amph-SH3, inhibition of HRV2 internal-
ization in many cells was accompanied by retention of the virus
on the plasma membrane (Fig. 6B); this membrane staining
demonstrates that viral receptors are still present on the cells.
Therefore, although virus can bind to the surface of cells ex-
pressing AP180-C, there is no clathrin-independent mecha-
nism that would promote its access to the endocytic compart-
ment. Next, we transfected cells with the N-terminal domain of
AP180 (AP180-N), which, as previously reported, does not
inhibit transferrin internalization (18) (results not shown). Ac-
cordingly, even a strong expression of AP180-N did not affect
HRV2 uptake (Fig. 6C), showing that the inhibition observed

FIG. 4. Membrane-bound HRV2 is concentrated in coated pits.
(A) HeLa-H1 cells were transfected with a GFP-clathrin light-chain A
expression plasmid to label coated pits. Two days after transfection,
they were incubated with about 30 PFU of HRV2/cell at 4°C for 1 h
and processed for confocal immunofluorescence detection of HRV2.
Images show the colocalization (yellow) of HRV2 (red) and GFP-
clathrin (green) at the plasma membrane of a cell. (B) Same as in
panel A, except that cells were incubated for 30 min with 10 mM
M�CD prior to incubation with HRV2 for 20 min at 34°C. Note that
cells appear rounded due to the action of M�CD. (C) Nontransfected
HeLa-H1 cells were incubated with HRV2 for 1 h at 4°C, fixed, per-
meabilized, and stained for immunofluorescence detection of HRV2
(red) and caveolin-1 (green). Bars, 10 �m.

FIG. 5. HRV2 internalization is blocked by transient overexpres-
sion of Amph-SH3. HeLa-H1 cells seeded on coverslips were trans-
fected with an expression plasmid encoding myc-tagged Amph-SH3.
Two days after transfection, they were incubated with HRV2, fixed,
and permeabilized. HRV2 and Amph-SH3 were detected by using
anti-HRV2 monoclonal antibody 8F5 and anti-myc antiserum, respec-
tively, followed by fluorescent conjugates. Cells were examined and
photographed by using a confocal microscope. In cells overexpressing
Amph-SH3, HRV2 does not accumulate in the perinuclear compart-
ment or in the cytoplasm but remains attached to the plasma mem-
brane. Bar, 10 �M.
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for AP180-C is specific for this mutant and also ruling out a
general blockade of endocytosis caused by the overexpression
of a recombinant protein in HeLa-H1 cells.

For both virus and transferrin, the extent of inhibition of
internalization was dependent on the expression level of
AP180-C. To quantify this effect, we visually evaluated the
degree of AP180-C expression in transfected cells by compar-
ing the fluorescence intensities in the cytoplasm. Then, cells
were divided into three groups according to low, medium, or
high expression, and in each group, the percentage of cells that
did not show any perinuclear or cytoplasmic fluorescence from
internalized transferrin or HRV2 was determined. Figure 6D
shows that the values obtained for virus and for transferrin
depend almost identically on the expression level of AP180-C.
Importantly, practically all cells with medium or high AP180-C
expression lacked the characteristic perinuclear accumulation
of HRV2 in HeLa cells.

Finally, we examined the dependence of HRV2 endocytosis
on functional Rab5. This small GTPase is broadly involved in
the regulation of vesicular trafficking of early endosomes and
probably also of receptor-mediated endocytosis (37, 69).
HeLa-H1 cells were transfected with the dominant-negative
mutant of Rab5, Rab5 S34N, which preferentially binds GDP
and inhibits endosome fusion (58). HRV2 internalization was
examined by immunofluorescence. In all cells expressing Rab5
S34N (Fig. 7), we observed a substantial reduction of virus
internalization compared with what was seen with nontrans-
fected cells, where fluorescence was stronger and perinuclear.
There was also some accumulation of virus on the plasma
membrane of some transfected cells. HRV2 internalization
was reduced but not abolished; in general, very small vesicles
containing the virus were detected. In accord with the data
reported by Stenmark and colleagues (58), control experiments
with transferrin showed a reduced diffuse staining and occa-
sional accumulation of the ligand at the plasma membrane.
Overexpression of wild-type Rab5 resulted in expanded early
endosomes in which HRV2 as well as transferrin were found to
accumulate (data not shown). The influence of the Rab5 S34N

FIG. 6. HRV2 internalization is blocked by transient overexpres-
sion of AP180-C. (A to C) HeLa-H1 cells seeded on coverslips were
transfected with an expression plasmid encoding myc-tagged AP180-C
(A and B) or AP180-N (C). Two days after transfection, they were
incubated with fluorescent transferrin (A) or HRV2 (B and C), fixed,
and permeabilized. HRV2 and AP180-C or AP180-N were detected
with anti-HRV2 monoclonal antibody 8F5 and anti-myc antiserum,
respectively, followed by fluorescent conjugates. Cells were examined
and photographed by using a confocal microscope. In cells overex-
pressing AP180-C, transferrin and HRV2 internalization are blocked.
In cells overexpressing AP180-N, HRV2 internalization is not blocked.
Bar, 10 �M. (D) AP180-C expression was rated by visual inspection as
being low, medium, or high in fluorescence intensity. The percentage
of cells in each group without any cytoplasmic (perinuclear as well as
peripheral) fluorescence is given for transferrin and HRV2 (�75 cells/
group; mean of three experiments � standard deviation).

FIG. 7. Rab5 S34N expression reduces uptake of HRV2. HeLa-H1
cells seeded on coverslips were transfected with an expression plasmid
encoding myc-tagged Rab5 S34N. Two days after transfection, they
were incubated with HRV2, fixed, and permeabilized. HRV2 and
Rab5 S34N were detected by using anti-HRV2 monoclonal antibody
and anti-myc antiserum, respectively, and fluorescent conjugates. They
were examined and photographed by using a confocal microscope. In
cells expressing Rab5 S34N, HRV2 does not accumulate in the peri-
nuclear compartment but is retained, at least in part, on the plasma
membrane. Bar, 10 �M.
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mutant on HRV2 endocytosis indicates trafficking of the virus
through a Rab5-dependent early endosomal compartment
such as that involved in the receptor-mediated endocytosis
pathway.

DISCUSSION

All the data presented in this study strongly suggest that
HRV2 penetrates via clathrin-mediated endocytosis, although
this assertion is very difficult to prove formally because inhib-
itors or dominant-negative mutant proteins do not always com-
pletely block coated-pit formation or internalization. Never-
theless, the complete lack of HRV2-associated cytoplasmic
staining in most of the K�-depleted cells or in cells overex-
pressing AP180-C or Amph-SH3 indicates that viral particles
cannot enter the cells in the absence of functional clathrin-
mediated endocytosis, at least during an incubation time of 20
to 30 min. Under control conditions, this time is largely suffi-
cient for the virus to initiate infection. On the other hand, virus
is clearly detectable on the surface of the cells, indicating that
binding to the cells still occurs.

The very short time needed for HRV2 to be internalized and
to infect cells is fully consistent with the rapid kinetics of
coated-pit endocytosis; this is in marked contrast to the slower
internalization process of ligands and viruses using caveolae.
Notably, simian virus 40 (1), echovirus 1 (35), and filoviruses
(17), which infect cells via the caveolar system, have a slow
kinetics of internalization and require a minimum of 1.5 to 2 h
to initiate infection. Our uncoating assay (Fig. 2) indicated that
most of the HRV2 accomplished the pH-dependent uncoating
within less than 1 h at 34°C. Along the same line, the inhibition
of entry by cholesterol depletion using M�CD was already
apparent after 20 min of incubation with the virus (Fig. 2, T �
0); this is fully consistent with an inhibition of clathrin-medi-
ated endocytosis by the drug. However, because depletion of
an essential membrane component is a rather harsh treatment,
as seen from the changes in the cellular morphology, we cannot
rule out pleiotropic effects.

Another convincing element which suggests the prominence
of clathrin-mediated endocytosis in HRV2 internalization is
the block of internalization by expression of dynK44A. This
mutant, which was previously thought to specifically block
clathrin-coated-pit fission from the membrane, is now consid-
ered a rather nonspecific inhibitor of endocytosis; neverthe-
less, we observed a strong inhibition of HRV2 endocytosis by
dynK44A, which is expected for a clathrin-dependent ligand.

It is noteworthy that all markers of the clathrin-independent
endocytosis pathways described so far are intimately linked to
detergent-resistant membrane fractions (40, 54). These com-
prise glycosylphosphatidylinositol (GPI)-anchored proteins,
which are delivered either to recycling endosomes (51) or to
the Golgi complex (40, 41), and the interleukin-2 receptor (30).
Interestingly, direct interaction of the GPI-anchored urokinase
receptor and LRP promotes internalization of this complex by
clathrin-coated vesicles (9), suggesting that clathrin-mediated
endocytosis becomes preponderant as soon as a receptor con-
taining a coated pit targeting motif is involved.

In the case of HRV2, a role for lipid rafts in internalization
can be excluded because virus and LDLR (and most probably
also LRP) do not associate with these domains. On the other

hand, a decay-accelerating factor-using, lipid raft-dependent,
enterovirus 11 variant cannot infect nocodazole-treated cells
(59), and this drug does not impair HRV2 infection (4).

It was recently demonstrated that LRP is internalized more
rapidly than LDLR (32). This raises the question of which
receptor, LDLR or LRP, is predominantly involved in HRV2
entry. Indeed, fibroblasts derived from patients genetically de-
ficient in LDLR expression are infected almost as efficiently as
wild-type cells with both receptors present (22). Both receptors
possess coated-pit-targeting motifs and are internalized by
clathrin-mediated endocytosis (33). Because our experiments
with HeLa cells point to a clathrin-dependent entry, we believe
that both receptors internalize the virus via the same route.

Data on the internalization pathway of a number of viruses
have been reported. The great majority was found to enter the
cells by clathrin-mediated endocytosis. These include vesicular
stomatitis virus (61), Semliki Forest virus (15), Sindbis virus (6,
14), adenovirus (65), adeno-associated virus type 2 (16), canine
parvovirus (45), influenza virus (49), Hantaan virus (25), foot-
and-mouth disease virus (38), parechovirus 1 (27), and JC virus
(46). Nevertheless, several of these studies relied only on phar-
macological inhibitors or dominant-negative dynK44A, which
are not entirely specific for clathrin endocytosis, and a recent
report has indicated that influenza virus also enters cells via
clathrin-independent pathways (55). Interestingly, canine par-
vovirus enters the cells by clathrin-mediated endocytosis via
the transferrin receptor, a prototype receptor of this pathway
(44). This is similar to the internalization of HRV2 through
coated pits via LDLR family members that is described in the
present study. Clathrin-coated vesicles mediate fast and effi-
cient transfer of receptor-bound particles to an acidic endoso-
mal compartment, a property that is highly favorable for the
initiation of infection by pH-dependent viruses (2, 47). Simian
virus 40, echovirus 1, filoviruses, and respiratory syncytial virus
have been found to be internalized via caveolae (1, 17, 35, 66),
a specificity which might be related to a requirement of these
viruses to follow the intracellular routes of these organelles.

A recent review on virus entry by S. B. Sieczkarski and G. R.
Whittaker underscores the great care with which data obtained
using nonspecific inhibitors of clathrin-mediated endocytosis
should be interpreted (54). Although we have to acknowledge
some contradictions between the results of the present report
and those of our previous collaborative studies (e.g., regarding
the effect of dynamin mutants on HRV2 uptake), these inves-
tigations have paved the way for the characterization of HRV2
internalization (3, 23, 47); our results now establish definitely
that this virus utilizes clathrin to penetrate into the host cell.
Measuring the internalization of radioactive HRV2 is difficult,
and interpretation of the results is complicated because it is
impossible to quantitatively remove plasma membrane-bound
virus; this appears to represent a substantial proportion of the
total cell-associated virus when coated-pit internalization is
inhibited (3; this study). Therefore, our data emphasize the
importance of analyzing virus endocytosis by direct examina-
tion with a confocal microscope; this method is particularly
appropriate in the case of HRV2 internalization because the
rapid translocation of viral proteins to the perinuclear com-
partment allows easy differentiation between internalized and
surface-bound virus. Finally, we complete and refine our data
with the dominant-negative protein domains Amph-SH3 and
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AP180-C, which specifically inhibit the clathrin-dependent
pathway.

In summary, the results of the present study indicate that the
normal endocytosis pathway of HRV2 is clathrin dependent.
This property might be related to the strict dependence of
minor-group rhinoviruses on low pH for uncoating; therefore,
penetration in endosomes by a very efficient pathway is likely
to represent a strong benefit in the infection cycle of these
viruses.
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