JOURNAL OF VIROLOGY, Nov. 2009, p. 10922-10930
0022-538X/09/$12.00 doi:10.1128/JVI1.01312-09

Vol. 83, No. 21

Copyright © 2009, American Society for Microbiology. All Rights Reserved.

Low pH-Triggered Beta-Propeller Switch of the Low-Density
Lipoprotein Receptor Assists Rhinovirus Infection"

Tuende Konecsni,' Ursula Berka,” Angela Pickl-Herk,' Gerhard Bilek," Abdul Ghafoor Khan,'

Leszek Gajdzig,” Renate Fuchs,” and Dieter Blaas'*

Max F. Perutz Laboratories, University Departments at the Vienna Biocenter, Department of Medical Biochemistry,

Medical University of Vienna, Vienna, Austria," and Department of Pathophysiology,
Medical University of Vienna, Vienna, Austria®

Received 26 June 2009/Accepted 5 August 2009

Minor group human rhinoviruses (HRVs) bind three members of the low-density lipoprotein receptor
(LDLR) family: LDLR proper, very-LDLR (VLDLR) and LDLR-related protein (LRP). Whereas ICAM-1, the
receptor of major group HRVs actively contributes to viral uncoating, LDLRs are rather considered passive
vehicles for cargo delivery to the low-pH environment of endosomes. Since the Tyr-Trp-Thr-Asp 3-propeller
domain of LDLR has been shown to be involved in the dissociation of bound LDL via intramolecular
competition at low pH, we studied whether it also plays a role in HRV infection. Human cell lines deficient in
LDLR family proteins are not available. Therefore, we used CHO-Ildla7 cells that lack endogenous LDLR. These
were stably transfected to express either wild-type (wt) human LDLR or a mutant with a deletion of the
3-propeller. When HRV2 was attached to the propeller-negative LDLR, a lower pH was required for conversion
to subviral particles than when attached to wt LDLR. This indicates that high-avidity receptor binding
maintains the virus in its native conformation. HRV2 internalization directed the mutant LDLR but not wt
LDLR to lysosomes, resulting in reduced plasma membrane expression of propeller-negative LDLR. Infection
assays using a CHO-adapted HRV2 variant showed a delay in intracellular viral conversion and de novo viral
synthesis in cells expressing the truncated LDLR. Our data indicate that the 3-propeller attenuates the
virus-stabilizing effect of LDLR binding and thereby facilitates RNA release from endosomes, resulting in the
enhancement of infection. This is a nice example of a virus exploiting high-avidity multimodule receptor

binding with an intrinsic release mechanism.

Human rhinoviruses (HRVs), members of the picornavirus
family of nonenveloped, single-stranded positive-sense RNA vi-
ruses, are the major cause of the common cold. Based on phy-
logeny, they are divided into two species, HRV-A and HRV-B.
For cell entry, HRVs use two different types of receptors; 87
major group viruses bind human intercellular adhesion molecule
1 (ICAM-1) (44), while 12 types (the minor group) attach to
members of the low-density lipoprotein receptor (LDLR) family,
including LDLR, very-LDLR (VLDLR), and LDLR-related pro-
tein (LRP) (46). All minor group HRVs are HRV-A, but major
group HRVs belong to either species. Recently, a new clade
tentatively termed HRV-C was identified (23), but its properties
with respect to receptor binding and entry have not been eluci-
dated.

The minor group virus HRV2 enters via clathrin-dependent
endocytosis (41). This is not unexpected since LDLRs possess
a clathrin localization signal in their C-terminal cytoplasmic
domains. However, when the clathrin-dependent pathway is
blocked, similar to physiologic ligands, HRV2 might also ex-
ploit other endocytosis routes (3). After cell entry, HRVs of
both receptor groups end up in endosomal compartments. For
major group HRVs either ICAM-1 alone or in concert with the
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low-pH environment triggers conversion into subviral parti-
cles; concomitantly, the virion is uncoated, and the genomic
RNA is released (33). In contrast, structural changes and in-
fection of the minor group viruses exclusively depend on the
low endosomal pH, and it was believed that the function of
LDLRs was limited to virus delivery (8).

Exposure to pH =3 inactivates all HRVs, and this property
was originally used as a means for their classification (43).
However, most HRVs already convert into subviral particles
and thereby lose infectivity at much higher pH values. For
example, HRV?2 readily experiences conformational modifica-
tions below a threshold pH of 5.6 in vitro and in vivo (16, 34),
and inactivation occurs within a range of ~0.6 pH units ac-
cording to a sigmoid progression. On the other hand, some
major group viruses were found to be more stable (20).

During infection, native virus is first converted into subviral
A-particles that still contain RNA but have lost the innermost
capsid protein VP4. They no longer attach to their respective
receptors but are hydrophobic because of externalization of
the amphipathic N termini of VP1 that are believed to insert
into the lipid bilayer of the endosomal membrane (28). In a
next step, the RNA is transferred into the cytosol, leaving
behind empty hydrophilic subviral B particles. These processes
are strongly coordinated, as indicated by the in vitro mem-
brane-disrupting activity of VP4 (11). VP4 appears to also play
an essential role in RNA transfer. Furthermore, when VPO is
not cleaved into VP2 and VP4 during viral maturation, the
virions bind to their receptors and undergo all structural tran-
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sitions but fail to initiate infection most probably because the
RNA does not arrive in the cytosol (26).

The conformational modifications of the major group virus
HRV14 result in disruption of the endosome; on the other
hand, the minor group virus HRV2 opens a pore in the mem-
brane for the RNA to enter the cytosol and the endosome
remains largely intact (35, 39). In the latter case, empty parti-
cles are left and are shuttled to lysosomes for degradation.
Conversely, HRV14 capsid proteins arrive, together with the
viral RNA in the cytosol. Therefore, the capsid is degraded to
a much lesser extent since it fails to reach the lysosomes.

C-terminal from the ligand-binding domain, LDLR pos-
sesses an epidermal growth factor (EGF)-precursor homology
(EGFP) domain with two cysteine-rich EGF-like repeats
(EGF-A and -B), a six-bladed B-propeller with characteristic
Tyr-Trp-Thr-Asp (YWTD) motives, and a third EGF repeat
(EGF-C). The three-dimensional structure of LDLR at pH 5.3
shows a closed conformation, in which ligand binding repeats
L4 and L5 fold back toward the B-propeller, establishing an
intramolecular interaction (37). This involves lysine and tryp-
tophan residues similar to those conferring binding of VLDLR
to HRV2 (45) and LDLR to receptor-associated protein at
neutral pH (13). Moreover, a number of histidine residues in
the propeller become partly protonated and establish addi-
tional ionic interactions with buried negatively charged resi-
dues of the two ligand binding repeats. This intramolecular
competition for the ligand-binding repeats is believed to be
responsible for the release of bound LDL at low pH. However,
recent mutagenesis experiments suggest that the three histi-
dines supposed to participate in this competition are rather
involved in an allosteric mechanism lowering the affinity of the
ligand for the receptor at the low endosomal pH (48).

Since virus conversion and release from the receptor is trig-
gered by acid pH in any case, we sought to determine whether
competition by the B-propeller played any role in viral infec-
tion. Comparing the behavior of wild-type (wt) and propeller-
deficient LDLR in HRV?2 infection, we demonstrate that the
B-propeller promotes infection by facilitating virus conversion
and RNA release in the appropriate endosomal compartments
within a suitable time window. These results show that minor
group receptors are not just passive vehicles for virus delivery
but actively contribute to infection.

MATERIALS AND METHODS

Chemicals. All chemicals were obtained from Sigma (St. Louis, MO) or Merck
(Darmstadt, Germany) unless specified otherwise. WIN-52084-2 (kindly pro-
vided by Dan Pevear, ViroPharma) was dissolved at 0.5 mg/ml in 50% dimethyl
sulfoxide and stored at —20°C. Tissue culture plates and flasks were from Iwaki
(Bibby Sterilin, Stone, Staffordshire, United Kingdom).

Buffer solutions. Isotonic 30 mM MES (morpholinoethanesulfonic acid) buff-
ers were adjusted to a pH between 4.8 and 7.0 with 0.2 increments. To ensure
isotonicity, the NaCl concentrations were calculated by using the web tool “Rec-
ipe Calculator for Thermodynamically Correct Buffers,” of the University of
Liverpool, (http://www.liv.ac.uk/buffers/buffercalc.html). After addition of the
adequate amount of NaCl, the buffers were brought to the respective pH with
NaOH at 0°C. Hanks balanced buffer solution (HBBS; 0.137 M NaCl, 5.4 mM
KCl, 0.25 mM Na,HPO,, 0.44 mM KH,PO,, 1.3 mM CaCl,, 1.0 mM MgSO,, 4.2
mM NaHCOj;) was used for washes, as well as for incubation of CHO cells at 4°C
as specified in the text. Radioimmunoprecipitation assay (RIPA) buffer (50 mM
Tris-HCI [pH 7.5], 150 mM NaCl, 1 mM EDTA, 1% sodium deoxycholate, 0.1%
sodium dodecyl sulfate, 1% Triton X-100) was used for cell lysis prior to radio-
immunoprecipitation and/or scintillation counting.
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Cell lines. HeL.a-H1 Ohio cells (American Type Culture Collection, Manassas,
VA), a subline supporting the replication of HRVs, were used for HRV2 pro-
duction and labeling with [**S]methionine-cysteine, as well as for titer determi-
nation. CHO-ldla7 Chinese hamster ovary cells lacking functional endogenous
LDLRs (22) but stably transfected to overexpress native human LDLR (termed
RF3 cells) or LDLR in which the YWTD B-propeller domain and the EGF-C
domain are deleted (termed AYC cells) (5, 6), kindly provided by Stephen
Blacklow (Boston, MA), were used in all other experiments.

Cell culture medium. HeLa-H1 cells (for short HeLa) were cultured in min-
imal essential medium (MEM) supplemented with 10% heat-inactivated fetal
calf serum (FCS), 2 mM L-glutamine, 100 U of penicillin/ml, and 100 pg of
streptomycin/ml (Gibco/Invitrogen Corp., Paisley, United Kingdom). For infec-
tion of HeLa cells, MEM containing 30 mM MgCl, and 2% FCS (infection
medium) was used. CHO cells were cultured in Ham F-12 medium with 5% FCS,
2 mM L-glutamine, 100 U of penicillin/ml, and 100 g of streptomycin/ml. RF3
and AYC cells were maintained in the same medium containing 1 mg of Gene-
ticin (G418)/ml. CHO-infection medium was Ham F-12 containing 30 mM
MgCl, and 2% FCS, without Geneticin. Cells were grown at 37°C, and infection
was carried out at 34°C under a 5% CO, atmosphere.

Virus. HRV2 was originally obtained from the American Type Culture Col-
lection. An HRV2 variant adapted to replicate in CHO cells was isolated by blind
passages alternating between HeLLa and CHO-RF3 cells. Cells in a 162-cm? flask
were challenged with virus at 10 50% tissue culture infective doses (TCIDs)/cell
at 34°C for 30 min, medium with nonbound virus was replaced by fresh infection
medium, and cells were incubated for 24 h to allow for infection. Virus eventually
produced in the CHO cells was liberated by three consecutive freeze-thaw cycles,
and HeLa cells were infected with the lysates. Whereas initially no cytopathic
effect (CPE) was seen in the CHO cells, HeLa cells were usually lysed after 24 h.
However, after 12 cycles CPE appeared in the CHO cells and persisted even
upon CHO to CHO passaging for more than five times. The variant population,
termed HRV2¢yy0, replicated in both CHO cell lines but with different kinetics
(see below).

Radiolabeling of HRV2. HeLa cells were grown in a 162-cm? flask until ca.
80% confluent, washed twice with phosphate-buffered saline (PBS), and incu-
bated with 20 ml of methionine-cysteine-free Dulbecco modified Eagle medium
supplemented with 2% dialyzed FCS, 100 U of penicillin/ml, 100 pg of strepto-
mycin/ml, 2 mM L-glutamine, and 30 mM MgCl, for 4 h at 37°C. The medium
was replaced by fresh methionine-cysteine-free medium, and virus was added at
1,000 TCIDsg/cell. The cells were incubated for 4 h at 34°C to allow for viral
internalization and host cell shutoff. Portions (15 ml) of the old medium were
replaced by fresh infection medium containing 2% dialyzed FCS. After the
addition of 1 mCi of [**S]methionine-cysteine (Hartmann Analytic GmbH,
Braunschweig, Germany), incubation was continued for 16 h. Cells were broken
by three cycles of freezing-thawing, and debris was removed by centrifugation at
20,000 rpm (Ty65 rotor) for 20 min at 4°C. Virus was pelleted at 50,000 rpm
(Ty65 rotor) for 2 h and suspended in 1 ml of HBBS supplemented with 2% FCS
overnight at 4°C. Insoluble material was removed by centrifugation in a benchtop
centrifuge. Remaining free radiolabel was removed by pelleting two times in a
Beckman Optima TLX benchtop ultracentrifuge (TLA 100.3 rotor) at 70,000
rpm for 1 h. The viral pellet was finally resuspended in 200 pl of HBBS-2% FCS
and stored at 4°C. Incorporated radioactivity was quantified by liquid scintillation
counting (Tricarb; Packard, Meriden, CT); only radiochemically pure virus prep-
arations (i.e., only viral proteins visible in the autoradiogram), as checked on a
reducing 15% sodium dodecyl sulfate-polyacrylamide gel, were used. To ensure
the absence of subviral particles, the preparations were stored over S. aureus-2G2
immunocomplexes that were removed by centrifugation before using the virus.
The monoclonal antibody (MADb) 2G2 specifically recognizes subviral particles
(31).

FACS quantification of LDLR expression. CHO cells were detached from
162-cm? culture flasks by incubation in 5 ml of 10 mM EDTA in PBS at 37°C for
5 min. The cells were washed with PBS and resuspended in Ham F-12 growth
medium to allow for resaturation of cell surface LDLRs with Ca** at 37°C for 30
min. After two washes in ice-cold HBBS, the cells were resuspended in ice-cold
fluorescence-activated cell sorting (FACS) buffer (HBBS supplemented with 2%
FCS) at ~2 X 10° cells/ml, followed by incubation under slow rotation for 1 h at
4°C. The cells were dispensed in 2-ml Eppendorf tubes at ~2 X 10° cells/sample,
pelleted at 1,000 X g for 5 min, resuspended in 200 wl of FACS buffer containing
chicken immunoglobulin Y (IgY) directed against the ligand-binding domain of
human LDLR (prepared by standard techniques) at 2.5 pg/ml. The cells were
then incubated on ice for 1 h by gently shaking the tubes every other 10 min.
After three washes with 1 ml of ice-cold HBBS, phycoerythrin-conjugated don-
key anti-chicken secondary antibody (Jackson Immunoresearch) was added at
1:100 in 200 pl of FACS buffer. After 30 min of incubation, the cells were washed
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twice with cold HBBS, resuspended in 1 ml of cold HBBS, transferred into 5-ml
polypropylene FACS tubes, and kept on ice until analyzed. Cell-associated flu-
orescence corresponding to receptor expression was measured in a Becton Dick-
inson LSR-I flow cytometer, using the CellQuest Pro software for data analysis.

Quantification of cell attachment of HRV2. CHO cells expressing wt or trun-
cated LDLR were grown in six-well plates until ca. 80% confluent. The growth
medium was discarded, the cells were washed with ice-cold HBBS, 20,000 cpm of
35S-labeled HRV?2 in ice-cold infection medium was added per well, and the
plates were incubated for 1 h at 4°C for virus binding. Unbound virus was
removed by three washes with ice-cold HBBS, and the cells were lysed in 500 pl
of RIPA buffer on ice for 15 min and transferred into scintillation vials. The wells
were washed with 500 pl of RIPA buffer and with 500 wl of HBBS, the washes
were combined with the cell lysates, and the cell-associated radioactivity was
measured in a liquid scintillation counter (Tricarb).

Release of LDLR-bound HRV2 from CHO cells after low-pH treatment. CHO
cells were grown in six-well plates until confluent. The medium was removed, and
the cells were incubated in cold HBBS for 10 min at 4°C and challenged with
20,000 cpm of 358-labeled HRV2 in ice-cold CHO infection medium for 1 h at
4°C. Unbound virus was removed by washing the samples with ice-cold HBBS,
and the cells were exposed to isotonic 30 mM MES buffers of pH 4.8 to 7.0 (with
increments of 0.2 pH units) for 20 min at 4°C. Samples were reneutralized by the
addition of the adequate volumes of 1 M Tris base. The virus released into the
supernatant and remaining cell-associated virus were quantified separately by
scintillation counting as described above. In a separate experiment, the effect of
the duration of low-pH incubation and reneutralization on virus dissociation was
determined. Cells were incubated at pH 5.0, 6.0, and 7.0 for 20, 45, and 90 min,
followed by reneutralization to pH 7.0 for 0, 10, and 45 min.

Modeling endosomal virus conversion at the pl brane and infl e
of WIN-52084-2. The capsid-binding drug was dissolved at 0.5 mg/ml in 50%
dimethyl sulfoxide. For each assay 30,000 cpm of *>S-labeled HRV2 was prein-
cubated in 20 pl of 150 mM NaCl (pH 7.5) containing WIN-52084-2 at a final
concentration of 20 pg/ml for 30 min at room temperature. As a control, the
virus was preincubated in the same solution without the WIN compound. Even-
tually, the non-native virus was removed by immunoprecipitation with MAb
2G2-S. aureus immunocomplexes prepared as follows. A 500-pl portion of fixed,
heat-killed S. aureus cells from a 10% stock suspension was pelleted at 10,000
rpm for 1 min in a benchtop Eppendorf centrifuge. The pellet was washed twice
with 1 ml of PBS and twice with 1 ml of RIPA buffer. Bacteria were resuspended
in 400 pl of RIPA buffer, and 100 wl of rabbit HRV2-antiserum was added,
followed by incubation for 1 h at room temperature. Bacteria were pelleted,
washed three times with RTPA buffer, and finally resuspended in 500 ul of RIPA
buffer containing 0.04% sodium azide. Since protein A binds rabbit IgG much
better than mouse IgG, MAb 2G2 was bound via rabbit anti-mouse IgG by using
the same procedure.

CHO cells were grown in six-well plates until confluent and preincubated in
cold HBBS for 10 min at 4°C. After challenge with 20,000 cpm of 3S-labeled
HRV2 (untreated and preincubated with the antiviral, respectively) in CHO
infection medium at 4°C for 1 h, unbound virus was removed, and the cells were
further incubated in isotonic buffers of pH 4.8 to 7.0 for 20 min at 4°C as
described above. The buffers were reneutralized, and the cells were further
incubated for 20 min at 4°C to allow for virus release. Supernatants (1 ml) were
collected in 2-ml Eppendorf tubes, the cells were washed twice with 250 pl of
HBBS, the washes were combined with the supernatants, and 300 wl of 6X RIPA
buffer was added. The cells were lysed in 500 wl of RIPA buffer on ice for 15 min
and collected in 2-ml Eppendorf tubes. The wells were rinsed twice with 500 pl
of RIPA buffer, and the washes were combined with the cell lysates. Debris was
removed by centrifugation. Supernatants and cell lysates were processed sepa-
rately for sequential immunoprecipitation. First, subviral particles were recov-
ered by the addition of 20 wl of MAb 2G2-S. aureus immunocomplexes, followed
by incubation for 2 h at room temperature. Bacteria were pelleted and washed
twice with 200 pl of RIPA buffer. Remaining native virus in supernatants and
washes was precipitated with 20 pl of rabbit HRV2 antibody-S. aureus immuno-
complexes. Pellets were washed twice with 200 pl of RIPA buffer and scintilla-
tion counted. Conversion of native virus into subviral particles was calculated by
dividing the sum of 2G2-precipitated counts by the total counts (i.e., the sum of
2G2 and anti-HRV?2 precipitated counts). Conversion at pH 4.8 was set to 100%
and conversion at pH 7.0 to 0%.

Kinetics of virus conversion. CHO cells were grown in six-well plates, prein-
cubated in cold HBBS for 10 min at 4°C, and challenged with 20,000 cpm of
35S-labeled HRV2 at 4°C for 1 h. Unbound virus was removed by extensive
washing with ice-cold HBBS, and the cells were incubated in 1 ml of CHO
infection medium at 34°C, allowing for virus internalization and uncoating. At
the times given in the text, the cells were lysed without removing the incubation
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medium by adding 200 pl of 6xX RIPA buffer. Cell debris was removed by
centrifugation. To monitor the uncoating, subviral particles were immunopre-
cipitated with MAb 2G2, and the remaining native virus was immunoprecipitated
with HRV2 antiserum, followed by quantification by liquid scintillation counting
as described above, and the ratios of 2G2 precipitated counts over total counts
were calculated.

Time-dependent colocalization of virus and LDLR. CHO cells were seeded
onto 13-mm glass coverslips (Menzel, Braunschweig, Germany) and grown until
80% confluent. Cells were washed with PBS containing 1 mM CaCl, and 1 mM
MgCl, (PBS* ), preincubated in 200 pl of CHO infection medium for 30 min at
37°C, cooled to 4°C, and challenged with HRV2 at 900 TCIDs/cell for 1 h.
Unbound virus was removed by three washes with 2 ml of ice-cold PBS™*, and
the cells were incubated in 500 pl of prewarmed CHO infection medium for 4,
20, and 60 min (chase). The coverslips were transferred into a six-well plate on
ice and washed with 2 ml of ice-cold PBS™™* for 5 min. The cells were fixed for
30 min with 300 pl of 4% paraformaldehyde in PBS™ ", quenched with 300 .l of
50 mM NH,CI in PBS for 10 min, washed three times, and permeabilized with
300 wl of 0.2% Triton X-100 in PBS for 5 min. Nonspecific binding sites were
blocked with 200 pl of 10% goat serum in PBS (Gibco/Invitrogen) for 30 min. All
antibodies were diluted with PBS containing 10% goat serum. HRV2 was de-
tected with MAD 8F5 (40) at 10 pg/ml, followed by Alexa 568-conjugated goat
anti-mouse IgG (1:1,000; Molecular Probes, Eugene, OR), and LDLR was de-
tected with chicken anti-human LDLR IgY (10 pg/ml) and Alexa 488-conjugated
goat anti-chicken IgG (1:1,000; Molecular Probes). Cells were washed four times
for 10 min each time with 5 ml of PBS, and nuclei were stained with DRAQS
(Biostatus, Shepshed, Leicestershire, United Kingdom). Coverslips were briefly
dipped in double-distilled H,O and mounted in Mowiol. Cells were viewed with
a Zeiss Axiovert 200 microscope (Carl Zeiss, Jena, Germany) equipped with an
UltraView ERS laser confocal system (Perkin-Elmer, Shelton, CT). Twelve-bit
images of highest resolution (1,344 X 1,024 pixels; no binning) were acquired
through a 63X/1.4 Plan-Apochromat lens (Carl Zeiss). Images were taken with
the same exposure time, and emission was discriminated by sequential acquisi-
tion. For Z-stack analysis, at least 15 images were recorded at 0.2-wm intervals
with a piezo-driven Z stage. UltraView software was used to correct for back-
ground fluorescence and to determine the extent of colocalization.

Effect of HRV2 internalization on LDLR expression. RF3 and AYC cells were
preincubated in serum-free Ham F-12 medium for 1 h at 34°C. HRV2 at 1,500
TCIDsg/cell was internalized in serum-free Ham F-12 medium for 6 h. Cells were
then cooled, washed, fixed, and permeabilized with methanol at —20°C for 10
min and processed for indirect immunofluorescence microscopy for the detection
of LDLR (see above) and LAMP2 (anti-human CD107B mouse antibody 1:400;
BD Biosciences/Pharmingen), followed by Alexa 488-conjugated goat anti-
chicken IgG and Alexa 568-conjugated goat anti-mouse IgG, respectively. Nuclei
were stained with Hoechst dye (1 pg/ml; for epifluorescence microscopy) and
DRAQES (1:500; for confocal microscopy), and cells were embedded in Mowiol.
LDLR expression and the extent of colocalization with LAMP2 was investigated
by epifluorescence microscopy using a Zeiss Axioplan 2 fluorescence microscope
equipped with a C-Apochromat 40X lens and Axiovision software. Confocal
microscopy was carried out as described above.

Kinetics of the infection of CHO cells with HRV2yo. CHO cells grown in
six-well plates were challenged with HRV2y at 10 TCIDsg/cell at 4°C for 1 h.
Unbound virus was removed by extensive washing with ice-cold HBBS, and the
cells were incubated at 34°C in 2 ml of CHO infection medium. At time zero (to
determine bound virus) and at 3, 6, 9, 12, 16, 22, 26, 31, and 36 h, the cells were
subjected to three freeze-thaw cycles, cell debris was removed, and the virus
titers were determined in HeLa cells.

RESULTS

At pH 5.3 LDLR releases LDL via intramolecular compe-
tition of its B-propeller domain for the ligand binding repeats
L4 and L5 (5, 6, 37) or, as more recently suggested, via allo-
steric conformational changes (48). Since conversion of HRV2
into subviral particles during infection also occurs at similar
pH values in late endosomes (16), structural changes of recep-
tor and virus might take place concomitantly. Therefore, we
sought to determine whether the B-propeller function was also
important for minor group rhinovirus infection. Since human
cells defective in expression of the receptors recognized by
minor group HRVs are not available, all experiments were
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carried out using CHO cells lacking endogenous LDLR as a
consequence of a mutation (Idla7 cells) (25). These cells were
transfected to stably express human wt LDLR (RF3 cells) or a
mutant receptor lacking the YWTD-B-propeller and the
EGF-C domain (AYC cells).

Immunofluorescence microscopy and FACS analysis re-
vealed that the expression levels of the LDLRs in the two cell
lines were not identical (not shown). In particular, despite
being grown in the presence of the selecting agent Geneticin,
the concentration of wt LDLR was comparatively low in most
of the cells. Therefore, both cell lines were subjected to FACS
sorting, and cells expressing the respective receptors at similar
levels were collected and expanded. This resulted in reasonably
homogeneous populations; binding of radiolabeled HRV2 at
4°C was almost identical for both cell lines (ca. 70% = 3.5% of
total input virus) with low background binding (3.9% * 0.7%
related to the receptor-expressing cells) as determined for non-
transfected CHO-ldla7 control cells that lack functional
LDLR. These cells were used for all experiments.

Structural changes and uncoating of HRV2 at the low en-
dosomal pH can be mimicked at the plasma membrane by
incubation of receptor-bound virus in acidic buffers (8). Since
dissociation of the virus from its receptor when still in its native
conformation might strongly decrease productive infection, we
first investigated the possible role of the B-propeller domain in
this process. The experiments were carried out with the two
CHO cell lines by incubation of plasma membrane-bound virus
in low-pH buffer. To avoid depletion of the Ca ions that are
necessary to maintain the receptor in its native conformation,
we used MES buffer instead of the acetate-phosphate buffers
applied in the previous study (8).

HRV2 remains attached to CHO cells upon acidification
unless reneutralized. *>S-labeled HRV2 was bound to wt
LDLR and mutant LDLR expressed on the respective CHO
cell line for 1 h at 4°C. Unbound virus was washed away with
ice-cold HBBS, and bound virus was exposed to a series of
isotonic MES buffers of pH 4.8 to 7.0 for 20 min. In contrast to
the previous results with HeLa cells (8), we found that the
CHO cells did not release bound virus at any pH value, not
even from the cells expressing wt LDLR on prolonged incu-
bation at the lowest pH. This is most probably the result of the
~10-fold-higher LDLR expression level in the transfected cells
than in HelLa cells. It suggests that HRV2 either remained
receptor bound in its native form or had converted to subviral
particles that were handed over to the cell membrane. How-
ever, substantial and rapid virus release was noticed after re-
neutralization to pH 7.0 (data not shown). The hydrophobic
A-particles associate with liposomes (28), whereas the hydro-
philic empty B-particles do not (24, 28). Therefore, these data
imply that HRV2, when bound to CHO cells and exposed to
low pH, dissociates from the cells uniquely upon reneutraliza-
tion in the form of empty capsids.

LDLR binding stabilizes HRV2 against low pH-induced con-
version. We next set out to identify the nature of the viral
material remaining bound and being released. The experiment
above was repeated, and subviral particles and native virus in
the supernatant were determined by sequential immunopre-
cipitation with MAb 2G2 that specifically recognizes subviral
particles (18, 31) and rabbit anti-HRV2 IgG. This method has
been extensively used previously for quantification of the con-
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FIG. 1. Conversion of LDLR-bound HRV2 at the plasma mem-
brane by incubation in isotonic buffers of different pH. Radiolabeled
HRV2 either untreated or preincubated with the antiviral capsid-
binder WIN-52084 was attached to the cells at 4°C for 1 h, unbound
virus was removed, and the cells were incubated at 4°C for 20 min in
isotonic buffers with the pH values indicated. The buffers were reneu-
tralized by adding Tris base, and the cells were further incubated for 20
min to allow for virus release. Converted virus was immunoprecipi-
tated with MAb 2G2 and remaining native virus with anti-HRV2
antiserum from both the supernatants and cell lysates. Total conver-
sion at pH 4.8 was set to 100%, and no conversion at pH 7.0 was set to
0%. Note that the propeller-negative LDLR stabilizes the virus against
its conversion to a similar extent as the antiviral substance; the two
different types of protection effects were additive.

version of HRV?2 into subviral particles (3, 19, 34). The same
procedure was carried out with the cellular fraction after cell
lysis with RIPA buffer. Inmunoprecipitates were quantified by
liquid scintillation counting (Fig. 1). Similar to the results with
HeLa cells (8), the conformational alterations of HRV2 bound
to CHO cells expressing wt LDLR occurred within a pH range
from <6.0 to ~5.4, following a typical sigmoid curve. However,
when virus was bound to B-propeller-negative LDLR, the
curve was shifted toward lower pH values by ~0.3 pH units.

Capsid-binding drugs, such as I(S), also named WIN-52084
(from the Sterling Winthrop company that originally manufac-
tured them), displace fatty acids naturally present in the hy-
drophobic pocket of the capsid and protect HRVs against low
pH-induced conversion into subviral A-particles (16, 21).
Therefore, the same experiment was carried out with HRV2
that had been preincubated with this drug. Stabilization by the
compound also resulted in a shift of the conversion curve of wt
LDLR-bound HRV?2 toward lower pH values. This increase in
stability at low pH was almost identical to that caused by
truncated LDLR. Apparently, in the absence of the B-propel-
ler domain the high-avidity attachment of the receptor via
several ligand-binding modules stabilizes the native conforma-
tion of the virus. This is in line with earlier data of Nicodemou
et al. (32), who demonstrated stabilization of HRV2 by the
soluble concatemeric pentamer of module 3 (V33333) of
VLDLR in vitro. Stabilization by WIN-52084 and the B-pro-
peller negative receptor were additive, shifting the sigmoid
curve even more toward lower pH values (Fig. 1). Under our
experimental conditions virtually no virus was released from
the cells upon acidification. However, upon reneutralization, a
large percentage was found in the cell supernatant, and 80 to
100% of it was in the form of subviral particles at any pH value
for all four experimental conditions (data not shown).

Upon endocytosis in HeLa cells, HRV2 is shuttled from
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FIG. 2. Viral conversion is delayed and reduced in CHO cells ex-
pressing the B-propeller-negative LDLR compared to wt LDLR. Ra-
diolabeled HRV2 was attached to cells grown in six-well plates at 4°C
for 1 h, unbound virus was washed away, and the cells were incubated
in 1 ml of infection medium at 34°C, allowing for virus internalization
and uncoating. At the time points indicated, the cells were lysed with-
out removing the incubation medium. Converted virus was immuno-
precipitated with MAb 2G2 and remaining native virus was immuno-
precipitated with anti-HRV2 antiserum and scintillation counted. The
percentage of virus conversion was calculated as 2G2-precipitated
counts divided by total precipitated counts and set to 0% at time zero.
Note the delay and lower extent of uncoating when the virus enters via
the truncated receptor. Error bars indicate the means = the standard
deviations (SD) (n = 3).

early to late endosomes within endosomal carrier vesicles
(ECV). The RNA is released from the virus either in ECV or
in late endosomes (4), and the remaining empty capsids move
on to lysosomes, where they are degraded. Therefore, produc-
tive RNA release must happen within a window of opportunity
in the correct compartment. The experiments mimicking the
situation in endosomes at the plasma membrane suggest that
the B-propeller might facilitate virus conversion at compara-
tively higher pH values at earlier times. Thereby, the time
window for RNA release would be longer, which could influ-
ence the efficiency of infection. Therefore, we investigated viral
conformational changes during cell entry.

Conversion of native HRV2 to subviral particles is delayed
when internalized via B-propeller-deficient LDLR. Radiola-
beled HRV2 was attached to the cells at 4°C for 1 h, unbound
virus was washed away with cold HBBS, and the cells were
incubated in infection medium at 34°C to allow for virus inter-
nalization and conversion in endosomes. At various times, the
cells were lysed by adding RIPA buffer without removing the
incubation medium. Subviral particles and remaining native
virus were recovered by sequential immunoprecipitation with
MADb 2G2 and anti-HRV?2 antiserum and determined by liquid
scintillation counting. The percentage of virus conversion was
calculated as the ratio of 2G2-precipitated counts over total
precipitated counts and set to 0% at time zero. As seen in Fig.
2, virus conversion was strongly delayed and reduced when
entry occurred via the truncated receptor.

The dissociation of HRV2 from the two forms of LDLR
within endosomes was also assessed via the time-dependent
colocalization of HRV2 and LDLR by confocal immunofluo-
rescence microscopy. HRV2 was bound to the plasma mem-
brane of CHO cells expressing the respective receptor on ice,
and the cells were further incubated at 34°C for the times
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FIG. 3. HRV2 dissociation from LDLR is delayed when the B-pro-
peller is deleted. HRV2 was bound at 4°C to CHO cells grown on
coverslips, and entry was initiated by adding warm medium. At the
times indicated, the cells were fixed and permeabilized, and LDLR and
HRV2 were detected by specific antibodies, followed by Alexa 488-
conjugated goat anti-mouse IgG and Alexa 568-conjugated goat anti-
chicken IgG, respectively. (A) Representative fluorescent images of
one focal plane through the perinuclear region are shown after HRV2
binding (0 min) and 60 min after warming to 34°C. LDLR, green;
HRV?2, red. (B) The percent colocalization of virus and receptor was
calculated from immunofluorescence microscopy images as in panel A.
Colocalization at time zero was set to 100%. Error bars indicate the
means * the SD (n = 3).

indicated in Fig. 3. Virus and receptor were differentially la-
beled with suitable specific antibodies and visualized (Fig. 3A).
Colocalization was determined by using UltraView software
(Fig. 3B). In agreement with virus-receptor dissociation in
early endosomes (8), colocalization of HRV2 and receptor
rapidly decreased in time. Furthermore, when the virus en-
tered via the B-propeller-negative receptor, this dissociation
occurred at a substantially slower rate and only to a minor
extent.

Infection is delayed when HRV2 is internalized via 3-pro-
peller-deficient LDLR. Most HRVs fail to replicate in nonhu-
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FIG. 4. Infection kinetics of CHO cell-adapted HRV2 in cells ex-
pressing wt and B-propeller-negative LDLR. Cells seeded in six-well
plates were challenged with HRV2; at 10 TCIDs/cell at 4°C for 1 h.
After the removal of unbound virus, the cells were incubated at 34°C.
At the times indicated, the cells were broken by three cycles of freeze-
thawing, and the virus titer was determined. Note the significant delay
in virus production in the cells expressing the truncated receptor. Error
bars indicate means * the SD (n = 3).

man cells, and challenge of the CHO cell lines with HRV2 did
not result in productive infection. However, adaptation of
HRV2 to mouse L cells has been reported (47). The variants
showed mutations within nonstructural viral proteins, indicat-
ing that receptor binding was not affected. We thus used the
same strategy for adapting HRV?2 to replicate in hamster cells.
After 12 blind passages alternating between RF3-CHO cells
and HeLa cells, a population of HRV2 variants, termed
HRV2.,0, was selected that caused CPE and multiplied in
both CHO lines. Figure 4 depicts the infection kinetics of
HRV2q,, in the two lines. The virus titer decreased at the
early times after challenge, indicating uncoating of incoming
virus. From about 9 h onward, replication was evident with the
virus titer attaining a plateau after about 30 h. The most ob-
vious difference between the two cell lines is seen between 12
and 26 h; the cells expressing the wt receptor produced up to
6 times more virus at 16 h postinfection, with a difference of ~5
h in reaching the plateau.

HRV?2 directs the 3-propeller-deficient LDLR to lysosomes.
Deletion of the entire EGFP-homology domain of LDLR has
been shown to inhibit dissociation of bound LDL, impairs
receptor recycling, and results in lysosomal degradation of the
receptor-ligand complex (10). Since the B-propeller is the main
player in the conformational changes at low pH (5, 37), we
thought it likely that the AYC deletion mutant used in our
experiments behaves identically. To assess whether HRV2 in-
ternalization results in degradation of the mutant LDLR, we
studied colocalization of LDLR with the lysosomal marker
LAMP?2 by fluorescence microscopy. CHO cells expressing wt
or B-propeller-negative LDLR were grown on coverslips and
incubated for 30 min in serum-free medium, and HRV2 at
1,500 TCIDsg/cell was continuously internalized for 6 h at
34°C. The cells were chilled, washed, fixed, permeabilized, and
incubated with mouse anti-LAMP?2 antibody, followed by Al-
exa 568-conjugated goat anti-mouse IgG. LDLRs were re-
vealed with chicken anti-LDLR IgY, followed by Alexa
488-conjugated goat anti-chicken IgG. For control purposes,
mock-infected cells were incubated under the same conditions.
Internalization of HRV2 into RF3 cells had no significant
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FIG. 5. Continuous HRV?2 internalization leads to degradation of
mutant but not wt LDLR. RF3 and AYC cells were preincubated in
serum-free Ham F-12 medium, and HRV2 at 1,500 TCIDs/cell was
internalized for 6 h. Cells were cooled, washed, and processed for
indirect immunofluorescence microscopy for the detection of LDLR
(green) and LAMP2 (red). Nuclei were stained with Hoechst dye (for
epifluorescence) and DRAQES (for confocal microscopy). (A) Con-
ventional epifluorescence microscopy. All images were taken with the
same exposure time in the respective channel and identical settings
were used for illustration with the Axiovision software. Overlay images
are shown. Arrowheads indicate perinuclear and arrows indicate
plasma membrane localization of the receptors. (B) Confocal images
were taken by using the same laser power and exposure time in the
respective channel. Multicolor images shown were obtained with iden-
tical gray level settings in each channel. Of 20 sections through the
cells, the focal plane through the nucleus is depicted. Bar, 2 pm.

influence on the total fluorescence and thus on the concentra-
tion of wt LDLR (Fig. 5A, upper panels). Furthermore, little
colocalization of LDLR with the late endosome/lysosome
marker LAMP2 was seen in the absence and in the presence of
HRV2 (Fig. 5B, upper panels). In contrast, in AYC cells
HRV?2 uptake resulted in decreased LDLR levels mainly at the
plasma membrane (arrows) but not in the perinuclear area
(Fig. 5A, lower panels, arrowheads). The decrease in plasma
membrane localization of the mutant receptors appears to be
due to their lysosomal degradation as deduced from the higher
extent of colocalization of receptors with LAMP2 (Fig. 5B,
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lower panels). Collectively, this indicates that the virus directs
the truncated receptor to lysosomes.

DISCUSSION

LDL has been shown to dissociate from plasma membrane
LDLR at pH <5.5 (10); if the entire EGFP-domain or the
B-propeller together with the EGF-C domain is absent from
the receptor, LDL release is reduced to 10% compared to
100% for wt LDLR (6, 7). The 3D X-ray structure of LDLR
determined at pH 5.3 revealed an intramolecular interaction
between modules LA4 and LAS and the B-propeller and
thereby nicely explained the underlying mechanism at the mo-
lecular level (37). In the present study we took advantage of
CHO-ldla7 cells that are deficient in the endogenous receptor
but had been stably transfected to overexpress human wt
LDLR (RF3 cells) and LDLR lacking the B-propeller, to-
gether with the EGF-C domain (AYC cells). We demonstrated
that the B-propeller domain is not only important for the LDL
metabolism but also exerts a similar function in the conversion
and release of minor group HRVs, exemplified by HRV2.
LDLR is thus not only a vehicle for virus delivery, but it also
fine-tunes the location and timeliness of RNA transfer into the
cytosol. By comparing cells expressing either wt LDLR (RF3)
or LDLR whose B-propeller was deleted (AYC cells), it be-
came clear that, in the absence of this latter domain, HRV2
was less readily released from the receptor and the structural
changes associated with uncoating and required for RNA re-
lease were only observed at a lower pH. The final conversion to
80S particles appears to be facilitated by reneutralization. We
are currently investigating whether this could also occur in vivo
via pores in the endosomal membrane, allowing for the exit of
protons. We also compared the two forms of the receptor with
respect to infection and virus production. Since HRV2 fails to
replicate in rodent cells, it was adapted to grow in these cells by
a series of blind passages alternating between RF3 and HeLa
cells. The resultant HRV2 variant (termed HRV2;5) grew to
roughly one-fifth of the titer attained in HeLa cells. It was
previously shown that adaptation to mouse cells by a similar
protocol does not modify the viral capsid but rather introduces
mutations into nonstructural proteins (17, 27). Therefore, it is
highly unlikely that receptor interaction is modified in this
variant, and it was legitimate to use it for our analyses. As a
consequence of B-propeller deletion, the infection was delayed
and less efficient. Stabilization of HRV2 by a receptor con-
struct carrying five copies of V3, the third module of VLDLR
arranged in tandem, has been noted earlier (32). This effect is
most probably due to the strong multivalent attachment of the
receptor modules around the fivefold axes of icosahedral symme-
try (36). It appears that even LDLR, in which only repeats 1, 2, 4,
and 5 possess the tryptophan essential for virus binding (45),
exhibits sufficient avidity for protecting the virus against confor-
mational changes at low pH.

Conversion of the virus to subviral particles in endosomes
and viral de novo synthesis were delayed in AYC cells com-
pared to RF3 cells. These data indicate that wt LDLR facili-
tates viral conformational modification and subsequent steps
such as virus release from the receptor, RNA uncoating, and
RNA transfer into the cytoplasm. This is brought about by the
B-propeller that supposedly competes with the virus for ligand-
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binding repeats LA4 and LAS. Our data correlate well with the
results for LDL release mentioned above; only ca. 15% of
HRYV2 was released from the mutated receptor in AYC cells
and 70% of HRV2 was released from the wt receptor in RF3
cells after 60 min internalization.

Endocytosed ligands are transported through the endocytic
pathway to lysosomes and thereby become exposed to an in-
creasingly lower pH; pH 6.5 to 6.0 in early endosomes, pH 5.5
to 5.0 in late endosomes, and pH 4.5 to 4.0 in lysosomes.
Sorting of LDL from transferrin, a marker of the recycling
pathway, occurs in early (sorting) endosomes within 2 to 4 min
(12, 15, 30). However, the low-pH structure of LDLR was
analyzed at pH 5.3 (5, 6, 37). This raises the question of which
additional factors may aid ligand release in early endosomes.
Since binding of ligands to the LDLR family is Ca** depen-
dent (9), a mildly acidic pH and a low endosomal Ca ion
concentration could cooperatively facilitate ligand dissociation
as shown in in vitro experiments (1). Since the V-ATPase is
electrogenic, inward proton transport has to be balanced by
inward chloride and/or outward cation (K", Na*, and Ca®")
movement. Indeed, upon pinching-off the plasma membrane,
endocytic vesicles rapidly alter their internal milieu from one
corresponding to the extracellular environment (pH neutral
and high concentrations of chloride, sodium, and calcium ions)
to an acidic pH. Although the endosomal chloride concentra-
tion is lowered to ~17 mM within 3 min, it subsequently
increases to 60 mM as the pH decreases to 5.3 along the
lysosomal pathway (42). In contrast, a continuous decrease in
endosomal Ca®** was observed; its concentration dropped
within 3 min to 29 uM and to ~3 uM after 20 min (14).
Indeed, various calcium channels (e.g., a “transient receptor
potential-like Ca-channel” [38]) and various mucolipin calcium
channels (29) were identified in endosomal subcompartments
that exhibit distinct properties and therefore may contribute to
low endosomal calcium as well as to endosomal pH regulation.

Lack of ligand dissociation from LDLR affects receptor traf-
ficking. For B-VLDL, the EGFP domain had no influence on
binding, internalization, and degradation, but the mutant
LDLRs failed to recycle. This resulted in a time-dependent
loss of mutant receptors, presumably due to their lysosomal
degradation (10). Taken together, the failure to dissociate li-
gand from LDLR results in receptor trafficking to lysosomes
(2). This is in line with our results that demonstrate that HRV2
directs the mutant receptor to lysosomes.

Based on the earlier finding that virus is released from its
receptor in the native state at the pH prevailing in early en-
dosomes (8), we rather expected that propeller-deficient
LDLR would increase the efficiency of infection by holding the
virus close to the endosomal membrane until conversion oc-
curs. In contrast, our conversion assays showed that the virus
was not released at any pH values, unless the incubation buff-
ers were reneutralized. These results do not necessarily con-
tradict previous data on HeLa cells (8), where release of native
HRV2 at pH 6.0 was shown, for the following reasons. (i)
HeLa cells express, in addition to LDLR, LRP and VLDLR.
Infection of HeLa cells is inhibited to 80 to 90% by receptor-
associated protein (M. Brabec et al., unpublished results),
which is indicative for a preferential role of LRP1 and/or
VLDLR in HRV?2 entry. (ii) Intracellular trafficking of HRV2
bound to LRP1 may be distinct from LDLR. (iii) The low-pH
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buffers used by Brabec et al. contained phosphate but lacked
calcium and thus facilitated release of native virus (see above).
Whether the virus dissociates from the receptor when still in its
native state or just upon conversion most probably depends on
the interrelation of multiple factors, such as the avidity of
virus-receptor binding and the pH range of virus conversion
compared to that of the receptor switch.

Taken together, our results underscore the role of the B-pro-
peller in LDLR for minor group HRV infection. LDLR is thus
not just a simple vehicle for delivery of the virus into endo-
somes but is also a well-chosen carrier combining high-avidity
multimodule binding with an intrinsic release mechanism. If
the release mechanism is impaired, the virus fails to undergo
conversion at the correct time, and the correct intracellular
compartment and infection is less efficient.
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