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After uptake into target cells, many nonenveloped viruses undergo conformational changes in the low-pH
environment of the endocytic compartment. This results in exposure of amphipathic viral peptides and/or
hydrophobic protein domains that are inserted into and either disrupt or perforate the vesicular membranes.
The viral nucleic acids thereby gain access to the cytosol and initiate replication. We here demonstrate the in
vitro transfer of the single-stranded positive-sense RNA genome of human rhinovirus 2 into liposomes deco-
rated with recombinant very-low-density lipoprotein receptor fragments. Membrane-attached virions were
exposed to pH 5.4, mimicking the in vivo pH environment of late endosomes. This triggered the release of the
RNA whose arrival in the liposomal lumen was detected via ir situ cDNA synthesis by encapsulated reverse
transcriptase. Subsequently, cDNA was PCR amplified. At a low ratio between virions and lipids, RNA transfer
was positively correlated with virus concentration. However, membranes became leaky at higher virus con-
centrations, which resulted in decreased cDNA synthesis. In accordance with earlier in vivo data, the RNA
passes through the lipid membrane without causing gross damage to vesicles at physiologically relevant virus

concentrations.

One of the crucial steps in virus infection is the transfer of
the viral genome from within the protective capsid through a
hostile environment in endocytic vesicles into the cytosol of the
host cell. This process is aided by amphipathic peptides that
become exposed during viral uncoating (26). In the case of
enveloped viruses, such sequences are inserted into the lipid
bilayer, causing lipid mixing and fusion of viral and cellular
membranes (13, 15); as a result, the viral core enters the
cytoplasm without ever being exposed to the outer world. In
naked viruses, exposure to low pH and/or contact with a re-
ceptor similarly leads to exposure of amphipathic protein do-
mains. However, as these viruses lack a membrane, fusion
cannot occur and polypeptides are rather believed to form a
channel through the lipid bilayer, thus connecting the viral
interior with the cytosol. Alternatively, polypeptides might dis-
rupt the membrane altogether (38). In the first case, it is
assumed that viral nucleic acids travel through this pore into
the cytosol whereas empty capsids remain in endosomes and
are shuttled to lysosomes for degradation. In the case of mem-
brane disruption, entire subviral particles arrive in the cyto-
plasm where they are further dismantled into nucleic acids and
proteins. It is not clear whether pore formation and disruption
are mutually exclusive or just reflect two extremes of the same
membrane-destabilizing mechanism.
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Isolated amphipathic viral proteins and derived synthetic
peptides destabilize and disrupt lipid membranes in vitro (12,
41, 43). However, in the context of a virion, proteins act as
oligomers with a defined stoichiometry dictated by the icosa-
hedral symmetry of the viral shell. This necessarily affects their
mode of action on membranes; therefore, results from exper-
iments with isolated viral peptides alone must be interpreted
with caution. Although suggestive, it has not yet been explicitly
proven that peptides and/or hydrophobic stretches of capsid
proteins could line a channel through the lipid bilayer, thus
shielding the charged nucleic acids from the apolar lipids.

Aiming at analyzing genome transfer from naked virions
through lipid membranes in vitro, we used human rhinovirus
type 2 (HRV2) as a model. HRVs, the major cause of the
common cold (24), belong to the genus Enterovirus within the
large family of Picornaviridae. They possess a single-stranded
(+)RNA genome of approximately 7.1 kb in length enclosed in
a 30-nm capsid made from 60 copies of each of the four
proteins VP1, VP2, VP3, and VP4. Minor receptor group vi-
ruses, such as HRV2, bind low-density lipoprotein receptor
(LDLR), very-LDLR, and LDLR-related protein (LRP) for
infection (17, 25); they enter the cell by clathrin-dependent
receptor-mediated endocytosis (36). On arrival in early endo-
somes, the acidic pH triggers conformational changes, leading
to dissociation from the receptor, release of the innermost
capsid protein VP4, and exposure of the amino-terminal am-
phipathic region of VP1. The now-exposed hydrophobic do-
mains of the resulting subviral A particle (22) are presumably
inserted into the lipid bilayer (19). Similarly to a synthetic
peptide derived from the N terminus of VP1 (41, 43), isolated
VP4 has membrane-permeabilizing activity (12). As shown for
the major receptor group virus HRV14 that binds intercellular
adhesion molecule 1 (ICAM-1) for cell entry, release of VP4 is
necessary for infection, as virus production is halted when
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maturation cleavage of the capsid protein precursor VPO to
VP2 and VP4 is prevented by mutations (21).

The genomic HRV2 RNA exits the virion and is delivered to
the cytoplasm by an unknown mechanism. The empty capsid,
also called B particle (22), remains in the endosome (9). Coin-
ternalization of HRV?2 and fluorescein isothiocyanate (FITC)-
dextrans of 10 and 70 kDa into HeLa cells revealed that the 10-
kDa dextran was released from endosomes, whereas the larger
dextran was retained. This was taken to indicate the formation
of pores of limited size in the endosomal membrane (33, 35).
Furthermore, similar to observations for the related poliovirus
(37), patch-clamp techniques indicated the opening of ion-
permeable pores on triggering conformational changes in
membrane-bound HRV2 (14). Rapid degradation of the
HRV?2 capsid proteins in lysosomes indicates that they do not
arrive in the cytosol but rather travel to lysosomes. All these
facts support the hypothesis that RNA of HRV2 is shuttled
through a pore rather than accessing the cytosol as a conse-
quence of membrane disruption.

As a first step toward a detailed analysis of the early pro-
cesses in viral infection, we set up an in vitro model system to
allow for experiments under well defined conditions; HRV2
was attached to receptor-decorated liposomes filled with re-
verse transcriptase and reagents required for cDNA synthesis.
Upon triggering viral uncoating by lowering the pH, genomic
viral RNA entered the protective liposomal lumen, where it
was reverse transcribed into cDNA that was subsequently re-
vealed via PCR. Such a nanocontainer system is extremely
versatile, as receptors, lipid composition, triggers of viral un-
coating, and physicochemical parameters can be varied more
easily than in cell culture or under in vivo conditions (6, 7, 40);
the influence of these parameters on genome transfer can now
be investigated in detail.

MATERIALS AND METHODS

Chemicals. The lyophilized lipids cholesterol (Ch), 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine (POPC), phosphatidylethanolamine (PE), sphingomy-
elin (SM), 1,2-di-(9Z-octadecenoyl)-sn-glycero-3-[(N-(5-amino-1-carboxypentyl)
iminodiacetic acid)succinyl] nickel salt (DOGS-NTA), and 1-oleoyl-2-[12-[(7-
nitro-2-1,3-benzoxadiazol-4-yl)amino]lauroyl]-sn-glycero-3-phosphocholine
(NBD-PC) were from Avanti Polar Lipids (Alabaster, AL) and purchased via
Instruchemie (Delfzyl, the Netherlands). Lipids were dissolved in chloroform
(pro analysi; Merck) at 10 mM except for DOGS-NTA and NBD-PC, which were
at 9.3 and 11.3 mM, respectively. Primers were the same as those of Lu et al (23).
The forward primer (CPXGCCZGCGTGGC) was from Exiqon (Vedbaek, Den-
mark), and the reverse primer (GAAACACGGACACCCAAAGTA) was from
VBC Biotech (Vienna, Austria). The deoxynucleoside triphosphate (dNTP) mix
and recombinant RNasin were from Promega (Madison, WI). Fivefold reverse
transcription (RT) first-strand buffer (250 mM Tris-HCI [pH 8.3], 375 mM KCl,
15 mM MgCl,) and SuperScript IIT reverse transcriptase were from Invitrogen
(Carlsbad, CA). Kapa Sybr Fast quantitative PCR (qPCR) Universal was from
Peqlab (Erlangen, Germany). CaCl,, NaCl, Na-acetate (all p.a.), and NaOH
(ACS grade) were from E. Merck (Darmstadt, Germany), and Sephadex G50
(medium) was from GE HealthCare (Uppsala, Sweden). Tris (ultrapure) was
from AppliChem (Darmstadt, Germany). Nuclease-free water employed for the
preparation of RT liposomes was from Qiagen (Hilden, Germany); other water
was of Millipore grade. All other chemicals were from Sigma Aldrich (Steinheim,
Germany).

Buffers. RT buffer was prepared by mixing 30 pl reverse primer (10 uM), 15
pl dNTP mix (all dNTPs at 10 mM), 60 pl 5-fold RT first strand buffer, 15 pl
recombinant RNasin, 15 pl SuperScript III reverse transcriptase, and 165 ul
nuclease-free water. Reaction (RE) buffer was 50 mM Tris-HCI (pH 8.3), 80 mM
NaCl. TBSC was 25 mM Tris-HCI (pH 7.5), 150 mM NacCl, and 10 mM CaCl,.

Virus and receptor. HRV2 was prepared and its concentration and purity were
assessed as described previously (16, 31). MBP-V33333, the recombinant con-
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catemer of five copies of repeat number 3 of human very-low-density lipoprotein
receptor (VLDLR) fused to MBP at its N terminus and to a His, tag at its C
terminus, was produced, purified, and folded as described previously (27, 34).
Briefly, Escherichia coli DH5al carrying the expression plasmid for His,-tagged
MBP-V33333 was grown to an Agy, of 0.7 in LB medium (Roth, Karlsruhe,
Germany), and protein expression was induced with 0.3 mM IPTG (isopropyl-
B-D-thiogalactopyranoside; Peqlab) at 30°C. Bacteria were harvested by centrif-
ugation and broken by ultrasonication on ice. Cell debris was removed by cen-
trifugation, and MBP-V33333 was batch purified over Ni?*-NTA beads
(Qiagen). The slurry was washed with 10 mM imidazole in TBSC, followed by
elution with 250 mM imidazole in TBSC. The sample was extensively dialyzed
against TBSC. Cystamin and cysteamin were added to final concentrations of 1
mM and 10 mM, respectively, and folding was allowed to proceed at 4°C for 2
days. The sample was concentrated in a Centricon (Centriprep, Millipore) tube
to 2.4 mg/ml, as determined with a Nanodrop (Peqlab) instrument.

Instrumentation. Spin size exclusion chromatography (spin SEC) was carried
out in a table top centrifuge (5415D; Eppendorf, Hamburg, Germany) as de-
scribed below. Reverse transcription (RT) and PCR were performed using an
Eppendorf Mastercycler gradient 5331, and quantitative real-time PCR (qPCR)
was performed using an Eppendorf Mastercycler ep realplex. Ultracentrifugation
was done in a Beckmann Optima TLX Ultracentrifuge (Brea, CA) for 4 h at 4°C
and 4.5 X 10* rpm, employing a TLS55 swing-out rotor and 11- by 34-mm
centrifuge tubes. Fluorescence was measured using a Wallac 1420 Victor2 V
plate reader (Perkin Elmer, Waltham, MA).

Preparation of nanocontainers. Stock solutions of lipids were mixed at a molar
POPC/PE/SM/Ch/DOGS-NTA/NBD-PC ratio of 1:1:1:1.5:0.5:0.05; NBD-PC
was solely included in nanocontainers used for flotation experiments to render
the liposomes fluorescent. A lipid film was prepared from 504 .l of this lipid mix
(5 wmol total lipids) under a constant stream of nitrogen gas via rotation for 3 h.
RT reagents were encapsulated by vortexing the dried lipid film with 300 wl RT
buffer several times shortly over a total time period of 2 h. Unilamellar vesicles
of uniform size were generated by extrusion of the raw liposomal material (41
times, with 400-nm polycarbonate filters; mini extruder from Avanti Polar Lip-
ids). Dithiothreitol as usually included in RT reaction mixtures was omitted
because it appeared to interact with Ni>* ions on the liposome surface, resulting
in brown color. The total phosphate content of extruded nanocontainer stocks
was determined via a standard protocol from Avanti Polar Lipids (http:/www
.avantilipids.com/index.php?option=com_content&view=article&id=1686
&Itemid=405 and reference 44); virtually no loss of lipids during liposome
preparation was observed.

DOGS-NTA at the outer liposomal membrane was saturated with Ni>* by
incubation with 1.3 mM NiCl,. Subsequently, nonencapsulated RT buffer and
excess Ni?* were removed by spin SEC (2 successive steps in Corning X centri-
fuge tubes; cellulose acetate membrane; pore size, 0.45 pwm; obtained from
Szabo-Scandic, Vienna, Austria) using 10-ul aliquots of the liposome suspension
on 0.9-ml Sephadex columns in RE buffer as described previously (7, 40, 41).
Liposomes collected from the exclusion volume (40 pl) corresponded to 170
nmol total lipid of purified nanocontainers.

Assay for RNA transfer into nanocontainers. Fifteen microliters of spin SEC-
purified suspension of nanocontainers (64 nmol lipid; see above) was incubated
for 30 min with 2.4 ul (35 pmol) MBP-V33333, followed by 30 min of incubation
with virus suspended in RE buffer at concentrations indicated in the figures.
RNA release from bound virus was triggered by pH adjustment to 5.4 for 15 min
via addition of a suitable volume (tested in large scale) of 1 M Na-acetate, pH
5.0. Subsequently, the solution was reneutralized with 1 M NaOH. All reaction
steps were carried out at room temperature. Negative controls included permea-
bilization of the nanocontainers by incubation with Triton X-100. RT was per-
formed at 37°C for 1 h, and reverse transcriptase was then inactivated at 70°C for
15 min. Addition of 1% Triton X-100 to the RT and/or PCR had no influence on
the signal.

cDNA synthesized in the lumens of the nanocontainers was released by incu-
bation with Triton X-100 (final concentration, 1%) and amplified via PCR (23)
as follows: 2 min at 95°C, followed by 60 cycles of 45 s at 95°C, 45 s at 60°C, and
2 min at 72°C, with a final elongation step of 10 min at 72°C. PCR products were
analyzed by electrophoresis on a 1% agarose gel (0.5X Tris-acetate-EDTA
[TAE] buffer). Gels were scanned and bands quantified with ImageJ (http://rsb
.info.nih.gov/ij/). Where flotation was used prior to qPCR, the fraction recovered
from the step gradient (about 1 ml) was incubated for 1 h at 37°C as described
above to allow for cDNA synthesis. The resulting cDNA was recovered by
ethanol precipitation, using glycogen (40 wg) as a carrier. The qPCR was per-
formed by activation at 95°C for 2 min followed by 45 cycles of amplification at
95°C for 15 s and 60°C for 1 min. Standard curves were generated from in
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vitro-transcribed viral RNA, using 4 serially diluted RNA standards per curve.
These showed good linear correlation (R* = 0.998).

Flotation. Where indicated, flotation was used to remove either unbound
receptor or unbound virus from nanocontainers. A suspension of purified nano-
containers (30 ul) (containing NBD-PC lipid as a fluorescent label) was incu-
bated with 72 pmol MBP-V33333 and subsequently with HRV2 at concentra-
tions indicated in the figure legends under the conditions described above.
Samples were brought to 50 wl with RE buffer, mixed with 150 pl 67% (wt/vol)
sucrose (in RE buffer), and transferred into centrifuge tubes. This cushion was
sequentially overlaid with 900 wl 25% sucrose-RE buffer and 900 wl RE buffer,
followed by ultracentrifugation. Twelve fractions of 167 pl each were collected
from the top of the gradient and nanocontainer-containing fractions localized by
fluorescence measurement. Furthermore, the virus concentration of correspond-
ing fractions was determined as 50% tissue culture infective dose (TCIDs) (8).
The 4 fractions exhibiting highest fluorescence values were combined (including
>90% of the total fluorescence) and assayed for RNA transfer into nanocon-
tainers. Additionally, the material was inspected by negative-stain transmission
electron microscopy (TEM). As an additional control, nanocontainers (with or
without receptor decoration) were incubated with virus and acidified at room
temperature. After reneutralization, they were separated from excess unbound
virus by flotation at 4°C, recovered, and incubated at 37°C to allow for cDNA
synthesis as described above.

Leakage determination. Leakage of Atto 637 from liposomes was assessed as
described previously (41). Briefly, the dye was encapsulated at 11 uM in 50 mM
Na-borate, pH 8.3, and nonencapsulated dye was removed by spin SEC. The
purified liposomes were incubated with MBP-V33333 and subsequently with
HRV2. The complexes were acidified for 15 min and subjected to chip electro-
phoresis. Leakage is expressed as the ratio of the peak area of encapsulated (i.e.,
liposome-associated) and free fluorophore. This value was related to the average
ratio determined in the absence of virus (no leakage) and expressed as percent
intact liposomes.

Transmission electron microscopy. Carbon-coated copper grids (Agar Scien-
tific; purchased via Groepl, Tulln, Austria) were glow discharged at 20 mA for 1
min in a modified Bal-Tec SCDO005 sputter coater with the Au target removed.
Four microliters of the sample was adsorbed for 1 min, and the grid was washed
and stained with 2% sodium phosphotungstate (pH 7.2) for 1 min. TEM imaging
was done on a FEI Morgagni instrument (FEI Tecnai, Eindhoven, the Nether-
lands) employing an 11-Mpixel Morada charge-coupled-device (CCD) camera at
5.6 X 10*-fold magnification.

RESULTS

In vivo, uncoating of HRV2 occurs in late endosomes (32).
Nanocontainers were thus prepared from a lipid mixture sim-
ilar in composition to endosomal membranes (18, 39) and to
liposomes previously used in virus-membrane interaction stud-
ies (7, 10, 42). To allow for attachment of His,-tagged recom-
binant receptors, DOGS-NTA was incorporated into mem-
branes. We found that 10 mol% of this lipid was necessary for
His,-tagged receptors to remain firmly attached during subse-
quent purification and incubation steps. Replacement with the
trivalent DOGS-tris-NTA (2) reduced receptor loss at lower
lipid concentrations but also led to substantial aggregation
(data not shown); therefore, only DOGS-NTA was used in all
following experiments. Liposomes were prepared in a buffer
containing all components for RT. This mixture became en-
closed in the liposomal lumen, giving rise to nanocontainers.
With the aid of such nanocontainers, we intended to follow the
RNA transfer of the HRV2 genome through the liposomal
membrane.

In Fig. 1, the different (in part hypothetic) steps in viral
RNA transfer through lipid membranes in vivo (Fig. 1A) and in
vitro (Fig. 1B) are schematized. Whereas viral uncoating in
endosomes occurs on the inner face of the membrane, it must
take place from the outside in the case of nanocontainers.
However, since acidification of HRV2 prebound to the plasma
membrane of HeLa cells results in productive uncoating (from
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FIG. 1. Scheme of in vivo and in vitro HRV2 uncoating. (A) In vivo
uncoating in the cell. Virus binds to the receptor on the host cell (i)
and is taken up via clathrin-dependent endocytosis (ii). Upon arrival in
endosomes (iii), the low pH triggers virus release from its receptor.
VP4 molecules and N-terminal sequences of VP1 are externalized, and
low-pH-induced conformational changes of the receptor cause hand-
ing over of the hydrophobic particle to the lipid membrane. The
hydrophobic domains of VP1 are inserted into the membrane and,
most probably assisted by VP4, a pore is formed allowing for transfer
of the RNA into the cytosol (iv*). (B) In vitro uncoating on nanocon-
tainers. Virus is bound to truncated recombinant receptors attached
via His, tags to Ni**-loaded NTA lipids on the surfaces of nanocon-
tainers (i). Upon triggering the structural changes by exposure to acidic
buffer, the RNA is transferred through the liposomal membrane into
the aqueous lumen (ii), where it is transcribed into cDNA (iii) that is
subsequently detected via PCR. Note that in vivo uncoating occurs
from within whereas in the in vitro system it is from without. The step
modeled experimentally in the present communication is marked with
an asterisk.

# Truncated Receptor

outside) (4, 5), small differences in lipid composition (such as
those between endosomes and the plasma membrane), mem-
brane curvature, and sidedness seemingly do not play a signif-
icant role in rhinoviral RNA transfer.

Conversion of liposome-bound HRV2 from native virions to
empty capsids at low pH is time dependent and involves in-
termediate structures. Nanocontainers purified by spin SEC
were decorated with Hisg-tagged MBP-V33333 via the DOGS-
NTA incorporated into the lipid membrane to allow for
subsequent HRV2 binding (nanocontainer/receptor/virus
[NC+R+V] complexes). Since the multivalent receptor im-
pedes movements of the capsid proteins with respect to each
other (19, 29), HRV2-receptor complexes require a lower pH
for conversion into subviral particles than free virus. There-
fore, in order to keep the concentration of free receptor low
(to avoid formation of virus-receptor complexes in solution), it
was used at a molar ratio of about 0.01 with respect to Ni**-
NTA groups (assuming that 50% of the NTA groups are found
on the inner leaflet). Additionally, NC+R samples were sub-
jected to flotation. After ultracentrifugation, HRV2 was added
to the pooled fractions with the highest fluorescence at a virus-
to-lipid ratio of 1.85 X 10~ ° and incubated for 1 h to allow for
viral attachment. The pH was brought to 5.4 to trigger viral



Vor. 85, 2011

LIPOSOMAL NANOCONTAINERS AS MODELS FOR VIRAL INFECTION 8371

100

2 B c 0 A

80 |[ |

70
£ 60 O Native
8 50 .
"é 0 ® Subviral
& 30 ® Empty

20

10 I

0.

0 1 2 5 10 15 20

Exposure to pH 5.4 [min]

FIG. 2. Negative-stain transmission electron microscopy demonstrates HRV2 uncoating at the surfaces of receptor-decorated liposomes.
Liposomes containing DOGS-NTA lipid were decorated with His,-tagged receptors and nonbound receptor was removed via flotation. Virus was
attached at a virus-to-lipid ratio of 1.85 X 107, exposed to pH 5.4 for the times indicated and adsorbed to carbon-coated copper grids. Samples
were stained with 2% phosphotungstate, pH 7.2, and viewed in a transmission electron microscope at 5.6 X 10*-fold magnification. Particles were
classified as native, subviral, and empty according to core density in negative stain and quantified from TEM images. (A) Distribution of the particle
class as a function of incubation time. About 200 particles were examined per time point. Images taken at 0 min (B), 2 min (C), and 15 min (D) are
shown. The typical appearance of the particles is depicted in the respective insets. Note that the sequence of formation of subviral and empty
particles was reproducible but the absolute times varied for different virus preparations. Size bar = 200 nm.

uncoating (see scheme in Fig.1Bii), and aliquots of the acidi-
fied complexes were removed after different incubation times,
directly adsorbed to carbon-coated copper grids, and stained
for TEM. Imaging clearly showed a time-dependent conver-
sion of native virions to empty capsids (Fig. 2A). Within 5 min
of exposure to pH 5.4, native virions (Fig. 2B and inset) con-
verted into intermediate particles whose interior was accessible
to negative stain. Part of the internal density was lost, suggest-
ing partial RNA release and stain penetration through open-
ings in the capsid. Most particles contained residual rod-
shaped internal density (Fig. 2C and inset), suggesting an
intermediate stage of the viral uncoating process. Extension of
exposure to pH 5.4 for 15 min led to a significant loss of this
density inside the virions, giving rise to empty capsids (B par-
ticles) that remained membrane associated (Fig. 2D and inset).
It is noteworthy that empty capsids generated in solution by
exposure to a temperature above 50°C are hydrophilic and fail
to attach to membranes (30). Whether acidification and the
nonphysiologic exposure to elevated temperature give rise to
(slightly) different subviral particles is a matter of debate and
still under investigation.

Viral RNA arrives in nanocontainers. Having visualized vi-
ral uncoating intermediates (early after acidification) and
empty capsids (later after acidification) on the surfaces of
liposomes by negative-stain TEM, we asked whether the RNA

lost from the virions was transferred into the lumens of the
nanocontainers. To exclude that RT occurs in the outside
medium, removal of nonencapsulated reverse transcriptase
and RT reaction components via spin SEC was important.
Thereby, only RNA transferred through the lipid bilayer into
the lumens of the nanocontainers would be detected via cDNA
synthesis by the encapsulated reverse transcriptase and subse-
quently be amplified by PCR (see scheme in Fig.1Biii). Flota-
tion of NC+R+V samples could be omitted, as only those
virions uncoating in close vicinity of the nanocontainers would
be able to transfer their RNA into the nanocontainers and
result in amplified DNA. Nevertheless, as an additional con-
trol, we also subjected nanocontainers to flotation after trig-
gering RNA transfer. The cDNA synthesis was then allowed to
proceed in these purified nanocontainers by incubation at 37°C
(see below).

Receptor-decorated nanocontainers were incubated with vi-
rus, and uncoating was triggered by acidification for 15 min,
the time point where most of the virus had been converted into
empty capsids (Fig. 2). Analysis for the presence of cDNA
demonstrated that on acidification, viral RNA indeed arrived
in the nanocontainers (Fig. 3A, lane 1). No signal was apparent
when incubation with the acidic buffer (Fig. 3A, lane 2), or
HRV2 (Fig. 3A, lane 3) was omitted, excluding amplification
of contaminating nucleic acids. Furthermore, no signal was
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FIG. 3. Viral RNA is transferred into nanocontainers upon incu-
bation at low pH. (A) HRV2 (0.36 pmol) was bound to 17.4 pl of
receptor-decorated nanocontainers (at a virus-to-lipid ratio of 5.6 X
10°). The mixture was adjusted to 20 pl, brought to pH 5.4 via
addition of 1.2 pl 1 M sodium acetate, pH 5.0, and incubated for 15
min at room temperature prior to reneutralization by addition of 0.6 pl
1 M sodium hydroxide. RNA transferred into the liposomal lumen was
reverse transcribed by the encapsulated reverse transcriptase at 37°C
for 1 h (see scheme in Fig. 1B). Synthesized cDNA was made acces-
sible for subsequent PCR by addition of Triton X-100. The amplified
206 bp fragment was detected by agarose gel electrophoresis. Compo-
nents present or absent and treatments of the nanocontainers are
indicated by (+) and (—), respectively. SEC, not encapsulated RT
buffer was removed from the nanocontainers via spin SEC; TX-100,
nanocontainers were destroyed with detergent Triton X-100 prior to
decoration with receptor; MBP-V33333, the receptor was present on
the surfaces of nanocontainers; HRV2, virus was added; pH 5.4, the
outside medium was brought to acidic pH. (B) In order to exclude
inhibition of the RT-PCR by TX-100, reverse transcription and am-
plification were carried out by using in vitro-transcribed viral RNA in
the presence (lane 1) and in the absence (lane 2) of the detergent.
Note that the signal strength is identical. (C) RNA transfer into nano-
containers (without receptor decoration) was triggered as described
for panel A, 1 aliquot was directly subjected to qRT-PCR, and 1 was
first subjected to flotation. For comparison, the number of RNA copies
released from virus into the medium on incubation at pH 5.4 in the
absence of nanocontainers is also depicted (HRV2 control).

seen when the nanocontainers were permeabilized with deter-
gent prior to receptor decoration (Fig. 3A, lane 5), demon-
strating that RT reagents leaking out of nanocontainers are too
dilute for cDNA synthesis to occur outside the vesicles. To
exclude an influence of the detergent on the enzymatic activ-
ities, an RT-PCR on in vitro-transcribed viral RNA was run in
the presence (Fig. 3B, lane 1) and in the absence (Fig. 3B, lane
2) of 1% Triton X-100, giving rise to bands with essentially the
same intensity. This excludes that addition of Triton X-100
reduces the signal and definitely shows that the nanocontainers
must remain intact for the RT reaction to occur.

J. VIROL.

The signal in Fig. 3A, lane 6, emphasizes the importance of
spin SEC in removal of excess reagents. Apparently, upon
acidification, substantial quantities of viral RNA are shed into
the medium and only part of it arrives in the lumens of the
nanocontainers. In the presence of undiluted RT mixture out-
side the nanocontainers, cDNA synthesis occurs.

Unexpectedly, cDNA synthesis also occurred upon incuba-
tion at pH 5.4 when no receptor was present (Fig. 3A, lane 4).
Apparently, structural changes of the virion close to the bare
lipid membrane result in viral attachment via externalized am-
phipathic sequences followed by RNA transfer. This is in
agreement with low but consistent infection of receptor-nega-
tive cells by A particles of the closely related poliovirus (11).
However, as shown below, when free virus was removed by
flotation of the nanocontainers prior to triggering of RNA
release with low-pH buffer, the assay was completely depen-
dent on the presence of the receptor. As an additional control,
nanocontainers were incubated with virus and RNA transfer
into the lumen was triggered via incubation at pH 5.4 as de-
scribed above. However, the lipid vesicles were then separated
from free virus and eventually released subviral particles by
flotation at 4°C. The nanocontainers recovered from the su-
crose step gradient were subsequently incubated at 37°C to
allow for reverse transcription. Synthesized cDNA was quan-
tified by qPCR. As seen in Fig. 3C, viral RNA had arrived in
the nanocontainers, where it remained during the separation
step. Assuming 100% recovery from the step gradient, in the
case of on average of 3.5 virions per nanocontainer (see also
below), roughly 1 RNA molecule out of 400 virions made it
into the lipid vesicles. This is based on the difference (about 2.6
logs) (Fig. 3C) between RNA released by acidification of the
same amount of virus (i.e., control incubation in the absence of
nanocontainers) and that recovered from the nanocontainers.
For an average of 0.7 virions per nanocontainer, this value was
even around 60. This is in the same order of magnitude as the
ratio between noninfectious physical particles and infectious
virions observed in vivo (between 24 and 240, according to
reference 1, and 2210 and 6500, according to reference 20). It
is noteworthy that the signal was consistently higher for the
sample subjected to flotation. A control experiment excluded
that cDNA synthesis was modified by the sucrose present in
the gradient fraction (data not shown). The lower signal ob-
served without flotation could be due to leakage when excess
virus and/or subviral particles remained in the sample during
the incubation at 37°C (see below). Taken together, all these
controls confirm that cDNA is synthesized only when viral
RNA is transferred through the lipid membrane into the aque-
ous lumen without disruption of the nanocontainers.

Coflotation of virions and nanocontainers depends on the
receptor. Nanocontainers with or without receptors were incu-
bated with virus and subjected to flotation. Fractions were
taken from the top of the sucrose step gradient. Nanocon-
tainer-containing fractions were determined via fluorescence
measurements, and the concentration of infectious virus was
determined as the TCIDs, by an endpoint dilution assay (8).
Additionally, the material was examined by negative-stain
TEM (Fig. 4C and D). In the presence of the receptor, most of
the virus attached to nanocontainers (Fig. 4A). On the sucrose
step gradient, the complex was marginally shifted toward lower
density than that of nanocontainers without a receptor. At a
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FIG. 4. About 3 virions per liposome are sufficient to detect RNA
transfer. Nanocontainers (NC) containing a fluorescent tracer lipid
were decorated with receptor (R) and virus (V) was attached. Un-
bound particles were removed by flotation on a sucrose step gradient.
(A) Infectious virus in the recovered fractions was detected via its
infectivity as TCIDs,. (B) Nanocontainer-containing fractions were
identified by fluorescence measurement. Binding of about 3 virus par-
ticles per liposome (i.e., resulting in a virus-to-lipid ratio of about 1.4 X
107%) (see corresponding TEM image in panel C) led to slight broad-
ening of the liposome peak. Higher virus concentrations (about 30
particles per liposome, i.e., at a virus-to-lipid ratio of about 1.4 X 1073;
see panel D) caused a shift of the liposome peak to higher density
fractions. Coflotation of HRV2 occurred only with receptor-decorated
vesicles; in the absence of the receptor, virtually all virus remained in
the bottom fraction of the gradient (note the logarithmic scale) and no
signal was seen for the RNA transfer reaction (A, inset). (C and D)
Material in the pooled peak fractions in panel B was adsorbed to glow
discharged, carbon-coated copper grids and stained with 2% phospho-
tungstate, pH 7.2. Images were taken under a transmission electron
microscope at 5.4 X 10*-fold magnification. Size bar = 200 nm. Note
that the faint band in the sample without receptor (inset) is irrelevant,
as it was also present in samples without a template.

ratio between virus and nanocontainers 10 times higher, this
peak shift was substantial (Fig. 4B), indicating a sensible in-
crease in the density of the nanocontainers when carrying
virus. Examination of the peak fractions by TEM showed about
3 virions attached per nanocontainer (Fig. 4C) in the case of
the low virus concentration (calculated virus/lipid ratio of
1.4 X 107°). At a 10-fold-higher virus/lipid ratio, substantial
aggregation was observed (Fig. 4D). When nanocontainers
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FIG. 5. Luminal cDNA synthesis and liposomal leakage depend on
virus concentration. Increasing virus concentration results in increased
cDNA synthesis up to a virus/lipid ratio of about 10~¢ (<10 virions/
nanocontainer); at higher ratios the cDNA signal decreases again.
RNA transfer was measured in three independent assays as described
for Fig. 3, but using HRV2 at different concentrations as indicated.
Bands corresponding to the amplified cDNA were quantified by using
ImageJ (solid black lines). Data on leakage of a fluorophore from
receptor-decorated liposomes measured with chip electrophoresis as in
(41) are included for comparison (dashed line). Note that the decrease
of the cDNA signal with higher virus concentrations correlates with the
decrease of intact (tight) liposomes.

without receptor were incubated with virus and subjected to
flotation, most of the infectivity remained in the high-density
fraction at the bottom of the step gradient (Fig. 4A). No cDNA
synthesis was seen after acidification of the sample lacking
receptor (pool of fractions 5 to 9; squares), whereas a clear
signal was observed in the sample of the nanocontainers car-
rying receptors (pool of fractions 5 to 9; triangles) and, conse-
quently, virus (Fig. 4A, inset).

Liposomal nanocontainers become leaky at high virus con-
centrations. First experiments repeatedly showed a peak in
synthesized cDNA at a virus-to-lipid ratio of 1.4 X 107°,
roughly corresponding to a mean of 3 virus particles per 400
nm liposome, as also detected by TEM (see above) (Fig. 4C).
We thus assessed the dependence of cDNA synthesis on virus
concentration. A positive correlation was found below a virus/
lipid ratio of about 10~° at higher virus concentrations, the
cDNA signal diminished again (Fig. 5).

Weiss and colleagues previously showed that HRV2 induces
leakage of low-molecular-weight dye from the liposomal lumen
in a concentration-dependent manner (41). Therefore, sub-
stantial leakage, starting around a virus-to-lipid ratio of 107>
(corresponding to roughly 10 virions per liposome), counter-
acts cDNA synthesis by releasing the components of the re-
verse transcriptase reaction into the outside medium where
they are being diluted to a degree that does not allow the RT
reaction to proceed (data obtained with receptor-decorated
liposomes as described in reference 41 are also shown in Fig. 5
for comparison). Under the same conditions, but using lipo-
somes without receptor, similar leakage effects were observed
(data not shown). As stated above, the lack of a stimulating
effect of the receptor might be explained by the multivalent
nature of the binding impeding movements of viral capsid
proteins with respect to each other (29), thus inhibiting the
structural changes necessary for exposure of amphipathic do-
mains. The stabilization of the virus might thus counteract the
virus-concentrating effect of the receptor and explain the
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slightly increased RNA transfer signal observed in the absence
of the receptor (Fig. 3A, lane 4).

DISCUSSION

Transfer of the nucleocapsids of enveloped viruses via mem-
brane fusion is relatively well understood (13, 15). Much less is
known on the release of genomic nucleic acids of nonenvel-
oped animal viruses and, in particular, on viruses containing a
single-stranded RNA molecule (3, 14, 38). Not only is the
question as to what unwinds and drives the highly structured
RNA through a pore opened in the viral capsid ignored, but
also its transit through cellular membranes is enigmatic. For
the latter step, essentially two mechanisms have been dis-
cussed; the RNA enters the cytosol either by disrupting the
(endosomal) membrane or via a pore in the lipid bilayer, pre-
sumably lined by viral proteins. Invariably, the hydrophobic/
amphiphilic peptides and/or stretches of viral capsid proteins
present in these viruses and becoming accessible upon expo-
sure to low pH or contact with receptors are involved in de-
stabilization of the membrane. In the case of HRV2, it is
unequivocally established that the low endosomal pH initiates
the structural changes of the virion (28) that lead to irrevers-
ible exposure of N-terminal sequences of VP1 and release of
VP4, which both play a role in RNA transfer into the cytosol
(12, 41, 43).

In this report, we established an assay for the detection of
the passage of the viral RNA through a lipid membrane that
closely mimics the process occurring in vivo. This was possible
by incorporating reverse transcriptase, together with all com-
ponents required for cDNA synthesis, in the lumens of lipo-
somes. Only RNA arriving in these nanocontainers can be
transcribed into cDNA, providing the template for the follow-
ing PCR used for its detection. This experimental setup al-
lowed us to demonstrate a strict dependence of RNA transfer
on exposure of HRV2 to low pH.

On the one hand, we observed that the signal reflecting the
amount of RNA arriving in the nanocontainers was dependent
on the viral concentration. However, upon exceeding a thresh-
old that marked the detectable leakage of a fluorescent dye
from similar liposomes, as demonstrated previously (41), the
signal diminished again. We interpret this behavior as an in-
dication of the loss of the components of the reverse transcrip-
tase mixture from the nanocontainers and their dissipation in
the outside medium. They thereby become too dilute to sustain
RT of the viral RNA. In conclusion, at low virus concentrations
and exposure to acidic pH, as occurring in vivo inside endo-
somes, the viral RNA accesses the cytoplasm via a pore. Con-
versely, at high concentrations, the viruses disturb the lipid
membrane to an extent that results in leakage. This strongly
suggests that in vivo, the RNA, at least in the case of the minor
receptor group virus HRV2, is transferred through a pore.

As seen after flotation of nanocontainers in a sucrose density
gradient, either bare or decorated with receptors, RNA trans-
fer was dependent on the presence of the receptor. When
absent, the virus failed to attach and did not comigrate upon
ultracentrifugation; consequently, acidification did not result
in ¢cDNA production. However, when bare nanocontainers
were not separated from the virus by centrifugation, we ob-
served that the receptor was dispensable for RNA transfer
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itself. This is in accordance with previous results that showed
that HRV2 dissociates from its receptor at the low pH in
endosomes and that a receptor without the B-propeller do-
main, as used in our present experiments, even stabilizes the
virus (19, 29). When nanocontainers were mixed with virus,
acidified, and then separated from excess virus and/or residual
subviral particles by flotation at 4°C, their incubation at 37°C
led to synthesis of cDNA. This clearly shows that the viral
RNA had been transferred into the nanocontainers, where it
remained during the flotation and was available for subsequent
reverse transcription.

Ongoing studies will show whether RNA transfer is in-
creased when virus dissociation occurs more easily in the pres-
ence of the B-propeller domain of the LDL receptor. It is
noteworthy that subviral 135S particles of poliovirus are infec-
tious, although to a much reduced degree (11). Therefore, the
hydrophobic nature of the subviral particles might be the main
driving force for direct membrane interaction and the ensuing
infection.

We shall also investigate whether major group rhinoviruses,
such as HRV14, that bind ICAM-1 instead of members of the
LDL receptor family also transfer their RNA through a pore in
the endosomal membrane or rather access the cytosol via dis-
ruption of the membrane, as suggested by cointernalization
and dye release experiments (35). We believe that the system
presented in this report will be of general utility for the study
of viral genome transfer through membranes during infection
with nonenveloped viruses and allow distinguishing between
pore formation and disruption.
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