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ABSTRACT

Cellular entry of nonenveloped and enveloped viruses is often accompanied by dramatic conformational changes within viral
structural proteins. These rearrangements are triggered by a variety of mechanisms, such as low pH, virus-receptor interactions,
and virus-host chaperone interactions. Reoviruses, a model system for entry of nonenveloped viruses, undergo a series of disas-
sembly steps within the host endosome. One of these steps, infectious subviral particle (ISVP)-to-ISVP* conversion, is necessary
for delivering the genome-containing viral core into host cells, but the physiological trigger that mediates ISVP-to-ISVP* con-
version during cell entry is unknown. Structural studies of the reovirus membrane penetration protein, �1, predict that interac-
tions between �1 and negatively charged lipid head groups may promote ISVP* formation; however, experimental evidence for
this idea is lacking. Here, we show that the presence of polyanions (SO4

2� and HPO4
2�) or lipids in the form of liposomes facili-

tates ISVP-to-ISVP* conversion. The requirement for charged lipids appears to be selective, since phosphatidylcholine and phos-
phatidylethanolamine promoted ISVP* formation, whereas other lipids, such as sphingomyelin and sulfatide, either did not af-
fect ISVP* formation or prevented ISVP* formation. Thus, our work provides evidence that interactions with membranes can
function as a trigger for a nonenveloped virus to gain entry into host cells.

IMPORTANCE

Cell entry, a critical stage in the virus life cycle, concludes with the delivery of the viral genetic material across host membranes.
Regulated structural transitions within nonenveloped and enveloped viruses are necessary for accomplishing this step; these
conformational changes are predominantly triggered by low pH and/or interactions with host proteins. In this work, we describe
a previously unknown trigger, interactions with lipid membranes, which can induce the structural rearrangements required for
cell entry. This mechanism operates during entry of mammalian orthoreoviruses. We show that interactions between reovirus
entry intermediates and lipid membranes devoid of host proteins promote conformational changes within the viral outer capsid
that lead to membrane penetration. Thus, this work illustrates a novel strategy that nonenveloped viruses can use to gain access
into cells and how viruses usurp disparate host factors to initiate infection.

Nonenveloped and enveloped viruses undergo significant
structural rearrangements that facilitate their entry into host

cells. These conformational changes, which are required for deliv-
ering the viral genetic material across cellular membranes, can be
triggered by one or more mechanisms. Low pH promotes genome
release during rhinovirus infection (1, 2) and fusion between viral
and host membranes during influenza virus infection (3–5). Vi-
rus-receptor interactions induce viral uncoating during poliovi-
rus infection (6–8) and membrane fusion during herpesvirus in-
fection (9–11). Avian retroviruses (enveloped) use both receptor
binding and low pH to promote membrane fusion (12). Host
chaperones activate polyomaviruses, which enables virus translo-
cation across the endoplasmic reticulum membrane (13–15).
Thus, low pH and protein-protein interactions are thought to be
the predominant triggers that facilitate viral entry.

Mammalian orthoreoviruses (reoviruses) serve as versatile ex-
perimental models for studies of virus entry. Reoviruses are non-
enveloped, double-stranded RNA viruses that are composed of
two concentric protein shells: the inner capsid (core) and the
outer capsid (16, 17). To initiate infection, the outer capsid must
undergo a series of disassembly events that conclude with core
release into the host cytoplasm. Following attachment to protein
or carbohydrate receptors (18–22), virions are endocytosed (23–
28) and the �3 protector protein is degraded by endosomal ca-
thepsin proteases (24, 28–33). This process generates a metastable

intermediate, called infectious subviral particles (ISVPs), in which
the cell penetration protein, �1, is exposed (16). Within the intes-
tinal tract, ISVPs are generated extracellularly by luminal pro-
teases, such as chymotrypsin (34–37). In vitro, ISVPs are produced
by digesting purified virions with chymotrypsin (38, 39). In a
manner analogous to that for the other viruses described above,
reovirus ISVPs must undergo conformational changes to deposit
the genome-containing core particle into the host cytoplasm. The
conformationally altered particle is referred to as ISVP*. ISVP-to-
ISVP* conversion results in cleavage and the release of �1-derived
pore-forming peptides (40–47). The released peptides form 4- to
10-nm pores within endosomal membranes, which are thought to
mediate core delivery into the cytoplasm (40, 41, 48). While ISVP*
formation can be triggered in vitro using heat, bovine red blood
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cells (RBCs), or large monovalent cations, such as Cs� or K� (42,
49–51), the physiological signal that facilitates ISVP* conversion
is unknown.

The crystal structure of the native reovirus type 1 Lang (T1L)
�1 trimer revealed a polyanion (SO4

2�) that binds in a well-or-
dered pocket at the tip of each �1 monomer (which is solvent
exposed in ISVPs) (Fig. 1A) (52). This pocket was called the
anion-binding site and resembles loops that bind phosphates in
nucleotide-binding proteins and protein kinases (Fig. 1C) (53,
54). Interestingly, the anion-binding site is located in the central,
�-fragment region of �1 (Fig. 1B) (52). The � fragment adopts a
conformationally altered state during ISVP-to-ISVP* conversion
(42). Thus, it was proposed that interactions between negatively
charged lipids and the �1 anion-binding site may function as an
in-cell trigger for ISVP* formation (52).

In this work, we utilized a biochemical approach to investigate
the role of host membranes during entry of two prototype reovi-
rus strains. We show that polyanions (SO4

2� and HPO4
2�) pro-

mote ISVP* formation and enhance ISVP-induced hemolysis of
RBCs. Using liposomes, we demonstrate that cellular proteins are
not required for reoviruses to undergo ISVP-to-ISVP* conver-
sion. We also present data indicating that while some lipids (phos-
phatidylcholine [PC] and phosphatidylethanolamine [PE]) pro-

mote ISVP-to-ISVP* conversion, others, such as cholesterol (Chl),
sphingomyelin (SM), and lysobisphosphatidic acid (LBPA), have
no impact on ISVP-to-ISVP* conversion. Together, the data ob-
tained in this work provide evidence that interactions with lipid
membranes can trigger the conformational changes required for
cell entry of viruses.

MATERIALS AND METHODS
Cells and viruses. Murine L929 (L) cells were grown at 37°C in Joklik’s
minimal essential medium (Lonza, Walkersville, MD) supplemented with
5% fetal bovine serum (FBS; Life Technologies, Carlsbad, CA), 2 mM
L-glutamine (Invitrogen, Carlsbad, CA), 100 U/ml penicillin (Invitrogen,
Carlsbad, CA), 100 �g/ml streptomycin (Invitrogen, Carlsbad, CA), and
25 ng/ml amphotericin B (Sigma-Aldrich, St. Louis, MO). Reovirus type 3
Dearing (T3D) and T1L were generated by plasmid-based reverse genetics
(55, 56).

Virus purification. T3D and T1L virions were propagated and puri-
fied as previously described (51, 57). Briefly, L cells infected with second-
or third-passage reovirus stocks were lysed by sonication. Viral particles
were extracted from lysates using Vertrel-XF specialty fluid (Dupont, Wil-
mington, DE) (58). The extracted particles were layered onto 1.2- to 1.4-
g/cm3 CsCl step gradients. The gradients were then centrifuged at
187,000 � g for 4 h at 4°C. Bands corresponding to purified virus particles
(�1.36 g/cm3) (59) were isolated and dialyzed into virus storage buffer

FIG 1 Structure and sequence of the reovirus �1 protein. (A) Side and top views (left and right, respectively) of the T1L �1 homotrimer (52) (PDB accession
number 1JMU). Individual �1 monomers are colored in red, blue, and green. Residues corresponding to the anion-binding site are represented as gray spheres.
(B) Structure of the T1L �1 monomer (52) (PDB accession number 1JMU). Purple, �1N; teal, 	; orange, �. The anion-binding site is indicated with a circle. (C)
Structure of the T1L �1 anion-binding site (52) (PDB accession number 1JMU). Residues that form the anion-binding site are labeled and colored in gray
(carbon), blue (nitrogen), red (oxygen), and yellow (sulfur). The sulfate ion is colored in green. (D) Amino acid sequence alignments of the reovirus �1
anion-binding site. Residues that correspond to the anion-binding site are bolded in red. Residues that are not conserved within the sequence region are indicated
with an asterisk.T1L, reovirus type 1 Lang; T2J, reovirus type 2 Jones; T3D, reovirus type 3 Dearing.
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(10 mM Tris, pH 7.4, 15 mM MgCl2, 150 mM NaCl). Following dialysis,
the particle concentration was determined by measuring optical density of
the purified virus stocks at 260 nm (OD260; 1 unit at OD260 
 2.1 � 1012

particles/ml) (59).
Generation of ISVPs. T3D or T1L virions (2 � 1012 particles/ml) were

digested with 200 �g/ml TLCK (N�-p-tosyl-L-lysine chloromethyl ke-
tone)-treated chymotrypsin (Worthington Biochemical, Lakewood, NJ)
in a total volume of 100 �l for 1 h at 32°C (38, 39). After 1 h, the reaction
mixtures were incubated on ice for 20 min and quenched by the addition
of 1 mM phenylmethylsulfonyl fluoride (Sigma-Aldrich, St. Louis, MO).
The generation of ISVPs was confirmed by SDS-PAGE and Coomassie
staining.

ISVP-to-ISVP* conversion assay. T3D or T1L ISVPs (2 � 1012 par-
ticles/ml) were incubated in the absence or presence of 300 mM CsCl, 180
mM MgSO4, or 180 mM Na2HPO4 (see Fig. 3); 1 mM early endosome
(EE) or late endosome (LE) liposomes (see Fig. 5); 1 mM early endosome,
early endosome without phosphatidylethanolamine, early endosome
without sphingomyelin, phosphatidylcholine, phosphatidylcholine-
phosphatidylethanolamine (2:1), or phosphatidylcholine-sphingomyelin
(5:1) liposomes (see Fig. 6); or 1 mM phosphatidylcholine, phosphatidyl-
choline-phosphatidic acid (PA) (5:1), or phosphatidylcholine-sulfatide
(7:1) liposomes (see Fig. 7) for 1 h at the temperatures indicated below.
After 1 h, the reaction mixtures were treated with 0.08 mg/ml trypsin
(Sigma-Aldrich, St. Louis, MO) for 30 min on ice. Following digestion, the
reaction mixtures were solubilized in reducing SDS sample buffer and
analyzed by SDS-PAGE. The gels were Coomassie stained and imaged on
an Odyssey imaging system (LI-COR, Lincoln, NE).

ISVP-induced hemolysis assay. Citrated bovine RBCs (Colorado Se-
rum Company, Denver, CO) were pelleted for 5 min by centrifugation at
500 � g and resuspended in ice-cold phosphate-buffered saline (PBS)
supplemented with 2 mM MgCl2 (PBSMg). This step was repeated until
the supernatant remained clear after pelleting. After washing, the RBCs
were resuspended in PBSMg at a 30% (vol/vol) concentration. Hemolysis
efficiency was determined by incubating a suboptimal number of T3D or
T1L ISVPs (2 � 1012 particles/ml) in a 3% (vol/vol) solution of untreated
RBCs (see above) or protease-treated RBCs (RBCsPT; see “Generation of
RBCsPT” below). When indicated, the ISVP-RBC mixtures were supple-
mented with 300 mM CsCl, 180 MgSO4, 180 MgCl2, 180 mM NaH2PO4,
or 180 mM Na2HPO4. Levels of 0 and 100% hemolysis were determined
by incubating an equivalent number of RBCs in virus storage buffer (10
mM Tris, pH 7.4, 15 mM MgCl2, 150 mM NaCl) or virus storage buffer
supplemented with 0.8% Triton X-100, respectively. The samples were
incubated for 2 h at 37°C. After 2 h, the reaction mixtures were placed on
ice for 20 min, followed by centrifugation for 5 min at 500 � g. To quantify
the amount of hemoglobin release, the supernatants were diluted 1:5 into
virus storage buffer, and the absorbance at 405 nm (A405) was measured
using a microplate reader (Molecular Devices, Sunnyvale, CA). Percent
hemolysis was calculated using the following formula: [(Asample �
Abuffer)/(ATX-100 � Abuffer)] � 100, where Asample is the absorbance of
the sample, Abuffer is the absorbance of the buffer, and ATX-100 is the
absorbance of the buffer supplemented with 0.8% Triton X-100. P values
were calculated using Student’s t test.

Generation of RBCsPT. RBCsPT were generated as previously de-
scribed, with some exceptions (48). Briefly, citrated bovine RBCs (Colo-
rado Serum Company, Denver, CO) were pelleted by centrifugation for 5
min at 500 � g and resuspended in ice-cold PBSMg. This step was repeated
until the supernatant remained clear after pelleting. After washing, the
RBCs were resuspended in PBSMg at a 10% (vol/vol) concentration. To
treat the RBCs with protease, the resuspended RBCs were incubated with
0.25 mg/ml proteinase K (Sigma, St. Louis, MO) for 20 min at 37°C. After
20 min, the reaction was quenched with 2 mM phenylmethylsulfonyl
fluoride (Sigma-Aldrich, St. Louis, MO) and the reaction mixture was
incubated on ice for 15 min. The RBCsPT were then pelleted by centrifu-
gation for 5 min at 500 � g and washed five times with PBSMg. After
washing, the RBCsPT were resuspended in PBSMg at a 10% (vol/vol) con-

centration supplemented with 2 mM phenylmethylsulfonyl fluoride
(Sigma, St. Louis, MO), and the mixture was incubated on ice for 15 min.
Finally, the RBCsPT were pelleted by centrifugation for 5 min at 500 � g
and washed five times with PBSMg. For use in hemolysis assays, the pel-
leted RBCsPT were resuspended in PBSMg at a 30% (vol/vol) concentra-
tion.

Liposome preparation. The lipids used in this study (L-�-phosphati-
dylcholine [PC] from chicken egg, L-�-phosphatidic acid [PA] from
chicken egg, sulfatide from porcine brain, sphingomyelin [SM] from por-
cine brain, cholesterol [Chl] from ovine wool, L-�-phosphatidylethanol-
amine [PE] from chicken egg, L-�-phosphatidylserine [PS] from porcine
brain, and lysobisphosphatidic acid [LBPA]) were purchased from Avanti
Polar Lipids (Alabaster, AL). All lipids were dissolved in chloroform and
stored at �20°C, except for sulfatide, which was dissolved in chloroform-
methanol-water (2:1:0.1). Prior to liposome preparation, the lipids were
dried under a stream of argon gas. Liposomes were prepared by resus-
pending the dried lipids in 250 �l of virus storage buffer (10 mM Tris, pH
7.4, 15 mM MgCl2, 150 mM NaCl) and passing the resuspension (31
times) through an Avanti miniextruder with a 0.1-�m-pore-size (for
ISVP-to-ISVP* conversion assay) or 0.4-�m-pore-size [for 5(6)-carboxy-
fluorescein (CF)-loaded liposome pore formation assay] polycarbonate
membrane (Avanti Polar Lipids, Alabaster, AL). The liposome composi-
tions used in this study were PC, PC-PE (2:1 molar ratio), PC-SM (5:1
molar ratio), PC-PA (5:1 molar ratio), and PC-sulfatide (7:1 molar ratio).
The compositions of early and late endosome liposomes are shown in Fig.
5A (60).

Generation of CF-loaded liposomes. CF-loaded liposomes were gen-
erated as previously described, with some exceptions (48). Briefly, CF was
purchased from Acros Organics (Geel, Belgium). CF-loaded liposomes
were prepared following the liposome preparation method described
above, with the exception that dried lipids were resuspended in 250 �l of
CF solution (22 mg/ml). CF solution was prepared by mixing CF in virus
storage buffer (10 mM Tris, pH 7.4, 15 mM MgCl2, 150 mM NaCl) and
adding drops of 10 M NaOH until the mixture became clear. Following
extrusion, CF-loaded liposomes were separated from unincorporated dye
using 10DG desalting columns (Bio-Rad, Hercules, CA) that had been
equilibrated with virus storage buffer following the manufacturer’s pro-
tocol. Fractions of 0.5 ml were collected by elution with virus storage
buffer. Fractions containing CF-loaded liposomes were identified by di-
luting 1 �l of each fraction into 99 �l of virus storage buffer or virus
storage buffer supplemented with 0.5% Triton X-100 and measuring the
fluorescence (excitation at 485 nm, emission at 528 nm) using a Synergy
H1 hybrid plate reader (BioTek, Winooski, VT).

ISVP, CF-loaded liposome pore formation assay. T3D or T1L ISVPs
(2 � 1012 particles/ml) were incubated with 10 �l of CF-loaded PC, PC-
sulfatide (7:1), PC-PE (2:1), early endosome, or early endosome without
PE liposomes (final reaction volume, 20 �l) for 1 h at the temperatures
indicated below. After 1 h, the reaction mixtures were diluted 1:50 into
virus storage buffer (10 mM Tris, pH 7.4, 15 mM MgCl2, 150 mM NaCl).
The samples were allowed to equilibrate at room temperature for 15 min,
and the fluorescence (excitation at 485 nm, emission at 528 nm) was
measured using a Synergy H1 hybrid plate reader (BioTek, Winooski,
VT). The percent CF leakage was calculated using the following formula:
[(Asample � Abuffer)/(ATX-100 � Abuffer)] � 100. P values were calculated
using Student’s t test.

RESULTS
SO4

2� and HPO4
2� polyanions promote ISVP-induced hemoly-

sis and ISVP-to-ISVP* conversion. The crystal structure of the
T1L �1 homotrimer revealed an anion-binding site at the tip of
each �1 monomer. These sites coordinated sulfate ions (Fig. 1). It
was proposed that interactions between negatively charged lipid
head groups and the anion-binding sites may promote ISVP* for-
mation (52). Therefore, we sought to determine if polyanions in-
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fluence ISVP-to-ISVP* conversion for two prototype reovirus
strains, type 3 Dearing (T3D) and type 1 Lang (T1L).

ISVP* formation and perforation of the endosomal membrane
can be recapitulated in vitro by examining the capacity of ISVPs to
induce hemolysis of bovine red blood cells (RBCs) (42, 51). The
extent of RBC hemolysis and, thus, ISVP-to-ISVP* conversion is
measured by determination of the amount of hemoglobin re-
leased into the supernatant. To test if anions can facilitate ISVP*
formation and hemolysis, T3D or T1L ISVPs were incubated with
untreated RBCs in the absence or presence of MgSO4 or MgCl2
(Fig. 2A and B) or NaH2PO4 or Na2HPO4 (Fig. 2C and D) for 2 h
at 37°C. For comparison, we incubated ISVPs with untreated
RBCs in the presence of CsCl, which is a known trigger for ISVP-
to-ISVP* conversion (42, 49). Compared to the level of hemolysis
achieved with ISVPs alone, we observed a significant increase in
the level of hemolysis when T3D or T1L ISVPs were incubated
with MgSO4 or Na2HPO4 but not when RBCs were incubated with
MgCl2 or NaH2PO4.

Concurrently with ISVP-to-ISVP* conversion, the reovirus
outer capsid protein, �1, undergoes a conformational change that
renders �1 susceptible to proteolysis (42). This structural rear-
rangement is assayed in vitro by heating ISVPs and determining
the susceptibility of the � fragment (a product of �1 cleavage
during ISVP formation) to trypsin digestion (42, 50). To further
test if polyanions can promote ISVP* formation, we compared the
efficiency of heat-induced ISVP-to-ISVP* conversion in the ab-
sence and presence of MgSO4 or Na2HPO4 (Fig. 3). Compared to
ISVPs alone, inclusion of SO4

2� or HPO4
2� reduced the temper-

ature required to render the � fragment trypsin sensitive. T3D and
T1L ISVPs alone converted to ISVP*s at 42°C and 43°C, respec-
tively (Fig. 3B and data not shown), whereas SO4

2� reduced the
transition temperature to 39°C (T3D) and 41°C (T1L). HPO4

2�

reduced the transition temperatures to 40°C (T3D) and 41°C
(T1L). Together, these findings support the hypothesis that inter-
actions between ISVPs and polyanions, namely, SO4

2� and
HPO4

2�, can enhance ISVP* formation.

FIG 2 SO4
2� and HPO4

2� polyanions promote ISVP-induced hemolysis. T3D (A and C) or T1L (B and D) ISVPs (2 � 1012 particles/ml) were incubated in a
3% (vol/vol) solution of untreated bovine red blood cells supplemented with 300 mM CsCl, 180 mM MgSO4, or 180 mM MgCl2 (A and B) or 300 mM CsCl, 180
mM MgSO4, 180 mM NaH2PO4, or 180 mM Na2HPO4 (C and D) for 2 h at 37°C. After 2 h, hemolysis was quantified by measuring the absorbance of the
supernatant at 405 nm. Levels of 0 and 100% hemolysis were determined by incubating an equivalent number of RBCs in virus storage buffer or virus storage
buffer supplemented with 0.8% Triton X-100, respectively, for 2 h at 37°C. For each condition, the mean percent hemolysis was determined from at least three
independent experiments. Error bars indicate standard deviations. P values were calculated using Student’s t test. *, P � 0.05.
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Proteolysis of cell surface proteins renders RBCs more sus-
ceptible to ISVP-induced hemolysis. During cell entry, ISVPs are
unlikely to encounter polyanions at the concentration used in the
assays whose results are presented in Fig. 2 and 3. Therefore, we
considered the hypothesis that negatively charged proteins or lip-
ids present on the host membrane may trigger ISVP-to-ISVP*
conversion. To test this idea, we compared the capacity of ISVPs to
induce the hemolysis of untreated (control) or protease-treated
RBCs. Proteinase K treatment of RBCs, which is expected to re-
move the majority of extracellular domains from membrane pro-
teins (48), resulted in enhanced T3D or T1L ISVP-induced hemo-
lysis (Fig. 4A and B, respectively). These data suggest that
interactions between ISVPs and lipid membranes, rather than in-
teractions between ISVPs and membrane proteins, mediate ISVP*
formation and hemolysis. Furthermore, the enhancement of he-
molysis following protease treatment suggests that RBC surface
proteins may hinder ISVP-to-ISVP* conversion by limiting the
access of ISVPs to the lipid components of host membranes.

Liposomes promote ISVP-to-ISVP* conversion in a lipid
composition-dependent manner. Thus far, our results suggest a
role for lipids, specifically, negatively charged head groups, in fa-
cilitating ISVP-to-ISVP* conversion. To directly test this idea, we
generated liposomes that resemble the lipid compositions of early

endosomal or late endosomal membranes (referred to as EE and
LE liposomes, respectively) (Fig. 5A) (60) and tested their capacity
to induce ISVP-to-ISVP* conversion. The acquisition of a trypsin-
sensitive conformation of the �1 � fragment was assayed as a
readout for ISVP* formation (Fig. 5B). T3D ISVPs alone did not
undergo the conformational changes required to render � pro-
tease sensitive at temperatures up to 41°C. In contrast, T3D ISVPs
incubated in the presence of EE or LE liposomes underwent ISVP-
to-ISVP* conversion at 37°C. These data support the idea that
lipids devoid of host proteins can trigger the conformational
changes required for reovirus cell entry.

We next sought to determine if the specific lipids that make up
the endosomal membrane differentially impact ISVP-to-ISVP*
conversion. Because EE and LE liposomes promote ISVP* forma-
tion to an equivalent extent, we reasoned that a component com-
mon to these compartments would likely have the most significant
impact on lowering the temperature needed to trigger ISVP* for-
mation. To test this idea, we excluded one lipid at a time from EE
liposomes (Fig. 6A). We found that removing PE from the EE
liposomes rendered ISVP* formation less efficient. In contrast,
removing SM from EE liposomes enhanced ISVP* formation. Re-
moving cholesterol, PS, or LBPA had no impact on ISVP-to-
ISVP* conversion (data not shown). Since PC is a major compo-

FIG 3 SO4
2� and HPO4

2� polyanions promote ISVP-to-ISVP* conversion. T3D (A) or T1L (B) ISVPs (2 � 1012 particles/ml) were incubated in virus storage
buffer supplemented with 300 mM CsCl, 180 mM MgSO4, or 180 mM Na2HPO4 for 1 h at the indicated temperatures. After 1 h, the reaction mixtures were
treated with trypsin (0.08 mg/ml) for 30 min on ice. Following digestion, the reaction mixtures were solubilized in reducing SDS sample buffer and analyzed by
SDS-PAGE. The gels were Coomassie stained. The migration of the �1,2,3 and � bands is indicated to the left of each panel. The migration of molecular mass
markers is indicated to the right of each panel.
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nent of EE liposomes, we also tested the capacity of PC-only
liposomes to facilitate ISVP-to-ISVP* conversion (Fig. 6B). PC
liposomes reduced the temperature required to trigger ISVP* for-
mation to 39°C. Furthermore, liposomes containing PC and PE
induced ISVP* formation at the same temperature as EE lipo-
somes (compare Fig. 6A and B). In contrast, liposomes containing
PC and SM promoted ISVP* formation with the same efficiency as
PC-only liposomes (Fig. 6B). Together, these data indicate that
ISVP-to-ISVP* conversion can be induced by specific lipids (i.e.,
PC and PE).

Our original hypothesis was that negatively charged lipid head
groups interact with the �1 anion-binding site to promote the
conformational changes required for reovirus cell entry. To gain a
better understanding of lipid-mediated ISVP-to-ISVP* conver-
sion, we generated PC liposomes that contain phosphatidic acid
(PA) or sulfatide. Neither of these lipids is a main constituent of
the plasma or endosomal membranes (60), but each contains a
negatively charged head group. Among these, sulfatide is particu-
larly interesting because this lipid is present within the extracellu-
lar leaflet of RBC membranes (61). Compared to PC liposomes,
inclusion of PA did not significantly change the temperature at
which ISVP-to-ISVP* conversion occurred (Fig. 7). In contrast,
inclusion of sulfatide prevented PC-induced ISVP* formation; the
� fragment remained protease sensitive at temperatures up to

41°C. Although these data do not help us understand the basis for
why some lipids but not others promote ISVP-to-ISVP* conver-
sion, these results further indicate that liposome-mediated ISVP*
formation occurs in a lipid composition-dependent manner.

The results presented here demonstrate that lipids can trigger
ISVP-to-ISVP* conversion. Nonetheless, PC and PE (which con-
tain neutral, zwitterionic head groups) enhance ISVP* formation
(Fig. 6), whereas PS (which contains a negatively charged head
group) does not (data not shown). Furthermore, PA and sulfatide
either minimally impacted or negatively impacted the efficiency of
ISVP-to-ISVP* conversion (Fig. 7). These results indicate that fac-

FIG 4 ISVP-induced hemolysis of untreated and protease-treated RBCs. T3D
(A) or T1L (B) ISVPs (2 � 1012 particles/ml) were incubated in a 3% (vol/vol)
solution of untreated or protease-treated bovine RBCs in the absence or pres-
ence of 300 mM CsCl for 2 h at 37°C. After 2 h, hemolysis was quantified by
measuring the absorbance of the supernatant at 405 nm. Levels of 0 and 100%
hemolysis were determined by incubating an equivalent number of RBCs in
virus storage buffer or virus storage buffer supplemented with 0.8% Triton
X-100, respectively, for 2 h at 37°C. For each condition, the mean percent
hemolysis was determined from at least three independent experiments. Error
bars indicate standard deviations. P values were calculated using Student’s t
test. *, P � 0.05.

FIG 5 Liposomes that mimic the composition of the early or late endosomal
membranes facilitate ISVP-to-ISVP* conversion. (A) Lipid compositions of
the EE and LE liposomes. (B) EE or LE liposome-mediated ISVP-to-ISVP*
conversion. T3D ISVPs (2 � 1012 particles/ml) were incubated in virus storage
buffer supplemented with 1 mM EE or LE liposomes for 1 h at the indicated
temperatures. After 1 h, the reaction mixtures were treated with trypsin (0.08
mg/ml) for 30 min on ice. Following digestion, the reaction mixtures were
solubilized in reducing SDS sample buffer and analyzed by SDS-PAGE. The
gels were Coomassie stained. The migration of the �1,2,3 and � bands is indi-
cated to the left of each panel. The migration of molecular mass markers is
indicated to the right of each panel.
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tors other than lipid head group composition may influence the
efficiency of ISVP* formation.

Liposome-mediated ISVP-to-ISVP* conversion induces mem-
brane penetration. As a consequence of ISVP* formation, reovi-
rus particles release �1 N- and C-terminal fragments, �1N and 	,
respectively (40, 41, 47). These peptides form 4- to 10-nm pores in
endosomal membranes, which are thought to mediate core deliv-
ery to the host cytoplasm (40, 41, 48). To assay pore formation, we
generated carboxyfluorescein (CF)-loaded liposomes. The extent
of CF release and, thus, ISVP* and pore formation was determined
by measuring the fluorescence of dequenched CF (48). We incu-
bated T3D ISVPs with CF-loaded EE liposomes or EE liposomes
lacking PE for 1 h at 4°C, 30°C, or 42°C (Fig. 8A). Similarly, we
incubated T3D ISVPs with CF-loaded PC or PC-PE (2:1) lipo-
somes. As expected, we observed minimal (less than 5%) CF re-
lease when ISVPs were incubated with liposomes at 4°C (Fig. 8A
and B, white bars). When ISVP-to-ISVP* conversion was trig-
gered with heat (42°C), CF was released from each type of lipo-
some at approximately equal levels (75 to 80%), demonstrating
that pore formation can occur independently of the lipid compo-
sitions used in this work (Fig. 8A and B, black bars). We observed
equivalent CF release after incubating ISVPs with each type of

liposome at 30°C (Fig. 8A and B, gray bars). Thus, the CF release
assay (where only a few �1 monomers may need to undergo con-
formational changes to cause CF leakage) indicated that lipo-
some-mediated ISVP* formation occurs at temperatures as low as
30°C. In contrast, the protease sensitivity assay (where nearly all
�1 � fragments need to become protease sensitive to observe
ISVP-to-ISVP* conversion) indicated that liposome-mediated
ISVP* formation occurs at 35°C or higher.

Although the more sensitive CF release assay did not reveal
lipid-specific effects on ISVP-to-ISVP* conversion, our data indi-
cate that lipids drive ISVP* formation in a manner that is remi-
niscent of cell entry (i.e., the ability to generate pores). Using PC
and PC-sulfatide (7:1) liposomes, which differ more dramatically
in the capacity to induce ISVP-to-ISVP* conversion (Fig. 7), we
observed a significant difference in ISVP-induced pore formation;
CF was released from PC liposomes to a greater extent than PC-
sulfatide (7:1) liposomes at 30°C (Fig. 8C; compare the gray bars).
These data further indicate that specific lipids can trigger ISVP-
to-ISVP* conversion and pore formation more efficiently than
others.

T3D ISVPs induce pore formation more efficiently than T1L
ISVPs. T1L and T3D are two natural reovirus isolates that are used

FIG 6 PC and PE are the main contributors to lipid-mediated ISVP-to-ISVP* conversion. T3D ISVPs (2 � 1012 particles/ml) were incubated in virus storage
buffer supplemented with 1 mM EE, EE without PE, or EE without SM liposomes (A) or 1 mM PC, PC-PE (2:1), or PC-SM (5:1) liposomes for 1 h at the indicated
temperatures. After 1 h, the reaction mixtures were treated with trypsin (0.08 mg/ml) for 30 min on ice. Following digestion, the reaction mixtures were
solubilized in reducing SDS sample buffer and analyzed by SDS-PAGE. The gels were Coomassie stained. The migration of the �1,2,3 and � bands is indicated to
the left of each panel. The migration of molecular mass markers is indicated to the right of each panel.
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extensively to genetically dissect various aspects of reovirus biol-
ogy. During cell entry, T1L and T3D differ in the capacity to in-
duce membrane penetration; T3D is more efficient at perforating
host membranes. Using nonphysiological triggers, such as CsCl
and RBCs, it has been shown that differences in cell penetration
efficiency are due to the propensity to undergo ISVP-to-ISVP*
conversion (42, 51, 62). To determine whether differences in
membrane penetration are maintained using liposomes, we com-
pared the capacity of T1L and T3D ISVPs to release CF from PC
liposomes. Although T1L ISVPs induce CF leakage at 30°C and
42°C, the amount of CF released was significantly reduced com-
pared to that induced by T3D ISVPs (Fig. 9). These results dem-
onstrate that liposomes can recapitulate the differences in the cell
penetration efficiency of prototype reovirus strains.

DISCUSSION

Structural rearrangements that promote cell entry of nonenvel-
oped and enveloped viruses are predominantly triggered by low
pH and/or protein-protein interactions (1–15). In this work, we
provide evidence for a previously unexplored role for lipids in
inducing the conformational changes required for reovirus entry.
Although high concentrations of monovalent cations, such as Cs�

and K�, are routinely used to facilitate ISVP-to-ISVP* conversion
in vitro, the mechanism underlying cation-induced ISVP* conver-
sion remains undefined (42, 49, 51). In this work, we demonstrate
that specific lipids, namely, PC and PE, trigger ISVP-to-ISVP*
conversion, a prerequisite for membrane penetration (Fig. 6 and
7). Furthermore, we show that high concentrations of polyanions
can also induce ISVP* formation (Fig. 2 and 3). Thus, our results
provide the first experimental support for the idea that interac-
tions between �1 and lipid head groups may be involved in con-
trolling ISVP-to-ISVP* conversion (52).

Although our results show that lipid composition plays a role
in the efficiency of lipid-mediated ISVP* formation, the basis for
lipid specificity is unclear. Sulfate and phosphate enhance ISVP-
to-ISVP* conversion (Fig. 2 and 3). Thus, we expected lipids with
anionic head groups to have a similar effect; however, our data
indicate that a negative charge may not be the only factor that
controls ISVP* formation. Addition of lipids with anionic head
groups, such as PA or sulfatide, to PC liposomes either minimally
impacted or negatively impacted the efficiency of ISVP-to-ISVP*
conversion (Fig. 7). We also found that inclusion of PE, which
contains a neutral, zwitterionic head group, lowers the tempera-
ture required to trigger ISVP-to-ISVP* conversion (Fig. 6). Thus,
it remains unknown why certain lipid formulations promote the
conformational changes required for reovirus cell entry, whereas
others do not. Differences in lipid packing, which can influence
membrane fluidity or rigidity, or the composition of fatty acid
chains may also influence ISVP-to-ISVP* conversion. These pa-
rameters are unexplored. Furthermore, since the membrane (or
liposome) composition can be varied in a potentially unlimited
number of ways, we cannot rule out the possibility that the effect
of certain lipids on ISVP* formation could be different in the
context of different membrane compositions.

The mechanism underlying lipid-mediated ISVP* forma-
tion remains undefined. It is clear from our experiments that
ISVP-to-ISVP* conversion is favored when liposomes are pres-
ent (Fig. 5 to 7). As suggested by structural studies (52), we
propose that ISVPs make transient interactions with lipids via
their anion-binding site; these interactions promote ISVP-to-
ISVP* conversion. Although liposome coflotation (or cosedi-
mention) assays failed to reliably detect ISVP-lipid membrane
interactions, we think that a reaction involving conformational
rearrangements in nearly all of the 600 �1 monomers within a
single reovirus particle would not occur without at least a tran-
sient association with the membrane. The biochemical and
biophysical aspects of the proposed ISVP-lipid membrane in-
teractions are under investigation.

An obvious continuation of this work is to determine if
lipids contribute to ISVP-to-ISVP* conversion within live
cells. Our in vitro studies indicate that PC alone is sufficient to
promote ISVP* formation (Fig. 6 and 7). PC constitutes a large
proportion of host membranes; PC represents 40 to 50% of the
phospholipid content of the plasma and endosomal mem-

FIG 7 Liposomes composed of PC and PC-PA (5:1) promote ISVP-to-ISVP*
conversion. T3D ISVPs (2 � 1012 particles/ml) were incubated in virus storage
buffer supplemented with 1 mM PC, PC-PA (5:1), or PC-sulfatide (7:1) lipo-
somes for 1 h at the indicated temperatures. After 1 h, the reaction mixtures
were treated with trypsin (0.08 mg/ml) for 30 min on ice. Following digestion,
the reaction mixtures were solubilized in reducing SDS sample buffer and
analyzed by SDS-PAGE. The gels were Coomassie stained. The migration of
the �1,2,3 and � bands is indicated to the left of each panel. The migration of
molecular mass markers is indicated to the right of each panel.
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branes (60), two sites where ISVPs are known to penetrate host
cells (34–37, 40, 41, 48). Consequently, when we attempted to
enzymatically deplete PC with phospholipases, we observed a
loss in cell viability, which precluded us from assessing the
impact of PC on ISVP-to-ISVP* conversion within infected
cells (data not shown).

Reovirus strain T3D perforates host membranes more effi-
ciently than T1L; the �1 protein governs this property (62). Mul-
tiple in vitro studies using nonphysiological triggers, such as CsCl
and RBCs, revealed that the difference in membrane penetration
efficiency is related to the capacity of T3D and T1L to undergo
ISVP-to-ISVP* conversion (42, 51). In this study, we demonstrate
that the differences in the membrane penetration efficiency of
T3D and T1L can be recapitulated using a trigger that is likely
encountered by the virus within an infected cell (Fig. 8). Structural
studies of the T1L �1 homotrimer revealed an anion-binding site
within the �1 � region (Fig. 1B) (52). It was proposed that main-
chain amide groups within this loop interact with lipids. The �1
proteins of T3D and T1L differ by only 15 amino acids (51). In-
terestingly, 2 of the 15 polymorphisms are found in the protein
sequence that corresponds to the proposed anion-binding site
(Fig. 1D). Although our studies do not address which portion of
�1 interacts with lipids, it is possible that polymorphisms within
the anion-binding site influence the capacity to undergo lipid-
mediated ISVP-to-ISVP* conversion.

FIG 8 PC liposomes trigger ISVP-to-ISVP* conversion and pore formation more efficiently than PC-sulfatide (7:1) liposomes. T3D ISVPs (2 � 1012 particles/
ml) were incubated in virus storage buffer supplemented with CF-loaded EE or EE without PE liposomes (A), CF-loaded PC or PC-PE (2:1) liposomes (B), or
CF-loaded PC or PC-sulfatide (7:1) liposomes (C) for 1 h at the indicated temperatures. After 1 h, the reaction mixtures were diluted 1:50 into virus storage buffer.
The samples were equilibrated at room temperature for 15 min prior to measuring fluorescence. Levels of 0 and 100% CF leakage were determined by incubating
an equivalent number of CF-loaded liposomes in virus storage buffer or virus storage buffer supplemented with 0.5% Triton X-100, respectively, for 1 h at the
indicated temperatures. For each condition, the mean percent CF leakage was determined from at least three independent experiments. The same data are shown
in the upper and lower panels of panel C, except the range of percent CF leakage in the lower panel is reduced to highlight the differences between samples. Error
bars indicate standard deviations. P values were calculated using Student’s t test. *, P � 0.05.

FIG 9 T3D ISVPs induce pore formation in PC liposomes more efficiently
than T1L ISVPs. T3D or T1L ISVPs (2 � 1012 particles/ml) were incubated in
virus storage buffer supplemented with CF-loaded PC liposomes for 1 h at the
indicated temperatures. After 1 h, the reaction mixtures were diluted 1:50 into
virus storage buffer. The samples were equilibrated at room temperature for 15
min prior to measuring fluorescence. Levels of 0 and 100% CF leakage were
determined by incubating an equivalent number of CF-loaded liposomes in
virus storage buffer or virus storage buffer supplemented with 0.5% Triton
X-100, respectively, for 1 h at the indicated temperatures. For each condition,
the mean percent CF leakage was determined from at least three independent
experiments. Error bars indicate standard deviations. P values were calculated
using Student’s t test. *, P � 0.05.
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Host membranes represent a physical barrier that prevents
virus invasion. To overcome this barrier, nonenveloped and
enveloped viruses sense one or more cellular cues that trigger
conformational changes within viral proteins. Viruses can in-
teract with host proteins, such as receptors, which facilitates
cell penetration at the plasma or endosomal membrane (6–11).
Alternatively, some viruses respond to the low-pH environ-
ment of the endosome (1–5). These strategies ensure that vi-
ruses undergo structural rearrangements only in an environ-
ment that preserves viral infectivity and allows establishment
of a productive infection. Reoviruses are different in this re-
gard, as they can enter either at the plasma membrane or from
within the host endosome. In the intestines, ISVPs penetrate
cells directly at the plasma membrane (34–37). In most other
cell types, the virus is endocytosed (23–28) and ISVPs perforate
the endosomal membrane (40, 41, 48). Instead of depending on
two distinct host factors to mediate entry, our work reveals that
reoviruses evolved a strategy to sense lipids, a host factor that is
common to the plasma and endosomal membranes. Thus, a
unique triggering mechanism that relies on virus-lipid interac-
tions demonstrates that host membranes are not merely passive
barriers that must be overcome. Instead, this work shows that
host lipids can play an active role in mediating virus entry.
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