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During rotavirus entry, a virion penetrates a host cell membrane, sheds its outer capsid proteins, and
releases a transcriptionally active subviral particle into the cytoplasm. VP5*, the rotavirus protein believed to
interact with the membrane bilayer, is a tryptic cleavage product of the outer capsid spike protein, VP4. When
a rotavirus particle uncoats, VP5* folds back, in a rearrangement that resembles the fusogenic conformational
changes in enveloped-virus fusion proteins. We present direct experimental evidence that this rearrangement
leads to membrane binding. VP5* does not associate with liposomes when mounted as part of the trypsin-
primed spikes on intact virions, nor does it do so after it has folded back into a stably trimeric, low-energy state.
But it does bind liposomes when they are added to virions before uncoating, and VP5* rearrangement is then
triggered by addition of EDTA. The presence of liposomes during the rearrangement enhances the otherwise
inefficient VP5* conformational change. A VP5* fragment, VP5CT, produced from monomeric recombinant
VP4 by successive treatments with chymotrypsin and trypsin, also binds liposomes only when the proteolysis
proceeds in their presence. A monoclonal antibody that neutralizes infectivity by blocking a postattachment
entry event also blocks VP5* liposome association. We propose that VP5* binds lipid bilayers in an interme-
diate conformational state, analogous to the extended intermediate conformation of enveloped-virus fusion
proteins.

The outer-layer proteins of rotaviruses are the molecular
machinery of viral cell entry. The two components, VP4 and
VP7, form a set of spike-like projections and an extended outer
shell, respectively, as illustrated in Fig. 1A and B. VP4 is the
principal agent of cell attachment and membrane penetration
(16). Tryptic cleavage of VP4 into two fragments, designated
VP8* and VP5* (Fig. 1A, B, and E), activates rotavirus parti-
cles for efficient infection (11). Prior to cleavage, the spike-like
VP4 projections do not form, and its various domains are
probably flexibly linked (6). The VP8* fragment, which forms
the “heads” at the tips of a spike, is a lectin-like module that in
many strains binds sialic acid (5, 10). The VP5* fragment,
which forms the spike body, stalk, and foot, is probably the
membrane-active element (9, 17). VP7 is a calcium sensor that
constrains VP8*/VP5* in the spike-like conformation (1, 25).
Loss of calcium ions leads to VP7 dissociation and in turn to
VP5* conformational changes (8, 27).

Our appreciation of the activities just summarized has come
largely from biochemical and structural analyses. Particularly
important have been X-ray crystal structures and nuclear mag-

netic resonance spectroscopy solution structures of the lectin-
like core of VP8* (10, 19); crystal structures of large, N-ter-
minal fragments of VP5* (9, 26); a crystal structure of VP7 (1);
and cryo-electron microscopy (cryo-EM) structures of various
virus-derived particles, including near-atomic resolution anal-
yses of the inner capsid particle (known as the double-layer
particle [DLP]) (Fig. 1A) and of the DLP recoated with VP7
(4, 28). The likely membrane-directed activities of VP5* have
been inferred from the crystallographic studies of its N-termi-
nal region and from comparison of these structures with
cryo-EM reconstructions (9, 26). As illustrated in Fig. 1C and
D, two states of the VP5* N-terminal region have been seen in
crystal structures: a dimeric form, in crystals of VP5Ag (the
“antigen domain,” residues 247 to 479 of VP4), and a trimeric
form, in crystals of VP5Ag and VP5CT (residues 248 to 525 of
VP4). The additional C-terminal residues in the latter frag-
ment form a tight, three-chain coiled coil, indicating that the
trimeric form is not a crystallographic artifact. Indeed, a pro-
portion of the VP5* released from uncoating virions acquires
biochemical and antigenic characteristics that match those of
VP5CT (27). The VP5Ag dimer corresponds closely to the
upright part of the spike seen by cryo-EM (26). A recent
cryo-EM reconstruction confirms that the “foot” region of
VP5*—the part anchored in the DLP—is trimeric (15). Thus,
a conformational transition has been postulated, from the up-
right dimer, with the N-terminal region of an additional sub-
unit elsewhere in the spike, to a folded-back trimer. The large,
�-sandwich domain of VP5* (corresponding to VP5Ag) has a
set of hydrophobic loops at one apex (9) (Fig. 1C). The se-
quence of one of them resembles the fusion loop sequence in
the E1 protein of Semliki Forest virus (17). In the dimer state,
these loops project outward, toward the target cell membrane,
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and they are masked by the receptor-binding VP8* heads. In
the folded-back trimer, the VP8* heads have dissociated, and
it can be assumed that the hydrophobic loops of the VP5* apex
project away from the target membrane, since the C-terminal
coiled coil must connect smoothly to the foot.

These structural features suggest that under appropriate
circumstances, VP5* should interact with lipid bilayer mem-
branes. Since release of VP7 is probably the mechanism by
which the conformational change suggested in Fig. 1 is trig-
gered (27), we chose to test whether loss of VP7 from virions
leads to membrane insertion of VP5*. We show that if VP7
uncoats from virions in the presence of liposomes, VP5* asso-
ciates with the lipid. Once it has reached its folded-back end
state, however, VP5* appears not to bind liposomes, as might
be expected from the geometry of its structure. The trimeric
fragment shown in Fig. 1D (designated VP5CT) can be gen-
erated from monomeric, recombinant VP4 in vitro by succes-
sive chymotryptic and tryptic cleavages (7). If the cleavage
occurs in the presence of liposomes, the resulting fragment
associates with them; if liposomes are added later, it does not.
We also show that a neutralizing monoclonal antibody (MAb)
directed against VP5* blocks membrane binding, linking lipo-
some interaction with functional rotavirus entry. We conclude
from both the uncoating and the cleavage experiments that a
transient intermediate is present during these processes that

can insert into a membrane, probably through the hydrophobic
loops at the apex of the antigen domain, but that the stable,
folded-back product cannot do so.

MATERIALS AND METHODS

Virus. Rhesus rotavirus (RRV), serotype G3, P5B[3], was propagated in MA-
104 cells, which were grown in M199 medium (Invitrogen), supplemented with
7.5% fetal bovine serum (HyClone Laboratories, Inc.), 10 mM HEPES, 2 mM
L-glutamine, 100 U/ml penicillin, and 100 �g/ml streptomycin. For virus inocu-
lation and amplification, fetal bovine serum was omitted and M199 was supple-
mented to 1 �g/ml with porcine pancreatic trypsin (Sigma-Aldrich). At approx-
imately 36 h postinfection, cells and medium were frozen for later purification of
triple-layer particles (TLPs) and DLPs, as described in reference 25. Infectivity
of virus preparations was determined by an infectious focus assay (25).

Recombinant VP4 and VP7. Previously described baculovirus expression vec-
tors encoding RRV VP4 or VP7 (8, 12, 17) were propagated in Sf9 insect cells
grown in spinner cultures with Sf900 II serum-free medium (Invitrogen). VP4
was purified from the cells by anion exchange and size exclusion chromatography
(7), and VP7 was purified from the medium by lectin affinity, immunoaffinity, and
size exclusion chromatography as described previously (8). Concentrations of
purified VP4 and VP7 were determined by measuring absorbance at 280 nm,
using absorption coefficients of 95,100 M�1 cm�1 and 62,700 M�1 cm�1, respec-
tively, calculated using the Vector NTI 7 software program (InforMax, Inc.).

Recoating. DLPs were recoated with VP4 and VP7, essentially as described
previously (25); VP7 was added in 2- to 3-fold molar excess over full occupancy,
and VP4 was added at 0.2 mg/ml or more to achieve at least a 5-fold molar
excess. Specific trypsin cleavage of VP4 to VP5* and VP8* requires its assembly
into particles (7). By this criterion, VP4 recoated the DLPs to approximately
50% of its occupancy on authentic virions.

FIG. 1. Conformational states of rotavirus VP4. (A) Multilayered structure of a rotavirus particle, based on cryo-EM three-dimensional image
reconstructions (4, 15). Color coding for the structural proteins is indicated by labels. (B) Detail of a VP4 spike. The VP5* fragment is in bold
red; the VP8* fragment is in pink. (C) Structure of the dimer-clustered, projecting portion of VP5*, as determined by comparison of the crystal
structure of the VP5Ag fragment (PDB accession code 2B4H) and cryo-EM images (9, 26). The presence of a third VP5Ag domain is indicated
by the yellow oval. “L” labels the hydrophobic loops at the apex of the VP5Ag domain. Arrows suggest the transition to the folded-back
conformation. (D) Folded-back structure of VP5CT (9) (PDB accession code 1SLQ). This conformation probably represents the final, post-
membrane-penetration state of VP5*. A “foot” would be appended to each of the �-helices in the central coiled coil. (E) Position in the RRV
VP4 polypeptide chain of various proteolytic fragments. Numbers above the bar are the initial and final residues in each segment. c-c, coiled-coil.

VOL. 84, 2010 ROTAVIRUS VP5* CONFORMER BINDS LIPID BILAYERS 1765



Protease treatment of rotavirus particles. L-(Tosylamido-2-phenyl) ethyl chlo-
romethyl ketone-treated trypsin (at least 10,350 BAEE units/mg; Worthington
Biochemical Corp.) was freshly diluted from a 5-mg/ml stock and added to
rotavirus TLPs or recoated particles to a final concentration of 1 �g/ml. One-
chloro-3-tosylamido-7-amino-2-heptanone-treated chymotrypsin (at least 45
units/mg; Worthington Biochemical Corp.) was diluted from a 5-mg/ml stock and
used at a final concentration of 1 �g/ml. After incubation at 37°C for 30 min, 100
mM ethanolic phenylmethylsulfonyl fluoride (PMSF) was added to a final con-
centration of 1 mM; the mixture was incubated on ice for 5 min before adding
SDS-PAGE sample buffer.

Preparation of liposomes. Phosphatidylcholine (PC) derived from chicken
eggs (Avanti Polar Lipids) was dissolved in chloroform at 5 to 10 mg/ml and
stored under nitrogen at �20°C. For each batch of liposomes, 2 mg PC was dried
to a film with a dry nitrogen stream and purged under vacuum overnight in the
dark. The dried PC was resuspended in HN buffer (20 mM HEPES, pH 7.3, 140
mM NaCl) with pulsed vortexing, followed by five freeze-thaw cycles using a dry
ice-ethanol bath. The liposomes were then extruded 21 times through a 0.2-�m
polycarbonate filter.

Liposome association of VP4 and its proteolytic fragments. To assay liposome
association of VP4 released from uncoating particles, 5 to 10 �g of TLPs (or
recoated particles) were incubated for 1 h at 37°C with 12.5 �l liposome suspen-
sions in 150 �l of HN. EDTA was added to 1 mM to uncoat the particles, or 1
mM CaCl2 was added as a control. To prevent degradation of VP5* after
uncoating, PMSF was added to 1 mM. For density gradient centrifugation,
samples were mixed with 70% (wt/vol) sucrose in HN to yield 350 �l of sample
in 40% sucrose. This mixture was layered over a discontinuous sucrose gradient:
70%, 60%, and 50% (300 �l of each sucrose concentration) in HN. A 25%
(150-�l) sucrose solution in HN was layered above the sample. For the other
reported sucrose gradient experiments, samples in 40% sucrose were overlaid
with 1 ml 25% sucrose and 150 �l 5% sucrose. For control experiments in which
particles were maintained as TLPs, all sucrose solutions were supplemented with
1 mM CaCl2. Soluble, recombinant VP4 (5 to 10 �g) was incubated in 150 �l HN
buffer (with or without liposomes) and digested with 1 �g/ml chymotrypsin for 30
min at 37°C, followed (in most cases) by adding trypsin to 1 �g/ml and incubating
for an additional 30 min. Proteolysis was quenched by adding PMSF to 1 mM.
Gradients were centrifuged at 180,000 � g in an SW-55 rotor (Beckman-Coulter)
at 4°C for 2.5 h. Fractions were collected from the top using a wide-bore pipette
tip and stored at �80°C.

Electrophoresis and immunoblots. To detect VP4, samples were reduced with
5% �-mercaptoethanol, separated with 10 or 12% SDS-PAGE gels, electroblot-
ted onto polyvinylidene difluoride (PVDF) membranes (Bio-Rad Laboratories),
and detected by immunoblotting with MAb HS2 (20) or 4D8 (27) and peroxi-
dase-conjugated goat anti-mouse IgG (Kirkegaard and Perry Laboratories, Inc.).
VP7 was detected in nonreduced samples by immunoblotting with MAb M60
(22). VP6 was detected with an antiserum made in guinea pigs and peroxidase-
conjugated goat anti-guinea pig IgG (Kirkegaard and Perry Laboratories, Inc.).
All immunoblots were developed using a chemiluminescent peroxidase substrate
(ECL Plus; GE Healthcare).

Neutralization of virions by MAbs. MAbs 2G4 and 7A12 (22) were dialyzed
into TNC (20 mM Tris [pH 8.0], 100 mM Nacl, 1 mM Cacl2). Five �g of virions
were incubated overnight at 4°C with 100 �g/ml of MAb, corresponding to a
5-fold or greater excess of MAb over potential binding sites on the virions.
Virion-antibody mixtures were used directly in liposome association experi-
ments, as described above. Titers of infectious virus alone or mixed with MAb
were determined by infectious focus assay as described previously (25). Briefly,
virion-MAb samples were serially diluted into M199 containing 100 �g/ml MAb,
inoculated onto MA-104 cells in 96-well plates, and incubated for 1 h at 37°C,
after which the inocula were removed and replaced with M199 containing fetal
bovine serum (FBS) and MAb 159 to inhibit spread.

RESULTS

Liposome association of VP5* during uncoating. We used
density gradient centrifugation to detect potential membrane
interactions of VP5*. Figure 2 shows positions in the gradient
of rotavirus proteins following uncoating of trypsin-cleaved
virions by EDTA in the presence or absence of liposomes.
Uncoating releases the outer-layer proteins, VP5* and VP7,
from DLPs (which we located on the gradient with antibodies
to VP6). Addition of liposomes together with EDTA shifts

much of the released VP5* from fraction 4, of intermediate
density, into fraction 1, the most buoyant. Liposome addition
does not affect the position of VP7 or VP6.

Similar experiments show that uncleaved VP4 does not as-
sociate with liposomes when released from TLPs by addition of
EDTA. To obtain TLPs with uncleaved VP4, we recoated
DLPs with recombinant VP4 and VP7, avoiding partial VP4
cleavage during purification of virions. VP5* released from
trypsin-treated recoated particles associated with liposomes to
the same extent as VP5* from authentic cleaved virions when
examined in parallel experiments (Fig. 3A). However, un-
cleaved VP4 did not move out of the most dense fractions.
Cleavage of recoated particles with chymotrypsin yields a

FIG. 2. Interaction of rotavirus proteins with liposomes. Virions
were incubated in 1 mM CaCl2 or in 1 mM EDTA in the presence or
absence of liposomes, and the mixtures were analyzed on sucrose
gradients (25% to 70% [wt/vol] in HN buffer). (A to D) Immunoblots
of fractions from top (1) to bottom (10) of the gradients, using HS2 to
detect VP5*, m60 to detect VP7, and guinea-pig anti-VP6 (1:5,000
dilution) to detect VP6 (DLPs). Refractive index measurements (not
shown) for the four gradients in panels A to D confirmed that all four
had indistinguishable density profiles.
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VP5*-like VP4 digestion product, designated VP5*C to distin-
guish it from authentic VP5*. Following uncoating of chymo-
trypsin-cleaved recoated particles, VP5*C also associated with
liposomes, perhaps even more completely than VP5* itself
(Fig. 3A). Chymotryptic cleavage did not produce infectious
particles (Fig. 3B), consistent with published properties of chy-
motrypsin-cleaved authentic virions (2, 3).

VP5* associates with liposomes only if released in their
presence from virions or recoated particles. In the experiment
shown in Fig. 4, we varied the order of addition of virions,
liposomes, and EDTA to the uncoating reaction. Adding
EDTA 30 min before adding liposomes and separating the
reaction products on a density gradient yielded minimal VP5*
in the most buoyant (liposome-containing) fractions. The lipo-
somes thus capture VP5* in a state that is no longer accessible
30 min after release is initiated.

The association of VP5* with liposomes is blocked when
cleaved virions are bound by neutralizing MAb 2G4 before
they are uncoated by addition of EDTA in the presence of
liposomes (Fig. 5). MAb 2G4 selects a neutralization escape
mutation in VP5* at residue 393, in the hydrophobic FG loop
(17). Electron cryomicroscopy image reconstructions show that

the Fab of 2G4 decorates the hydrophobic apex of VP5*,
adjacent to the location where the receptor binding VP8*
heads are mounted (24). Binding of neutralizing MAb 7A12,
which selects an escape mutation in VP8* and decorates the
VP8* heads (17, 24), does not block VP5* liposome associa-
tion upon uncoating (Fig. 5). Incubation of virions with either
MAb under the conditions of the liposome interaction exper-
iment reduces their infectivity by approximately 10,000-fold
(Fig. 5B).

Correlation of VP5* conformational changes with liposome
binding. Tryptic cleavage of monomeric, recombinant VP4
does not give a uniform product, but successive treatment with
chymotrypsin and trypsin yields the stable, trimeric species,
VP5CT (7, 9). VP5CT and VP5* (the product of tryptic cleav-
age of VP4 on virions or recoated particles) have the same N
termini, but the former lacks about 250 C-terminal residues.

FIG. 3. Requirement of VP4 cleavage for membrane association. (A) Virions and recoated particles were treated as for Fig. 2 and analyzed
on discontinuous sucrose gradients (5% to 40% [wt/vol]). Immunoblots with HS2 were used to detected VP5� in gradient fractions from top (1)
to bottom (7). (B) Infectivity of recoated particles following treatment with trypsin (T), chymotrypsin (C), or chymotrypsin followed by trypsin
(CT), normalized to trypsin-treated recoated particles as 100%. Uncl, mock digested.

FIG. 4. Liposome association of VP5* requires release in their
presence. In each of the three experiments shown, the two components
indicated in parentheses were mixed first, followed by addition of the
third component 30 min later. Samples were then incubated for an
additional 30 min (1 h total) before density gradient separation. Im-
munoblots with HS2 detected the positions of VP5� in fractions from
top (1) to bottom (7) of discontinuous sucrose gradients (5% to 40%
[wt/vol]).

FIG. 5. MAb 2G4 blocks VP5* interaction with liposomes.
(A) TLPs, either mock incubated or incubated with MAb 2G4 or 7A12,
were uncoated in the presence of liposomes by the addition of 1 mM
EDTA and separated over a discontinuous sucrose gradient. The frac-
tions from top (1) to bottom (7) were heated to 95°C, analyzed by
SDS-PAGE, and immunoblotted with horseradish peroxidase-conju-
gated HS2. (B) Neutralization of virus by the MAbs was determined by
infectious focus assay. Error bars represent standard deviations of
three titrations.
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When examined by SDS-PAGE, VP5CT migrates to the posi-
tion expected based on its calculated monomer molecular
weight if the sample is heated to 95°C in SDS sample buffer
before electrophoresis. VP5CT migrates more slowly, however,
if the sample remains at room temperature, presumably be-
cause the trimer, stabilized by the extended, central coiled coil
and by a 9-strand �-annulus (Fig. 1D), does not dissociate (7,
9). A substantial fraction of VP5* from uncoated virions also
migrates more slowly if the sample is not heated, and this
fraction reacts with a conformation-specific antibody raised
against trimeric VP5CT (27). It is therefore likely that when
released from virions, VP5* shifts into the trimeric conforma-
tion modeled by the crystal structure of VP5CT. The presence
of liposomes during uncoating increases the yield of the slowly
migrating species from about 30% to essentially 100% (Fig.
6A, lanes 4 and 8). Similar experiments with recoated particles

showed that neither uncleaved VP4 nor VP5*C shifts to the
slowly migrating form, even if released in the presence of
liposomes (Fig. 6B). VP5*C reproducibly fails to enter the
SDS-PAGE gel if the sample is not heated, presumably be-
cause dissolution of the liposome with SDS leads to aggrega-
tion rather than to formation of a VP5CT-like, folded-back
trimer (Fig. 6B). Formation of a stable trimer thus appears to
require the N terminus of VP5* produced by trypsin digestion.

Figure 7 shows that VP5CT associates with liposomes when
prepared by serial digestion of VP4 in their presence but not if
added to liposomes after cleavage and rearrangement to the
slowly migrating form are complete. Together with the exper-
iments shown in Fig. 4, these results suggest that VP5CT and
VP5* associate with liposomes only in transient, intermediate
conformations and that when the lipid bilayer is dissolved by
detergent, they rearrange into very stable, folded-back trimers,
as seen in the VP5CT crystal structure. If liposomes are added
after VP5* or VP5CT has reached this stable conformation, no
lipid binding can occur.

In the experiments shown in Fig. 6 and 7, we detected
VP5CT by immunoblotting with MAb 4D8 because the HS2
epitope is in the “foot” region that is missing from VP5CT (27;
also unpublished data). MAb 4D8 detects only the slowly mi-
grating, trimeric form of VP5* or VP5CT in immunoblots of
samples that have not been heated (27). Therefore, we did not
heat the electrophoresis samples for the experiment shown in
Fig. 7.

DISCUSSION

Previous biochemical and structural analyses of VP4 and its
cleavage fragments provided evidence of a conformational re-
arrangement that resembles the fold-back of enveloped virus
fusion proteins (7, 9, 26, 24). None of the well-characterized
stable conformers interacted with membranes in experimental
systems, however. The experiments presented here connect
VP4 conformational changes to lipid bilayer interactions and
to likely stages of viral penetration in an endosome. We have
evidence for at least four conformational states of the VP5*
fragment: state 1, as part of VP4 in TLPs before tryptic acti-
vation; state 2, as VP5* in trypsin-treated TLPs; state 3, as an

FIG. 7. Association of VP5CT with liposomes, analyzed by immu-
noblotting of sucrose gradient fractions that have been separated by
SDS-PAGE. Top panel: virions were uncoated with EDTA in the
presence of liposomes before analysis. VP5* was detected by HS2
immunoblotting (as a standard). Middle panel: addition of purified
VP5CT to liposomes, followed by analysis. Bottom panel: digestion of
VP4 successively with chymotrypsin and trypsin in the presence of
liposomes before analysis. Samples in middle and bottom panels were
not heated and were probed with MAb 4D8.

FIG. 6. Anomalous migration of VP5*. (A) Uncoating experiment. Virions were uncoated (by addition of 1 mM EDTA) in the presence or
absence of liposomes, with addition of 1 mM CaCl2 as a control. The products were analyzed by SDS-PAGE and immunoblotting with HS2, with
(�) or without (�) heating of the samples at 95°C for 10 min. When virions (lanes 2 and 6) are not uncoated by addition of EDTA or by heating
in SDS-PAGE sample buffer, VP5* is not detected, presumably because it remains on intact virions and does not enter the gel. (B) Importance
of VP4 proteolytic cleavage for SDS-resistant trimer formation. VP4 on recoated DLPs was cleaved with trypsin (T) or chymotrypsin (C) or left
uncleaved (Un), and the particles were then uncoated with 1 mM EDTA in the presence or absence of liposomes. The products were analyzed
by SDS-PAGE and immunoblotting with HS2, with (�) or without (�) heating of the samples at 95°C for 10 min. The slowly migrating VP5* band
(lane 10) is seen only in unheated samples following conventional tryptic cleavage. In panel A (compare lanes 4 and 8) and panel B (compare lanes
4 and 10), the presence of liposomes enhances the yield of the SDS-resistant species.
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intermediate associated with a membrane bilayer; and state 4,
as a folded-back trimer, with a structure that has an N-terminal
region resembling VP5CT.

How does VP5* interact with a membrane? The antigen
domain of VP5* is an elongated �-barrel with a cluster of three
hydrophobic loops at one tip (26). Their location and the
sequence similarity of one of them to the fusion loop of Semliki
Forest virus (17) have led to the suggestion that a step in
endosome disruption might involve insertion of the hydropho-
bic apex of the antigen domain into the membrane bilayer. In
state 2, i.e., on the virion following activation by trypsin, the
hydrophobic loops of two of these domains face away from the
center of the virus particle, but they are covered by VP8* (9);
the location of the third antigen domain is not evident from the
published EM reconstructions. If the membrane association we
detect indeed depends on insertion of these hydrophobic
loops, then VP8* dissociation must be an additional conse-
quence of EDTA-induced uncoating of VP7. We suggest in
Fig. 8 (derived in part from the sequence of events proposed in
Fig. 4 of reference 9) that exposure of the hydrophobic loops
leads to membrane association of the antigen domains (state 3)
and that subsequent formation of the stable trimer interface
seen in VP5CT leads to the transition from state 3 to state 4.
Aspects of this model—in particular, the importance of the
hydrophobic loops for membrane insertion—can be tested by
recoating rotavirus DLPs with VP7 and recombinant VP4 with
mutations in these loops.

MAb 2G4, which binds the hydrophobic apex of VP5* and
neutralizes virus (22, 24), prevents liposome binding by VP5*
released from uncoating virions (Fig. 5). At neutralizing con-
centrations, 2G4 does not inhibit attachment to cells (21). It
does prevent rotavirus-mediated 51Cr release from loaded cells
(14), suggesting that it blocks membrane perforation. MAb
2G4 interference with VP5*-liposome interactions provides a
biochemical correlate to observations of MAb 2G4 inhibition
of steps during cell entry. The antibody inhibition data confirm
that the interaction of VP5* with lipids observed in this cell-

free system models events during cell entry and suggest that
2G4 may neutralize by interfering with VP5*-lipid interactions.

The proposed role of the membrane may also include po-
tentiation or coordination of the VP5* rearrangement. The
lower yield of slowly migrating (trimeric) VP5* when TLPs
uncoat in the absence of membranes suggests that the lipid
bilayer may stabilize a conformation that can undergo essen-
tially quantitative foldback. Liposome binding also potentiates
the fold-back rearrangement of flavivirus E glycoproteins
(class II membrane fusion proteins of an enveloped-virus fam-
ily) (18, 23).

Why does chymotryptic cleavage of VP4 not enhance infec-
tivity? The data in Fig. 3 show that chymotrypsin digestion of
VP4 incorporated into TLPs produces a VP5*-like fragment,
VP5*C, which binds liposomes if uncoating occurs in their
presence. If the bilayer is then dissolved, however, VP5*C
cannot proceed to the stable trimeric end state and instead
precipitates (unless solubilized by heating in SDS). The miss-
ing step in penetration of virions treated with chymotrypsin
rather than trypsin is therefore likely to be the final rearrange-
ment from state 3 to state 4. We further note that the appar-
ently greater efficiency of liposome association of VP5*C
(compared to the tryptic fragment, VP5*) is probably due
either to a longer-lived intermediate or to precipitation (and
hence disappearance from the assay) of any non-lipid-associ-
ated VP5*C species. These properties correlate with those of
monomeric VP4 treated with chymotrypsin in solution. The
VP5C fragment precipitates, but subsequent treatment with
trypsin yields soluble VP5CT. The difference between VP5CT
and VP5C (and between VP5* and VP5*C) is a short N-
terminal segment (either residues 239 to 247 or residue 247
alone, depending on the thoroughness of chymotrypsin diges-
tion), present in the latter but removed by trypsin (7). The
N-terminal residues of VP5* probably need to reorganize dur-
ing the dimer-to-trimer transition: they augment a sheet of the
2-fold partner in the dimer conformation and fold back against
themselves in the trimer (26) (Fig. 1C and D). The extra

FIG. 8. Model for membrane association of VP5*. The sequence of conformational rearrangements in the diagram begins with dissociation of
VP8*, followed by formation of a transient, extended intermediate. The coiled coil (see Fig. 1) may form at this stage. The surface presented by
the exposed hydrophobic loops allows the extended trimer to bind firmly to a membrane. This interaction enhances the yield of SDS-resistant VP5*
trimers in our experiments. Folding back to the stable state represented by the VP5CT crystal structure (Fig. 1D)—the process proposed to drive
membrane disruption (9)—results in a trimer conformation that can no longer associate with liposomes.
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residue(s) in VP5C and VP5*C may inhibit this rearrange-
ment.

We have observed previously that the sequence of molecular
events represented in Fig. 8 resembles the sequence of fusion-
inducing conformational changes in the so-called “class II”
fusion proteins of some enveloped viruses (e.g., flaviviruses
and alphaviruses) (9, 13, 18, 23). In the present case, this
sequence must produce a perforation of a bilayer rather than
a fusion of two of them. To outline a specific mechanism for
perforation, we will need to validate the proposed rearrange-
ment and to determine whether it occurs with the foot of VP5*
still anchored in the DLP or after VP5* has dissociated from
the particle. Assuming that entry into the cytosol occurs fol-
lowing endocytosis into some sort of endosomal compartment,
then either mechanism could in principle be effective.
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