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VIRAL ENTRY

Mechanism of membrane 
perforation in rotavirus cell entry
Marilina de Sautu1,2, Conny Leistner3, Tomas Kirchhausen4,5,6, 
Simon Jenni1*, Stephen C. Harrison1,2,7* 

Cell entry of nonenveloped animal viruses requires 
translocation of a macromolecular assembly across a cellular 
membrane. Double-stranded RNA viruses introduce into the 
target cell an inner capsid particle that does not uncoat further. 
Instead, it extrudes capped viral mRNA by virtue of polymerase 
and capping activities within it. As described here, we used 
cryogenic electron tomography to visualize the full course of 
rhesus rotavirus entry, from cell attachment and virion uptake 
to release of the subviral particle. The cryo-tomograms and 
subtomogram averaging of classified subparticles link high-
resolution structures of the virion and its components with time 
series from live-cell fluorescence microscopy. We outline the 
mechanism of each step in the entry process, including the 
membrane perforation step that transfers a subviral particle 
into the cytosol.

Rotaviruses, so named for their wheel-like appearance in the electron 
microscope, are a group of nonenveloped viruses with segmented, 
double-stranded RNA (dsRNA) genomes (1). The outer layer of an in-
fectious rotavirus particle [triple layer particle (TLP)] comprises two 
proteins: a spike-like asymmetric trimer [viral protein (VP) 4, magenta, 
red, orange, and salmon, in Fig. 1, A and B], and a Ca2+-stabilized trimer 
(VP7, yellow, in Fig. 1A) (2–4). The role of the outer layer is to deliver 
the double layer particle (DLP) it surrounds into the cell to be infected. 
A maturation proteolytic cleavage processes VP4 into VP8* (magenta) 
and VP5* (red, orange, salmon), with excision of a few residues at the 
junction and loss of all but the N-terminal 26 residues of VP8* from one 
of the three subunits (Fig. 1B). Within the DLP, VP1, the RNA-dependent, 
RNA polymerase (RdRp), associated 1:1 with each dsRNA segment, 
generates messages, capped by the activity of VP3, a guanylyl- and 
methyl-transferase, and extrudes them cotranscriptionally without fur
ther uncoating (1, 5–9). VP4, cleaved into VP8* and VP5*, mediates both 
attachment and uptake of a TLP. VP8* binds the receptor—sialic acid 
on glycosphingolipids, in the case of the rhesus rotavirus (RRV) used 
in the studies reported here, and blood-group antigens for certain 
human rotaviruses (10, 11). VP5* then engages the membrane through 
hydrophobic loops at the tip of its prominent β-barrel domain and un-
dergoes a conformational change that inserts its C-terminal, “foot” 
domain into the target membrane (Fig. 1B) (4). These interactions drive 
membrane invagination, which for RRV entering BSC-1 cells is a largely 
self-driven, dynamin-independent, endocytic process (12–14).

In experiments in which each of the components (VP4, VP7, DLP) 
were marked with a spectrally distinct fluorophore, we traced a trajec-
tory from attachment to DLP delivery into the cytosol over a time course 
of no more than 10 to 15 min (12, 15, 16). An initial step after complete en-
gulfment of a particle (i.e., pinching off of a virion-containing vesicle) 

is loss of Ca2+ from the particle and from the vesicle containing it (15). 
Permeabilization of the membrane to Ca2+ is a consequence of VP5* 
foot insertion, so that Ca2+ equilibrates with the cytosol once pinching 
off is complete (13). VP7, a Ca2+ stabilized trimer, then loses Ca2+ and 
dissociates from the particle (3, 17).

We describe here how VP7 dissociation leads to DLP delivery. We 
visualized the full entry pathway by cryogenic electron tomography 
(cryo-ET); the tomograms showed that VP7 dissociation correlated 
with opening of a pore in the vesicular membrane, allowing the DLP 
to escape into the cytosol. We confirmed this VP7 activity by experi-
ments with liposomes in vitro. Our model for the activity—projection 
of a VP7 amphipathic helix shown previously to perforate liposomes 
as a peptide (18, 19)—resolves a long-standing puzzle and suggests a 
mechanism with potential importance for other nonenveloped viruses.

Cryo-ET visualization of rotavirus entry
We recorded tilt series of rotavirus entering from the periphery of 
BSC-1 cells, which spread enough not to require further thinning by 
focused ion beam (FIB)-milling (Fig. 1C, fig. S1, and methods). Our 
analysis included 838 tomograms from seven separate experiments 
[datasets 1 to 7 (20), table S1, and figs. S2 to S10; representative tomogram 
and segmentation in Fig. 1D and movie S1]. We could describe the entry 
pathway in six steps (Fig. 2, A to F). To find entering particles in the 
small part of a cell seen in any single tomogram, we added a greater 
excess of TLPs than in our published live-cell imaging experiments 
(12). Nonetheless, we rarely found more than one or two particles in 
the same endocytic vesicle, so that the conclusions here correspond 
well to live-cell analyses, in which all traces had initial intensities cor-
responding to calibrated labeling for single virions (12).

RRV particles interact with cell membrane through their VP4 spikes 
in two distinct contact modes (4, 12). In the “loose” contact (Fig. 2A), 
the spike engages the membrane through the VP8* lectin domains. In 
the “close” contact (Fig. 2B), which reflects the spike conformational 
transition from “upright” to “reversed” (Fig. 1B) (4), the VP5* hydro-
phobic loops contact the outer leaflet of the membrane bilayer, into 
which the foot domain inserts. Wrapping of membrane around the 
particle appeared in the tomograms to require the strong close con-
tacts (Fig. 2B), and fully internalized particles usually had a large part 
of their surface in close contact with vesicular membrane (Fig. 2, B 
and C, and fig. S7F). At these contacts with reversed VP5*, Ca2+ will cross 
the membrane (13). We did not find clathrin or other coat-like struc-
tures around the wrapped membrane.

Once fully engulfed, the endocytic vesicle and TLP will lose Ca2+ as the 
ions pass from the lumen into the low-Ca2+ environment of the cytosol, 
causing VP7-bound Ca2+ ions to dissociate and the outer layer to disas-
semble. The tomograms showed that VP7 dissociation (“uncoating”) 
was on the side of the particle distal to the membrane-contacting 
surface; that is, uncoating initiated away from the site of attachment 
(Fig. 2, C and D). Even after extensive VP7 dissociation and membrane 
perforation, residual VP7 sometimes remained on one side of the largely 
uncoated particle (Fig. 2D, black arrows). Thus, despite generating a Ca2+ 
leak, insertion of reversed VP5* into the membrane at the close contact 
evidently stabilized the outer layer.

We detected various examples of membrane rupture with escaping 
DLPs (Fig. 2, D and E). From live-cell imaging experiments (12, 15, 16), 
we know that escaping particles diffuse rapidly away from the vesicle 
they leave, consistent with the relatively few examples of the exit step 
captured in our dataset. A single, opened, large aperture was observed 
in the vesicular membrane, rather than a general, multipoint dissolu-
tion of the bilayer. Density around the pore rim (e.g., white arrows 
in Fig. 2D) suggested that the scission event required stabilization of 
the exposed edges of the bilayer by the dissociated VP7.

DLPs that had escaped into the cytosol were often surrounded by 
clusters of ribosomes (Fig. 2F). Transcription from DLPs can initiate 
promptly after loss of the outer layer (16); the local ribosome clusters 
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therefore suggest that polysomes might as-
semble on the emerging transcripts. A su-
pervised classification procedure (materials 
and methods, fig. S10) indicated that over 
80% of the ribosomes in DLP-adjacent clus-
ters were in configurations associated with 
elongation (movie S3) (21), and we found a 
significantly greater number of ribosomes in 
the vicinity of free DLPs than in the neigh-
borhoods of vesicle-enclosed rotavirus par-
ticles elsewhere in the tomograms (table S2). 
These observations are consistent with co-
transcriptional translation, but do not yet 
establish it.

For each of the steps shown in Fig. 2, we 
determined the extent of VP7 uncoating, the 
ratio of upright to reversed spikes, their mem-
brane proximity, and the results of classifying 
all ribosomes within 1500 Å of the particles 
assigned to that step (table S2). The statis-
tics assembled in table s2, together with the 
subtomogram averaged density maps in fig. 
S6 derived from the selected particles as-
signed to each entry step, are in accord with 
the sequence of entry stages described above.

VP5* membrane interaction
We generated a subtomogram average of 
membrane-bound VP5* in reversed-
conformation spikes as outlined in supple
mentary text and diagrammed in fig. S2. 
The 3D subtomogram averaged map recon-
structed in M (fig. S9) showed the VP5* β-
barrel trimer, characteristic of the reversed 
conformation, with a central three-chain 
coiled-​coil domain that extended through 
the membrane (Fig. 3A). The reversed-spike 
structure (PDB-ID pdb_00009c1j) could be 
docked confidently into the map.

To determine the membrane position sur-
rounding the virion, we calculated a rota-
tional density average from 42 viruses with 
high membrane overlap and close contact 
with vesicular membrane over most of their 
surface (Fig. 3, B and C). We estimated from 
this average the membrane boundaries shown 
in Fig. 3A. The tips of the VP5* hydrophobic 
loops insert into the proximal leaflet of the 
bilayer, and the three-chain coiled-coil ex-
tends across the bilayer’s hydrophobic core 
(Fig. 3A). High-resolution structures show 
that the distal part of the coiled-coil in the 
reversed conformation includes most of the 
initial α helix of the foot domain in the up-
right conformation (2, 4, 22). Three globular 
features that likely represent the rest of the 
foot splay symmetrically away from the coiled-​
coil at a level corresponding to the cytosolic-
side polar headgroups of the membrane 
bilayer (Fig. 3A).

Uniform close contacts between entering 
TLPs and the invaginating plasma mem-
brane show that the coiled-coil and foot of 
VP5* insert into the membrane as inward 
budding proceeds, thus generating the work 

Fig. 1. In situ visualization of rotavirus cell entry by cryo-ET. (A) Structure of a rotavirus particle, partially cut 
open to expose internal structures. Viral subunits are shown in surface representation. Viral protein (VP) 2 (VP2A 
and VP2B, in blue and cyan, respectively), and VP6 (green) form the shell of the “double layer” particle (DLP), 
packaging the viral RNA, VP1 [gray, the capsid-bound RNA-dependent RNA polymerases (RdRp)], and VP3 (not 
shown, the RNA cap-generating enzyme). The outer layer of the “triple layer” particle (TLP) contains VP7 (yellow) 
and VP4, proteolytically cleaved to VP8* (magenta) and VP5* (red, orange, and salmon.) VP8* and VP5* asterisks 
indicate that these virion components are the results of proteolytic cleavage (of VP4) rather than primary gene 
products. (B) Upright (PDB-ID pdb_00009c1h) and reversed (PDB-ID pdb_00009c1j) conformations of VP4, after 
cleavage to VP8* (magenta) and VP5* (red, orange, salmon.) Foot regions of reversed conformation shown 
schematically in gray. (C) Cryogenic scanning electron microscopy (cryo-SEM) image of BSC-1 cells deposited on 
the carbon film of a gold mesh and vitrified for tomography. Scale bar, 40 µm. (D) Molecular interpretation (segmentation) 
of a representative tomogram of a BSC-1 cell incubated with rotavirus. The plasma membrane is indicated by a  
dashed line. (Inset) Side view of the tomogram with its approximate dimensions. Anisotropy of the reconstructed 
tomogram limits membrane segmentation, giving rise to the “open” appearance of closed vesicles. We designated 
particles as fully engulfed in small vesicles only when we could detect known cytosolic components (actin  
filaments, microtubules, or ribosomes) in sections of the tomogram both above and below the vesicle in question. 
See materials and methods for description of segmentation procedure and movie S1 for the reconstructed tomogram 
and segmentation.
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Fig. 2. Rotavirus cell entry steps. Tomogram sections and interpretations based on subtomogram averaging, local classification of virus structure and conformations, 
segmenting cellular membranes, and identifying relevant cellular components. (A to F) (Left column) two representative 10-nm-thick tomogram sections centered on particles 
of interest. Scale bars, 100 nm. (Central column) molecular interpretation of the two tomogram sections shown on the left. Particles are positioned and oriented as determined 
from the subtomogram analysis, with VP6 (green), VP7 (yellow), VP5*/VP8* in upright conformation (light red), and VP5* in reversed conformation (dark red). Segmented 
membranes are shown in gray and translating and nontranslating ribosomes are beige and brown, respectively. For each particle, an inset shows the extent of VP7 uncoating on 
a viral surface projection and by a horizonal bar plot (t/d = TLP / DLP); the number and conformation of spikes in upright (light red) and reversed (dark red) conformation 
(u/r/e, upright, reversed, and empty, respectively); the total volume of segmented membrane within a 16-nm sphere drawn at each spike position (m, membrane); and the 
number of ribosomes in the vicinity (radius of 150 nm from the center) of the particle (80S, ribosomes). See also movie S2 for membrane segmentation shown as a transparent 
surface. (Right column) interpretative sketch. (A) Attachment of TLP to host cell. (B) Invagination of cell membrane and particle uptake. (C) Membrane permeabilization induced 
by VP5* bilayer interaction and conformational change from upright (light red) to reversed (dark red), resulting in loss of Ca2+ from the endocytic vesicle. (D) Membrane 
perforation by dissociated VP7. (E) DLP release into the cytosol. (F) Likely synthesis and extrusion of viral mRNA and potential translation of emerging transcripts.
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needed to distort the bilayer and wrap it tightly around the particle 
(Fig. 2B). The same membrane insertion also results in Ca2+ permeabil-
ity (13), and we therefore expect Ca2+ to enter the cell from the medium 
even before engulfment is complete. Imaging of cells transfected with 
GCaMP6s-CAAX, a plasma membrane targeted Ca2+ sensor (23), in-
deed showed Ca2+ concentration transients during short incubation 
with rotavirus particles (fig. S11).

In the vesicle pinched off from the wrapped membrane, close con-
tacts are present over at least one side of the TLP but the distal surface 
generally faces a small volume of enclosed medium (Fig. 2, B and C). 
This property of the budded vesicles suggests that pinching off re-
quires some cellular mechanical activity–most likely local mobiliza-
tion of cortical actin, as indicated by reduced efficiency of infection in 
the presence of latrunculin A (fig. S12A). One potential functional 
consequence of Ca2+ permeation as the vesicle forms is reorganization 
of actin close to the entering TLP, by Arp2/3 activation as a downstream 
consequence of Ca2+ signaling. Actin at sites of entry forms branched 
networks surrounding the viral invaginations (fig. S12, B to H), with 
the geometry expected of Arp2/3-mediated nucleation (fig. S12I).

Liposome disruption by VP7 monomer
We detected VP7 dissociation by loss of the thin, wagon-wheel rim of 
the particle (Fig. 2D). Extensive uncoating correlated with membrane 
rupture and particle escape into the cytosol (Fig. 2D). These observa-
tions suggested that monomeric VP7, dissociated from virus particles 
because of Ca2+ depletion within the vesicle, had perforated the mem-
brane and facilitated particle escape. We tested whether VP7 mono-
mers or trimers, without contribution of any cellular factor, could 
disrupt a liposome membrane and induce release of an enclosed car-
boxyfluorescein (CF) dye (Fig. 4A and methods). The lipid composition 
was similar to that of mammalian plasma membranes. Time-lapse 
images showed that in the presence of VP7 monomer in ethylenedi-
aminetetraacetic acid (EDTA) buffer, the CF signal often disappeared 
abruptly while the lipid signal persisted, indicating membrane perfo-
ration that had allowed dye to leak from the liposomes (Fig. 4B). At 
30 min after adding VP7 monomer, about a third of the liposomes had 
lost more than 50% of their initial CF intensity; neither VP7 trimer in 
Ca2+ buffer nor EDTA buffer alone yielded any significant CF signal 
loss (Fig. 4C and fig. S13). Incomplete loss of CF indicated either a 
multilamellar liposome or two unresolved, adjacent liposomes. Cryo–
electron microscopy (Cryo-EM) images of the same liposome prepara-
tions showed localized perforations (Fig.  4D and fig.  S14) that 
recapitulated the site-specific vesicle disruption patterns observed in 
infected cells by cryo-ET (Figs. 2, D and E, and 4E). Tilt-series acquisi-
tion and tomographic reconstruction of liposomes exposed to mono-
meric (i.e., Ca2+ free) VP7 likewise showed large, well-defined, single 
pores in the bilayer, with associated densities around the rim of the 
opening consistent with bound protein (Fig. 4D and movie S4).

Early, unpublished experiments, using a bulk assay to monitor lipo-
some disruption by VP7, showed activity from a peptide close to the 
C terminus of the VP7 polypeptide chain, W292–K312 (Fig. 4F), released 
from the protein by adventitious proteolytic cleavage (18). That assay 
did not, however, detect disruption by intact, uncleaved VP7 mono-
mer. Another group later described liposome disruption by a similar, 
21-residue, synthetic peptide (Q280–M310) (19). As a specific precau-
tion to avoid proteolysis, we added trypsin inhibitor to the single lipo-
some experiments described above.

In the VP7 trimer, residues W292–K312 (orange, in Fig. 4F) form a 
kinked helix at the Ca2+-dependent interface, with one of the Ca2+ li-
gands (D301) near its C terminus. If straightened, W292-K312 would 
form a perfectly amphipathic, ∼30 Å-long α helix. We suggest that the 
kinked helix can unfold and straighten when not constrained by its 
Ca2+-stabilized contacts in the trimer (Fig. 4F). Indeed, the protease 
sensitivity of the R291-W292 peptide bond when the trimer dissociates 
is evidence for flexibility near R291 (Fig. 4F). In cell entry, the high 
local concentration of monomeric VP7 in the vesicle will favor interac-
tion of this amphipathic helix with the luminal membrane leaflet of 
the vesicle. The synthetic VP7 peptide (VP7292-312) produced localized 
perforations in single liposomes very similar to those observed by 
intact VP7 monomer (Fig. 4D), consistent with a mechanism in which the 
corresponding segment projects from the folded VP7 globular structure.

Rotavirus infection in vertebrate hosts occurs in the trypsin-rich 
lumen of the proximal gut. We considered whether inclusion of traces 
of trypsin within the endocytic vesicle generated by the entering virus 
might release the membrane-disrupting, C-terminal peptide from mo-
nomeric VP7 dissociated from the Ca2+-depleted particle. We carried 
out an infectivity assay with preactivated virions in the presence of 
either small amounts of trypsin or of trypsin inhibitor and found no 
significant infectivity difference (fig. S15). Thus, release by tryptic 
cleavage of the amphipathic VP7 peptide is not required for rotavirus 
infection to proceed.

Discussion
Our results lead to the following inferences, consistent with the kinet-
ics established by live-cell imaging (12, 15, 16). (1) Binding of RRV TLPs 

Fig. 3. Membrane interaction of VP5*. (A) Structure of membrane-bound, reversed 
VP5*. Subtomogram average density of 3255 reversed spikes obtained after 
classification (C3 symmetry imposed) in gray. The rotavirus-reversed VP5* model 
(PDB-ID pdb_00009c1j), placed into the density, is colored as in Fig. 1. VP5* foot 
domain density is labeled. The middle of the membrane (dotted line), as determined 
from the radial density profile shown in (C). The thickness of the membrane is shown 
by the approximate position of the lipid head groups (gray bands). The close-up shows 
the hydrophobic loops at the tip of the β-barrel domains with amino acid residues 
labeled. (B) Icosahedrally averaged density from 42 rotavirus particle subtomograms 
for which most spikes were in close contact with membrane. RNA, gray; VP2A, VP2B, 
blue and cyan, respectively; VP6, green; VP7 yellow; VP5*, red, orange, and salmon; 
membrane, gray. (C) Radial density profile (RDA) in arbitrary units (AU), calculated 
from 42 rotavirus subtomograms averaged to generate the figure in (B) (see materials 
and methods for details). The peak corresponding to the VP7 layer is labeled. 
Membrane appears as a double peak. The middle of the lipid bilayer is 443 Å from the 
center of the virus and marked with a dotted line.
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at the surface of BSC-1 cells relies on the upright conformation of VP4 
(“loose” contacts with the cell surface), but invagination and final 
engulfment rely on the reversed conformation (“close” contacts). 
Insertion of the C-terminal part of VP5* (coiled-coil and foot) into the 
plasma-membrane bilayer, generating the close contacts, wraps mem-
brane around the particle. We detect no features that might be as-
cribed to a protein receptor. (2) VP5* insertion allows Ca2+ ions to 
enter the cell (13), leading to downstream Ca2+ signaling and likely to 
local reorganization of the actin cytoskeleton, facilitating closure of 
the vesicle that surrounds the entering TLP. (3) Vesicle closure allows 

depletion of Ca2+ within it, as there is no longer replenishment from the 
medium, initiating VP7 dissociation. (4) Dissociation is distal to the close 
membrane contacts, which appear to stabilize the VP7 layer, even though 
the Ca2+ flux is through the reversed VP5* spikes within the close contact. 
(5) Dissociated VP7 monomers are therefore the presumptive agents of 
membrane perforation. (6) In vitro, monomeric VP7 disrupts liposomes 
and forms single, large pores that closely resemble the DLP exit pores 
captured by cryo-ET. A peptide spanning residues 292–312 of VP7 does the 
same. These observations show that VP7 is sufficient to generate the ob-
served openings. Although from our cellular cryo-ET alone we cannot rule 

Fig. 4. Membrane perforation by VP7 monomer. (A) Schematic of the total internal reflection fluorescence (TIRF) microscopy experimental set-up: carboxyfluorescein (CF) 
(green)–containing liposomes with biotinylated-DOPE and Cy5-DOPE (magenta) are tethered to a biotinylated-PEG coated coverslip by neutravidin. (B) Time lapse TIRF 
microscopy imaging of liposomes incubated with VP7 trimer (Ca2+ buffer, top row) or VP7 monomer (EDTA buffer, bottom row) and imaged at the indicated time points. 
CF-channel is shifted seven pixels to the right from the lipid channel for better colocalization visualization. (C) Quantification of liposome permeabilization showing the 
percentage of liposomes with signal loss of more than 50% after 30 min incubation with buffer only (white), VP7 trimer (light gray), or VP7 monomer (dark gray). Error bars 
represent the standard deviation (SD, n = 3 independent experiments); t test statistical analysis was used between samples. *, P < 0.05; **, P < 0.01; n.s., not significant.  
(D) Cryo-EM images (left) of perforated liposomes after 30 min incubation with VP7 monomer or VP7292–312 peptide and slice through a cryo-ET reconstruction together with 
segmentation (right) of a VP7-perforated liposome. (E) Schematic diagram, based on Fig. 2, D and E, representing perforations seen in viral uptake vesicles, for comparison with 
the images in (D) of liposomes incubated with VP7 monomer. (F) VP7 trimer (PDB-ID pdb_00009c1g) (3), with the C-terminal amphipathic helix (residues 292 to 312) 
highlighted in orange. The VP7 monomer (yellow, center) shows domains I and II, with the C-terminal helix extending from the bipartite globular body of the protein. Helical wheel 
projection of residues 292 to 312, showing segregation of hydrophobic (gray) and hydrophilic (orange) residues. The sequence below shows the amphipathic region (orange) and 
adjacent residues at the C-terminal end of the polypeptide chain. [Panel (A) created with BioRender.com]
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out some participation by VP5*, released along with VP7, in vesicle perfora-
tion, the in vitro results make such participation unlikely. (7) Ribosomes 
often surround the DLPs released into the cytosol, suggesting translation 
of nascent viral mRNA as it exits the transcriptionally active DLP.

The sequence corresponding to VP7 residues 292–312 in RRV is 
conserved among rotavirus A strains; in the other groups, it retains 
both amphipathicity and a potential aspartate Ca2+ ligand, despite 
somewhat greater variability. We note that rotavirus entry through 
clathrin-mediated endocytosis might in principle be an infectious 
pathway in other cell types or for other rotavirus strains. Clathrin 
dissociates within a minute of pinching off (24), and the resulting 
uncoated vesicle would be nearly indistinguishable from the small 
vesicles from which RRV DLPs penetrate in BSC-1 cells. VP5* insertion 
could occur either during coated pit assembly or after clathrin uncoat-
ing. Ca2+ loss, and VP7 dissociation would then follow as seen here.

The entry mechanism just described includes two membrane-
insertion events. The first accompanies the upright-to-reversed confor-
mational transition of VP5*; the second is perforation by VP7. VP5* 
insertion requires the VP8* lectin domains to dissociate from the hy-
drophobic tips of the VP5* β barrels (25). The dissociation can be spon-
taneous, as the interface between VP8* and VP5* is small, but VP8* 
cannot fully dissociate because of the tether that connects the lectin 
domain to the VP8* N terminus, anchored in the foot (4). That is, the 
lectin domain is probably always in an “on-off” equilibrium, and when 
not attached to membrane, it will reassociate promptly. When bound to 
a membrane-glycolipid headgroup, however, its dissociation can allow 
the hydrophobic tips of the VP5* β barrels to engage the membrane, 
preventing reassociation and initiating the upright-to-reversed confor-
mational change. Zippering up of the central coiled-coil will extract the 
unfolding foot from beneath the VP7 layer and project it through the 
bilayer. The model for membrane-inserted VP5* we obtained by sub-
tomogram averaging represents the result of this transition. Although 
of limited resolution, the model suggests a potential axial channel 
through which Ca2+ might pass.

The mechanism of DLP release visualized by cryo-ET is consistent 
with experiments showing that crosslinking of VP7 subunits within a 
trimer, either by divalent antibodies or by mutationally introduced di-
sulfides, inhibits infection and prevents concomitant entry of the toxin, 
α-sarcin (26). Because DLP transcriptional activity requires loss of VP7 
(27), those observations did not by themselves imply that VP7 has per-
forating activity. It is now clear that loss of Ca2+, which causes VP7 to 
dissociate from the particle, leads both to activation of the DLP as a 
transcriptase and to generation of the VP7 monomer as a poreformer.

The VP7-generated pores in our cryo-tomograms are similar to those 
VP7 generates on liposomes in vitro. There is always a single pore per 
vesicle/liposome, of variable size in vitro and probably in cells; the 
strong density at the edges of the pores shows that many copies of VP7 
line the rim, and the membrane bilayer curves outward at the rim of 
the pore so that the plane of the bilayer edge is roughly normal to the 
pore axis. A single pore per vesicle/liposome indicates cooperativity, and 
the variable size suggests an initiation-growth mechanism (see supple-
mentary text). To cover the rim of a pore 100 to 120 nm in diameter with 
close contacts between helices—roughly the size of the perforations we 
see in the tomograms—would require 300 to 350 helices (i.e., participa-
tion of less than half of the 780 total VP7 monomers on a rotavirus 
particle). Thus, the available VP7 can readily form the observed openings.

Release of a pore-forming activity from the virion, triggered by change 
in a specific environmental variable (e.g., Ca2+ concentration or pH), may 
also describe the entry mechanism of other nonenveloped viruses that 
deliver a modified virion or subviral particle into the cytosol. For example, 
an amphipathic helix at the N terminus of adenovirus protein VI is es-
sential for translocation of an infecting adenovirus particle from an early 
endosome into the cytosol (28). Loss of pentons and peripentonal hexons, 
induced by endosomal low pH, allows release of pVI from the modified 
virion (29–31). For any pore-forming mechanism, the number of released, 

pore-forming molecules (e.g., VP7 or, hypothetically, pVI) must be suffi-
cient to form an opening with diameter large enough to release the sub-
viral particle. Design of nonenveloped delivery vehicles for macromolecular 
cargo might be able to take advantage of a similar mechanism.
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Editor’s summary
Viruses that lack a lipid envelope need strategies to interact with and cross the outer membrane of a potential host cell.
de Sautu et al. used cryo’electron tomography to visualize how the surface proteins of rhesus rotavirus interact with
the plasma membrane to mediate viral entry into intact cells. Viral surface proteins executed two sequential membrane
insertions and calcium flux events, first driving endocytosis of the virus and then maturation of viral particles and
perforation of the endosomes that contain them. This in situ reconstruction illustrates how the structure of the viral
surface proteins can induce the membrane changes and cellular signals needed for viral uptake. —Cheri Sirois
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