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Abstract

Non-enveloped viruses must create a transient membrane lesion to initiate infection by transferring
their genomes into a target celll. Rotaviruses offer a particularly favorable opportunity to visualize
the mechanism for subviral particle delivery, the principal function of their outer-layer protein,
VP42-4 We show here by electron cryomicroscopy (cryo-EM) that VP4, activated by cleavage to
VP8* and VP5*, rearranges on the virion surface from an “upright” to a “reversed” conformation.

Users may view, print, copy, and download text and data-mine the content in such documents, for the purposes of academic research,
subject always to the full Conditions of use:http://www.nature.com/authors/editorial_policies/license.html#terms
"Correspondence: jenni@crystal.harvard.edu; harrison@crystal.harvard.edu, Phone: 617-432-5607 Fax: 617-432-5600.

Current address: Seqgirus USA, Cambridge, MA 02139, USA
*current address: Microscopy Core Facility, McLean Hospital, Belmont, MA 02478, USA
Author contributions
Designed experiments: T.H., E.N.S., D.N., S.J., S.C.H.; conducted experiments and recorded data: T.H., R.T., E.N.S., C.B.; analyzed
data: T.H., R.T., D.S., S.J.; determined structures and built models: T.H., S.J.; wrote paper: T.H., S.J., S.C.H.; revised and edited paper:
TH., CB. DS, DN, SJ,SCH.

Data availability

We have deposited the maps of the cryo-EM reconstructions in the Electron Microscopy Data Bank (accession no. EMD-21955,
upright conformation; EMD-21956, intermediate conformation; EMD-21957, reversed conformation), and the refined coordinates in
the Protein Data Bank (PDB-1Ds 6WXE, upright conformation; 6WXF, intermediate conformation; EMD-6WXG, reversed
conformation). We obtained previously published rotavirus structures from the Protein Data Bank (PDB-IDs 4V7Q and 1SLQ).
Rotavirus 4protein sequence used to prepare the sequence alignments shown in Supplementary Data 1-3 were retrieved from
GenBank?6. The accession identifiers for VP4 are: RRV, P12473; SA11, P12976; WA, P11193; S2, AQT31697; DS1, P11196; ST3,
P11200; AU-1, P39033; 116E, Q09113; 69M, P26451; NCDV, P17465; UK, P12474; 993/83, Q08010; Gottfried, P23045; OSU,
P11114; CH3, Q86184; L338, Q98636; EW, Q83450. The accession identifiers for VP7 are: RRV, P12473; SA11, P12976; WA,
P11193; S2, AQT31697; DS1, P11196; ST3, P11200; AU-1, P39033; 116E, Q09113; 69M, P26451; NCDV, P17465; UK, P12474;
993/83, Q08010; Gottfried, P23045; OSU, P11114; CH3, Q86184; L338, Q98636; EW, Q83450. The accession identifiers for VP6
are: RRV, P12473; SA11, P12976; WA, P11193; S2, AQT31697; DS1, P11196; ST3, P11200; AU-1, P39033; 116E, Q09113; 69M,
P26451; NCDV, P17465; UK, P12474; 993/83, Q08010; Gottfried, P23045; OSU, P11114; CH3, Q86184; L338, Q98636; EW,
Q83450.

Competing interests
The authors declare no competing interests.



1duosnue Joyiny |ANHH 1duosnue Joyiny |IANHH

1duosnuey Joyiny |NHH

Herrmann et al. Page 2

The reversed structure projects an initially buried, “foot” domain outward into the host cell
membrane to which the virion has attached. Analysis of cryo-tomograms of virus particles
entering cells is consistent with this picture. We have stabilized with a disulfide mutant a likely
intermediate in this transition. The results define molecular mechanisms for the first steps in viral
membrane penetration and suggest similarities with mechanisms postulated for other viruses.

Rotaviruses and other non-enveloped, mammalian, double-strand RNA (dsRNA) viruses
have evolved a mechanism to deliver a large (~700 A diameter) macromolecular complex
into the cytosol of a target cell. These viruses package segmented genomes in icosahedral
capsids with multiple protein layers (Fig. 1a)2:3. The role of the outer layer of an infectious
rotavirus particle (a “triple-layer” particle or TLP), is to insert the “double-layer” particle
(DLP) that it surrounds into the cell to which the virus has attached. The DLP does not
dissociate further; the polymerase and capping activities it contains instead transcribe the
eleven genome segments, cap the mRNA products, and extrude the completed transcripts
into the cytosol (Fig. 1b)2.

Previous studies have defined the functions of the two TLP outer-layer proteins, VP4 and
VP7, in DLP delivery*2. Infection requires cleavage of VP4, both in cell culture and in
vivo, into an N-terminal fragment, VP8*, and a C-terminal fragment, VP5*. The former
attaches the virus to its cellular receptor (in many cases, a glycolipid)10-14: the latter
perforates the lipid bilayer of the vesicular membrane that surrounds it after initial uptake by
the target cell (Fig. 1b). The function of VP7, a CaZ*-stabilized trimer!®, is to anchor VP4
onto the virion surface and to respond to loss of Ca2* at an early stage in infection by
dissociating and releasing VVP8* and VVP5* from the DLP16.

On a virion, the VP4 “spike” is a trimer with an unusual, asymmetric conformation, both
before and after the activating cleavage into VVP8* and VP5*6:17 From one of the three
VP8*s, the cleavage releases all but a short, N-terminal segment of VP8* (VP8* a.: Fig. 1c).
The two intact VP8* fragments associate with the bean-shaped p-barrel domains of the
VP5* fragments from which cleavage has separated them, forming a twofold symmetric
projection; the B-barrel domain of the third VP5* supports this projection, holding it away
from the particle surface like a diagonal cantilever®. The VP8* lectin domains at the tip of
the spike cover hydrophobic loops at one end of the two projecting VP5*  barrels with
which they associate; the opposite ends of the projecting VP5* barrels similarly cover the
hydrophobic loops of the third VP5*  barrel. The C-terminal regions of all three VP5*
chains associate with threefold symmetry into the “foot” of the spike, clamped onto the
particle surface by VP76,

Recombinant VP4 is monomeric; successive treatment with chymotrypsin and trypsin yields
a trimeric product, designated VP5CT, from which VP8* has dissociated completely and
from which most residues of the foot have been removed8. An a-helical coiled-coil at the
center of VP5CT projects in the same direction as the hydrophobic loops on the B barrels --
a chain reversal with respect to the spike on a TLP. We have proposed that the transition,
from the asymmetric, “upright” spike conformation seen on virions to the symmetric,
“reversed” conformation seen in VP5CT, leads to perforation of a target membrane, when
the transition is coupled to interaction of the p-barrel hydrophobic loops with the membrane
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lipid bilayerl8. Mutations that reduce the hydrophobicity of those VP5* loops compromise
infectivity and reduce /n vitro liposome association of VP5*>,

The cryo-EM analysis described here shows that transition to the reversed conformation can
occur spontaneously on the surface of the TLP, without VP7 dissociation (Fig. 1d), and that
association of the hydrophobic loops with a target membrane will cause residues of the foot
region to enter the membrane lipid bilayer. We infer that formation of an initial membrane
lesion by interaction with the bilayer of the foot regions from one or more VP5* trimers is a
decisive, early event in rotavirus penetration and DLP delivery.

Reversed VP5* on rotavirus particles

Pursuing an observation made initially with a human rotavirus vaccine strain, we determined
the three-dimensional structures of rhesus rotavirus (RRV) (Supplementary Data 1-3) native
TLPs and wild-type recoated TLPs (rcTLPs), prepared as described in Methods (Extended
Data Fig. 1). We initially imposed icosahedral symmetry and then classified subparticles
corresponding to VP4 positions (Extended Data Fig. 2). Classification of rcTLPs (without
further alignment) yielded three distinct classes (Extended Data Figs. 3 and 4, Extended
Data Table 1) -- one corresponding to the asymmetric upright spike (Fig. 1d, left), a second
corresponding to a threefold symmetric reversed structure (Fig. 1d, right), and a third
corresponding to empty vertices. Classification of spikes from native TLPs, treated the same
way as rcTLPs, yielded classes identical to those from rcTLPs, but with a different
distribution of particles among the classes (Extended Data Fig. 5). The threefold symmetric
conformation represented a reversed structure not previously seen on rotavirus particles.
When we omitted the 37 °C incubation, the TLPs had only upright VP4 spikes and empty
positions without VP4.

Inspection of the reversed-conformation map showed that the VP5CT coordinates!® matched
closely the reconstructed density. In VP5CT, three B-barrel domains surround a central,
three-chain coiled-coil, formed by polypeptide-chain segments C-terminal to the B barrels
(Fig. 1d, right). Hydrophobic loops at one end of the  barrel project in the same direction as
the distal end of the coiled-coil. VP5CT, produced by proteolytic cleavage of recombinant
VP4, terminates at the end of the coiled-coil; about 250 additional amino-acid residues on
intact VP4 form the foot that anchors VP4 in the upright spike conformation onto the DLP
(Fig. 1d, left). The VP5* in our rcTLPs was intact (Extended Data Fig. 1b), but the region
beneath the VP5CT-like density, normally occupied by the foot, was completely empty in
the reversed reconstructions (Fig. 1d, right). That is, as expected from the direction of the
coiled-coil, the last ~250 amino acid residues of the VP4 polypeptide chain projected
outwards. We could detect little or no density C-terminal to the coiled-coil in the reversed
class map; we concluded that the foot residues must be substantially disordered. We have
previously described the VP5CT conformation as a “folded back” structure and suggested
that a conformational transition of the spike might involve folding back of the B-barrel
domain toward the still-anchored foot8:18, In the reversed structure we have now visualized,
coiled-coil formation has instead projected the foot-domain residues outward, while
retaining the orientation of the p barrels (Fig. 1d and Extended Data Fig. 6a).

Nature. Author manuscript; available in PMC 2021 July 22.



1duosnue Joyiny |ANHH 1duosnue Joyiny |IANHH

1duosnuey Joyiny |NHH

Herrmann et al.

Page 4

After the transition to the reversed conformation, VP5* does not dissociate, despite loss of
interactions between the foot and the surrounding VP6 and VVP7 trimers. The inward-facing
end of each of the three VP5* B-barrels contacts a set of loops in the adjacent VP7 through a
network of largely polar, side-chain interactions (Fig. 2a, right, and Extended Data Fig. 7).
VP8* remains associated with the particle, even after the transition (Extended Data Fig.
8a)19. On a TLP, the foot domain of VP5* includes, along its threefold axis, the initial ~16
residues of the VP4 polypeptide chain, two of which then connect outwards to the VP8*
lectin domains at the apex of the spike, while the third terminates at residue 27 (Fig. 2b,
left). As the foot unfolds and projects outwards along the threefold axis of the spike, the
three VP8* N-terminal segments must therefore remain trapped in the foot cavity, with the
connections to the two lectin domains emerging through a channel at the VP5*-VVP7
interface (Fig 2b, right). These emerging connections could in principle also participate in
the VP5*-VP7 contacts.

In an early cryo-EM study of rotavirus structure, Prasad and co-workers found that brief
incubation of RRV at pH 11, followed by return to pH 8, caused an apparent collapse of the
spikes into three, symmetrically disposed, protuberances!®. We repeated their protocol with
both native TLPs and wild-type VP4 rcTLPs and found that exposure to pH 11 had induced
nearly complete transition to the reversed conformation described above (Extended Data Fig.
8b). Thus, the protuberances described in the earlier work were the three B-barrel domains
seen at low resolution (see also Supplementary Discussion).

Trapping a potential intermediate

The conformational transition from upright (Fig. 1d, left) to reversed VP5* (Fig. 1d, right)
might plausibly proceed in two steps -- rearrangement of the p-barrel domains into a
threefold cluster followed by an eversion along the threefold axis of the rest of VP5*, in
which coiled-coil formation thrusts the unfolded foot domain outwards (Fig. 2b). We
screened a set of double cysteine mutants, designed to produce disulfide links within the foot
and hence to stabilize its folded structure, and obtained the most robust recoating from a
variant with cysteines at positions 567 and 590 in RRV VP4 (Fig. 3). Recoating DLPs with
the mutant protein (along with wild-type VVP7) yielded particles with infectivity 1600-fold
lower than wild-type VP4 recoated controls (Fig. 3a).

We analyzed by cryo-EM 3,607 rcTLPs bearing S567C-A590C VP4 spikes. After initial
icosahedral reconstruction, we classified the 216,420 VP4 positions (60 per virion) and
found the mature spike conformation (same as Fig. 1d, left), empty positions without VP4,
and a new class with three outward projecting p-barrel domains but no central, three-chain
coiled coil (Fig. 3b). Instead, the foot VP5* appeared to be firmly in place, with little or no
difference in structure, at the resolution we obtained, from the foot in wild-type rcTLPs
(Figs. 3b, c). The anchored VP8* N-terminal segments were present, but clearly
interpretable density did not extend beyond residue 16, where the three polypeptide chains
encountered the inward-facing ends of the VP5* B barrels (Fig. 2b).

When we treated the S567C-A590C VP4 rcTLPs briefly at pH 11 and reneutralized, we
found that most (69%) of the spikes were in the intermediate conformation (Extended Data
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Fig. 8c). The remaining 31% had converted to reversed trimers, probably because of
inefficient disulfide formation.

Spike rearrangement during cell entry

In previous work, electron cryotomography (cryo-ET) of RRV entering at the rim of BSC-1
cells, where they were thin enough for imaging, showed that the spacing between particle
and membrane at the virion-membrane interface could be either “loose” (~120 A) or “tight”
(~60 A)8. VP4 projections spanned the gaps in both cases; those spanning the wider gap had
about the length expected for the familiar “spike” conformation. We have now extracted
from more than 100 recent tomographic data sets individual sub-tomograms of nearly fully
engulfed particles and calculated icosahedral averages for each (Fig. 4a and Extended Data
Fig. 9). The “loose” engulfment appears to correspond to the spike contacts expected for
initial lectin contacts with glycolipid, even though the resolution of the icosahedral average
is not sufficient to show the contacts directly. The “tight” engulfment corresponds closely to
our expectation from Fig. 1d (right): the volume occupied by the foot in the unrearranged
structure is empty and the gap between the VP7 surface and the membrane would place the
VP5* hydrophobic loops at the surface of the bilayer, with the extruded foot apparently
embedded in the membrane. We infer that the transformation we have detected on the
surface of virions /n vitro also occurs during cell entry as a key step in delivery of the DLP
into the cytosol.

Discussion

A transition of VP4 from upright to reversed conformation requires the following steps (Fig.
4b): separation of the VP8* lectin domains from the tips of the twofold clustered, VP5* p-
barrel domains; outward flip of the third VP5* B barrel and formation of a p-barrel trimer;
unfolding and outward projection of the foot domain by zippering of the central, three-
strand, a-helical coiled coil. Formation of the observed p-barrel trimer requires that the
lectin domains dissociate from the tips of the B barrels, but they remain tethered to the
particle by the long N-terminal segment of VP8* (VP8* a + VVP8* linker, Fig. 4b). Even
after the foot has unfolded, the two complete VP8* fragments do not dissociate (Fig. 2b
right and Extended Data Fig. 8a)1°.

VP5* in its reversed conformation remains bound on the virion through contacts with three
of the six VVP7 subunits that surround it (Fig. 2a right and Extended Data Fig. 6a and 7); the
same contacts are present in the structure of the “foot-locked” mutant (S567C-A590C VP4).
A smooth transition from foot-locked to reversed VP5* is possible, because adjacent B
barrels have no direct contact in the former structure, and unfolding and outward projection
of the foot can occur without dissociation (Extended Data Fig. 6b). The foot-locked structure
is therefore a plausible representation of an intermediate in the overall conformational
change (see Supplementary Discussion).

The subtomogram averages in Fig. 4a show that the molecular rearrangements we see /n
vitro correspond to events occurring during virus entry. The absence of density in the foot
cavity supports our proposed function for the conformational change. The very low
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infectivity of particles recoated with foot-locked VP4 indicates that complete rearrangement
is necessary for virion penetration.

Figure 4b suggests how the findings reported here might map onto the sequence of events
during cell entry derived from live-cell imaging experiments®16:20_ Steps in that cell-entry
sequence are membrane interaction, invagination, engulfment, Ca2* loss, VP4 and VP7 loss,
DLP release (Fig. 1b). Membrane deformation requires more free energy than simple
attachment; interaction of the VP5* hydrophobic loops with the membrane bilayer may be
necessary for the observed “wrapping” (Fig. 4a center). The hydrophobic-loop interaction
might initially occur through the two p-barrel domains that project in the spike
conformation. Spontaneous fluctuations could generate local dissociation of the VP8* lectin
domains (arrows in Fig. 4b, left), allowing the adjacent membrane to capture the
hydrophobic loops of the two B-barrel domains that project in the spike conformation.
Transition to a state resembling the foot-locked (intermediate) structure could then ensue
(Fig. 4b, center), followed by unfurling of the foot, formation of the coiled-coil, and
interaction of the foot with the target membrane (Fig. 4b, right).

During entry, at least two distinct regions of VP5* interact with the lipid bilayer of the
target-cell membrane: the hydrophobic loops exposed by VVP8* lectin-domain dissociation
and the foot translocated outward by the conformational change described here. Determining
how multiple local perturbations, each introduced by insertion of three foot regions into the
target membrane, promote longer-range disruption (“perforation”: Fig. 1b) and DLP release
will require high-resolution visualization of the inserted foot regions.

Like other non-enveloped animal viruses with dSDNA or dsSRNA genomes, rotaviruses
penetrate by delivering a modified but still assembled particle into the cytosol. The
structures described here define more closely than yet achieved for other dSRNA or dsDNA
viruses, how rotaviruses deliver a very large, macromolecular “payload” into a cell. The
molecular description of the rotavirus delivery mechanism, and of those of other viruses that
insert a modified virion or subviral particle into the cytosol, can inform efforts to design
delivery vehicles for biologicals with cytosolic targets.

Data reporting

No statistical methods were used to predetermine sample size. The experiments were not
randomized and the investigators were not blinded to allocation during experiments and
outcome assessment.

Cells, plasmids and constructs

MAZ104 cells (ATCC) were cultured in M199 media (Invitrogen) supplemented with 25 mM
HEPES and 10% HI-FBS (Invitrogen). BSC-1 cells (ATCC) were cultured in DMEM
(Invitrogen) supplemented with 10% HI-FBS (Invitrogen). For VP4 and VVP7 expression,
full-length genomic sequences from rhesus rotavirus (G3 serotype, NCBI:txid444185) were
amplified by PCR and cloned into pFastbac (Thermo Fisher Scientific) expression vector.
Mutations were introduced by quick-change mutagenesis in DH10a cells (Thermo Fisher
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Scientific). Purified plasmid constructs were transfected into DH10-Bac cells (Thermo
Fisher Scientific). Purified bacmids were transfected into SF9 cells (ATCC) grown in SF900
Il SFM media supplemented with 1% pen-strep.

Rhesus rotavirus (RRV) TLP/DLP production and purification

MA104 cells were grown to confluency in 850-cm? roller bottles, followed by exchange of
medium to M199 supplemented with 1 pug/ml trypsin (Gibco). Cells were infected with
trypsin activated RRV particles (G3 serotype) at a multiplicity of infection (MOI) of 0.1 and
incubated for 24 h. Media and cell debris were collected and frozen for storage at —80 °C.
Virus in thawed supernatants was concentrated by ultracentrifugation (225,500 g, 30 min),
added to thawed cell debris pellets (which contain most of the virus), and extracted by
sonication with Freon-113 as described?1.22, The aqueous phases of three successive rounds
of Freon extraction were combined, and TLPs were separated from DLPs by cesium chloride
gradient centrifugation. TLPs were dialyzed twice against 2 liter of 20 mM Tris-HCI pH 8.0,
100 mM NaCl, 1 mM CaCl, (TNC) and DLPs twice against 2 liter of 20 mM HEPES, pH
7.4, 100 mM NaCl (HN). Concentration of purified virus was determined by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) densitometry of VP6 bands against
standards of DLP stocks ranging from 0.1 to 1.0 mg/ml.

Expression and purification of VP4 and VP7

Recombinant VP4 and VVP7 were expressed in SF9 insect cells, using the Bac-to-Bac
expression system as described previously23-24, In brief, insect cells at 2 million cells/ml
were infected with baculovirus inoculum passaged three times in SF9 cells. For VP4, cells
were harvested 72 h post infection and resuspended in 100 ml lysis buffer (75 mM Tris-HCI
pH 8.0, 100 mM NaCl, 5 mM EDTA, 7.5 % glycerol). After freeze thawing, cells were lysed
in a Dounce homogenizer and the homogenate cleared by centrifugation (70,409 g, 30 min).
VP4 was purified from the cleared supernatant by ammonium sulfate precipitation followed
by hydrophobic interaction chromatography (Phenyl FF column) and anion exchange
chromatography (Q sepharose Column)2®. Final purification was on a size exclusion
chromatography column (S200) equilibrated in HNE (20 mM HEPES pH 7.3, 100 mM
NaCl, 1 mM EDTA). Pure VP4 was concentrated to 5 mg/ml, flash frozen with liquid
nitrogen, and stored at —80 °C. For VP7, cells were removed from media 72 h post infection
and the supernatant was loaded onto a ConcavalinA resin. After elution with a-methyl-
mannose, protein was adsorbed to a resin with immobilized M159 antibody26 (5 mg per ml
of Protein G Sepharose resin) and eluted with HNE1®. Fractions containing VVP7 were
pooled and concentrated to 3 mg/ml, flash frozen with liquid nitrogen, and stored at —80 °C.

Recoating of RRV DLPs

Recoating DLPs with VP4 and VP7 to form rcTLPs followed previously described
protocolsi®. In brief, 1 M sodium acetate (pH 5.2) was added to a volume of DLP resulting
in a final concentration of 100 mM sodium acetate. VP4 was added to a final concentration
of 0.9 mg/ml (~33-fold excess) and the mixture incubated at room temperature for 1 h. VP7
was then added in 2.3-fold excess along with a final addition of sodium acetate and CaCls to
maintain their respective concentrations of 100 MM and 1 mM. The mixture was incubated
at room temperature for 1 h, and recoated particles were separated from excess components
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by ultracentrifugation (112,000 g, 30 min). Pellets were resuspended in 150 pl of TNC,
additional TNC was added to a final volume of 1 ml, and centrifugation repeated. Final
pellets were resuspended in 50 pl of TNC.

Infectivity assay of TLPs and rcTLPs

Titers and particles to focus-forming unit (FFU) ratios for TLP and rcTLPs were determined
by infectious focus assays as previously described!, and specific infectivities were derived
from concentration measurements based on densitometry of a Western blot using a primary
antibody specific for VP6 (antibody 2B4, Santa Cruz Biotechnology, 1:4000 dilution). We
determined the relative amounts of VVP5* by Western blotting of 144 ng of purified particles
with antibody HS227 (1:5000 dilution) in combination with horseradish-peroxidase (HRP)-
coupled goat anti-mouse 1gG (1:5000 dilution).

pH shift experiments with TLPs and rcTLPs

RRV particles were incubated with 5 ug/ml trypsin for 30 min at 37 °C and the reaction was
quenched by addition of 1 mM phenylmethylsulfonyl fluoride (PMSF). pH induced
conformational change was achieved by adding a 0.83 M N-cyclohexyl-3-
aminopropanesulfonic acid (CAPS) buffer at pH 11.0 to a final concentration of 100 mM.
As a control, we used 100 mM of Tris-HCI pH 8.0. Samples were incubated for 30 min at
room temperature and neutralized to pH 8.0 by addition of 1 ml of TNC (20 mM Tris-HClI,
100 mM NaCl, 1 mM CacCly). Viral particles were pelleted in a TLS 55 rotor (50,000 rpm, 1
h, 4 °C). Supernatants were removed and the pellets were resuspended in 50-80 ul TNC.

VP8* fractionation and detection by Western blotting

We digested 12 pg of TLPs with 5 pg/ml trypsin in a total volume of 12 pl for 30 min at 37
°C. Trypsin was quenched by adding 0.6 pl of aprotinin and 1.2 ul of PMSF to final
concentrations of 2 pg/ml and 1 mM, respectively. We shifted the pH by adding 1.2 pl of 1
M CAPS buffer at pH 11.0 (or 1.2 pl of 1 M TRIS pH 8.0 for the control samples),
incubated the samples for 30 min at room temperature, and re-neutralized them by adding 1
ml TNC (20 mM Tris-HCI pH 8.0, 100 mM NaCl, 1 mM CacCl,) or 1 ml TN2E (20 mM
Tris-HCI pH 8.0, 100 mM NaCl, 2 mM EDTA). We monitored pH shift and re-neutralization
by pH strips. Samples were then incubated for 30 min at 37 °C to promote uncoating of
TLPs. TLPs and uncoated DLPs were then pelleted in TLS 55 rotor (50,000 rpm, 1 h, 4 °C),
resuspended in 1 ml buffer and pelleted again (50,000 rpm, 1 h, 4 °C). We carefully removed
the supernatants and resuspended the pellets in 50 pl either TNC or TN2E. We analyzed 10
ul of each sample by SDS-PAGE and silver staining, and also by SDS-PAGE and Western
blotting with the VVP8*-specific antibody HS127 (1:500 dilution of mouse HS1 ascitic fluid
and 1:5000 dilution of HRP-coupled goat anti-mouse 1gG).

Sample preparation for single particle electron cryomicroscopy (cryo-EM)

2.5 pl of RRV rcTLPs or TLPs at concentrations between 1 and 2 mg/ml were treated with 5
ug/ml trypsin at 37 °C for 30 min, after which trypsin was inactivated with PMSF at a final
concentration of 1 mM. The trypsin-treated particles were then incubated with 2.5 ul TNC
for a further 30 min at 37 °C, followed by application of 4 ul to a C-flat holey carbon grid
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(Electron Microscopy Science), blotting, and freezing with a CP3 plunge freezer (Gatan).
The efficiency of the spike transition at pH 8.0 from upright to reversed was noticeably
higher for rcTLPs than for authentic TLPs. We therefore used the former to generate
samples for electron microscopy of pH 8.0 incubated particles. Because expression and
purification of recombinant VP4 and VVP7 involve quite different conditions than does virion
propagation, we have not tried to track down the source of the difference. Previous structural
studies show no significant structural differences, and specific infectivity of the rcTLPs is
sometimes even higher than that of authentic virions.

Single particle cryo-EM and data processing

Vitrified grids were imaged with a Tecnai Polara F30 microscope (FEI/Thermo Fisher
Scientific) operated at 300 kV and images recorded with a Gatan K2 direct electron detector.
Movies of rotavirus particles were taken with an exposure time of 10 s and 0.2 s/frame (50
frames) using a physical pixel size of 1.231 A in counting mode. Movies were motion
corrected with MotionCor2 (5x5 patch alignment)28. We used Gautomatch for viral particle
picking with template projections obtained with EMAN22° from a previous
reconstruction30, For automatic particle picking, the angular sampling was 3° and the low-
pass filter cutoff 40 A. We determined the contrast transfer function (CTF) parameters using
Getf3! from total-summed images. We fitted defocus and astigmatism parameter at
individual particle coordinates and used relion_preprocess32 for particle extraction. We
aligned the rotavirus particle images and calculated reconstructions with cisTEM (refine3d
version 1.01, reconstruct3d version 1.02)33 as described previously30. We imposed
icosahedral symmetry in setting 12 for alignment and reconstruction and used a spherical
shell mask for the reference with an inner radius of 222 A, and an outer radius of 403 A
(corresponding to the VP2, VP6, and VVP7 protein layers of the TLP). After the initial
alignment, we used relion_motion_refine and relion_ctf refine in order to obtain a polished
particle stack and parameters for beam-tilt correction, respectively34, and carried out a
second round of alignment with cisTEM. The Fourier shell correlation (FSC)-based
resolution estimates for density within the spherical shell were 3.1 A for the wild-type
rcTLP reconstruction and 3.9 A for the S567C-A590C rcTLP reconstruction (Extended Data
Table 1).

Local reconstruction of VP4 structures

We used subparticle image analysis for local reconstructions and classification of VP4
structures (Extended Data Fig. 2). Similar to what we previously described for structure
determination of the VVP1 rotavirus polymerase30:35, we used signal subtraction of non-VP4
proteins (except a single \VP7 trimer) with relion_project. We extracted subparticle images
(corresponding to the location of VP4 proteins) based on the icosahedral alignment from the
original polished, and signal-subtracted particle stacks using IMOD36. We used the
programs refine3d (version 1.01) and reconstruct3D (version 1.02) from cisTEM for
subparticle classification. We kept the subparticle alignment parameters constant during
iterative classification (40-80 cycles); the high-resolution limit for classification was 8 A;
and we 3D-masked the references with a single mask encompassing volume of all VP4
conformations and a single adjacent VVP7 trimer. Per-particle weighting in the reconstruction
step was essentially turned off by setting the BSC parameter to 0.0. After classification, we
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calculated final maps for each class from non-signal-subtracted particle stacks and applied
standard postprocessing steps. As classification reduced the number of particles per class
compared to the icosahedral reconstruction (with 60-fold averaging), the final resolution of
the local reconstructions was slightly lower, ranging from 3.3 to 4.3 A resolution (Extended
Data Table 1). FSC plots and local resolution analyses of the local reconstructions are shown
in Extended Data Fig. 3. Density for the VP8* lectin and the dimeric VP5* B-barrel domains
was poorly resolved in the upright spike conformation local reconstruction because of
flexibility at the base of the dimeric spike projection (Extended Data Fig. 3a). We therefore
improved this region of the map using alignment by classification. In this approach, we
iteratively classified without alignment (6 classes, 5 A high-resolution limit for
classification, 80 cycles, 3D mask encompassing the VP8* lectin and VVP5* p-barrel
domains), superimposed the maps of the classes, and updated particle alignment parameters
according to the 3D map alignment. The resulting 4 A-resolution map allowed us to model
the connection between the VP8* N terminus (located in the foot) and the peripheral VP8*
lectin domains.

Structure modeling, refinement and validation

Our atomic models consist of the trimetric VP4 spike protein (VP5* and VP8*) surrounded
by six trimers of VVP6 and VVP7 each (some of the VP6 and VVP7 subunits are related by
icosahedral symmetry of the virion). We initially placed subunits obtained from published
structures with PDB-I1Ds 4V7Q® and 1SLQ (in case of the VP5* reversed conformation)18
into our local reconstruction maps. We manually adjusted and completed the models using
the programs 037 and Coot38, and used phenix.real_space_refine3? for structure refinement.
We used standard stereochemical and B-factor restraints, as well as Ramachandran, rotamer,
and secondary structure restraints. Residues included in the models are summarized in
Extended Data Table 1. We validated the models with MolProbity“0. Model statistics are in
Extended Data Table 1. The refined structures show expected FSC values with the cryo-EM
maps (Extended Data Fig. 3). Close-up views of density map sections are shown in
Extended Data Fig. 4a. To locate structural changes between the upright and reversed
structures, we calculated per residue Ca distances after subunit-vise superposition of V4,
VP7, and VP6 subunits from the upright and reversed conformation structures (Extended
Data Fig. 4b).

Sample preparation for electron cryotomography (cryo-ET)

BSC-1 cells, grown on gold grids and incubated with rotavirus TLPs, were plunge frozen for
cryotomography as previously described®. In brief, Quantifoil gold grids (EMS Q250-AR2)
with a holey carbon film (R2/2, 200 mesh) were glow discharged at —40 mA for 30 sec,
coated with 0.1% poly-L-lysine hydrobromide (Sigma P1524-25mg), and sterilized with
70% ethanol for 10 min. BSC-1 cells were cultured on these grids in DMEM with 10% FBS
and 1x Glutamax at 37 °C and 5% CO, in a 35 mm diameter glass bottom dish (MatTek,
P35G-1.5-14-C) for 24 h prior to inoculation. Grids were then washed by aspirating the
medium from the dish and replaced it with MEM a (Gibco 41061-029) buffer at 37 °C. This
process was repeated (with a total amount of about 2 ml buffer) until the buffer remained
clear. Grids were then transferred to glass light microscope slides covered with Parafilm.
Just before inoculation, the virus was activated using trypsin stock solution 50 pug/ml in TNC

Nature. Author manuscript; available in PMC 2021 July 22.



1duosnue Joyiny |ANHH 1duosnue Joyiny |IANHH

1duosnuey Joyiny |NHH

Herrmann et al.

Page 11

(pH 8.0) at 37 °C for 30 min. After diluting the activated virus 1:5 or 1:10 in MEM a, 5 pl
of the solution were immediately added to the cells at 37 °C for inoculation. The grids were
then incubated at 37 °C for a time between 5 and 45 min, before removing the buffer by
blotted the grid from the edge with filter paper while simultaneously adding 5 pl of
concentrated, BSA-coated 10 nm colloidal gold (Sigma-Aldrich)*L. Grids were then blotted
from the front with filter paper for 7-8 s and plunge-frozen in liquid ethane using a manual
plunge-freezing device. The frozen grids were stored in liquid nitrogen.

cryo-ET and data processing

Vitrified grids were imaged using a Tecnai F30 transmission electron microscope (FEI/
Thermo Fischer Scientific) equipped with a field emission gun operating at an accelerating
voltage of 300 kV, GIF2000 post column energy filter (Gatan) operated in zero loss mode
with a 20 eV slit width, and a 2kx2k charge-coupled device camera (Gatan). The cells were
screened in low dose mode for areas of interest, i.e. areas that contained virus particles
interacting with the edge of BSC-1 cells that were thin enough for cryo-ET imaging (up to
300 nm thick). In each area of interest, a single-axis tilt series was recorded in low dose
mode using the microscope control software SerialEM#2. The sample was tilted over a range
of about —65° to +65° with 1.5-2.5° increments. The total accumulated electron dose per tilt
series was limited to ~100 e/A2. The defocus was —6 pm to -8 pm and the pixel size was
1.077 nm or 0.986 nm, respectively. The software program IMOD*3 was used for fiducial
alignment of the tilt series images and tomogram reconstruction using weighted back
projection. We analyzed virions from 90 raw cryo-tomograms by extracting virus-particle
subtomograms with a box size of 150x150x150 pixels. We contrast-inverted and normalized
the extracted viral particle subtomograms, and 3D-aligned them to a low-pass filtered
reference using e2spt_classaverage.py and e2spt_extract_align.py from EMAN?2 (version
2.2)*. At this stage, subtomographic viral densities were oriented in standard 14 icosahedral
symmetry setting, which allowed us to i) calculate an icosahedral density average for each
particle by just applying icosahedral symmetry, ii) extract sub-subtomograms at individual
spikes positions, or iii) average selected subtomograms (individual viruses) or sub-
subtomograms (individual VP4 trimer positions) (Fig. 4a and Extended Data Fig. 9).

Figure preparation

We prepared the figures with PyMOL (The PyMOL Molecular Graphics System, Version
2.1 Schrédinger, LLC), POV-Ray (www.povray.org), and matplotlib®>. We retrieved
rotavirus sequences from GenBank“6 with BioPython?’, aligned them with MAFFT“8, and
used ESPript4? to display the multiple sequence alignments of VP4 (Supplementary Data 1),
VP7 (Supplementary Data 2), and VP6 (Supplementary Data 3). Serotypes and genotypes
were compiled from published studies®®-53,
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Extended Data

a TLP DLP b wt rcTLP
trypsin digestion
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+ EDTA Trypsin - + 4+ o+
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Extended Data Fig. 1 |. Sample preparation and cryo-EM data collection.
a, Schematic protocol for recoating of double-layer particles (DLPs) with recombinant VP4

and VVP7. b, Time course of wild-type recoated triple-layer particles (wt rcTLPS) trypsin
digestion with 5 pg/ml trypsin at 37 °C. Samples were analyzed after the shown incubation
times by sodium dodecy| sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). The
experiment was repeated independently two times with similar results. For gel source data,
see Supplementary Fig. 1. ¢, Representative micrograph (aligned and summed movie
frames) of wt rcTLPs recorded with a Polara F30 electron microscope equipped with a K2
summit detector (magnification = 40650). The scale bar corresponds to 100 nm. d, Power
spectrum of the micrograph shown in c.
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1. 3D aligment 2. Signal subraction 3. Sub-particle extraction
Icosahedral symmetry Excluding VP4 volume Updated aligment parameters

5. Sub-particle classification
3 classes / without alignment

7. Postprocessing
sharpening, generate model

Upright Reversed Empty ‘

Extended Data Fig. 2 |.
Data processing workflow for local reconstructions of rotavirus spike proteins.
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T T T T Local resolution (A)
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Extended Data Fig. 3 |. Resolution analysis of thelocal cryo-EM reconstructions.
Left, Fourier shell correlation (FSC) curves for the reconstructions and refined models

calculated with phenix.mtriage®*. Correlations for the two half maps are shown as solid blue
lines after applying a mask encompassing the models. Correlations between the refined
model and final map are shown as red solid lines. Nominal resolution estimates at
conventional FSC values are indicated by arrows. Right, local resolution of the
reconstructions calculated with ResMap®®. a, Upright conformation. Dashed lines (left) are
the FSC analysis for the reconstruction of the distal VP5*/\VVP8* dimeric density that was
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obtained through alignment by classification (see Methods). The inset (right) shows the local
resolution of this reconstruction. b, Intermediate conformation. ¢, Reversed conformation.
For source data of the FCS plots, see Supplementary Data 5.

Sy e .y
STk

GO
A SINY-
VA

1
£
(7T

b  Ca atom distances between upright and reversed conformations

Ca distance (A) Ca distance (A)

Ca distance (A)

160
120 A

80
40

0_
16

@ = o -
m o v o o & ® N
1 1 1 1 1 1 1 1

[ o
o

VP4 (residues 248—522) Coiled-coil (c-c) of the revsered conformation |—s

Long B hairpin

(N terminus of the B-barrel domain |

2

VP7

=]
o
% <«—N-terminal loop of chains b and g|

VP6

T Ll L Ll 1 L L T T 1
50 100 150 200 250 300 350 400 450 500 550
Residue number

Extended Data Fig. 4 |. cryo-EM density and structure comparison.
a, Close-up views of representative regions of the cryo-EM density maps obtained by local

reconstruction. Density is shown as gray mesh; polypeptide-chain backbone as ribbon; side-
chain atoms as sticks (carbon, black; nitrogen, blue; oxygen, red; sulfur, orange). b, Per-
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residue Ca distances after subunit-vise superposition of V4, VP7, and VVP6 subunits from
the upright and reversed conformation structures.

Sample _ Upright - Reversed Empty

wt rcTLP
874,740 subparticles
(507,380 VP4 occupied)

197,758 subparticles 314,622 subparticles 367,360 subparticles
(39 % of total VP4) (61 % of total VP4)

native TLP
145,800 subparticles
(123,194 VP4 occupied) \ﬁ

103,150 subparticles 20,047 subparticles 22,606 subparticles
(84 % of total VP4) (16 % of total VP4)

Extended Data Fig. 5|. Comparison of penetration protein conformationson rcTLPsand native
TLPs.

Relative subparticle amounts, and corresponding cryo-EM reconstructions obtained from
rcTLPs (top row) and native TLPs (bottom row). Local spike reconstructions of rcTLPs were
obtained from two cryo-EM samples prepared from two independent recoating reactions.
Local spike reconstructions of native TLPs were obtained from one cryo-EM sample.
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a VP8* (a- and lectin domains)  VP5* B-barrel domains VP5* coiled-coil VP5* foot-domains
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Extended Data Fig. 6 |. Rearrangements of the VP8* and VP5* penetration proteinsduring
transition from upright to rever sed confor mation on the virion surface.

a, Distinct domains of the VP8* and VVP5* spike proteins are colored separately to illustrate
their conformational change during transition from upright (top row) to reversed (bottom
row) conformation. Domains that were not observed in our cryo-EM maps because of
flexible attachment are drawn schematically. VP8*, magenta; VVP5*, red, orange and salmon.
b, Formation of the trimeric coiled coil and extrusion of the foot domains. Top row, close-up
views of the VP5* foot domain exit sites as observed in the intermediate conformation
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structure. A partially cut surface representation is shown. VP5*, red, orange and salmon;
VP7, yellow. The last modeled residues of the VP5* p-barrel domains, 482 (chain 1), 480
(chain 2), and 481 (chain 3), are located on the outside. The connections to the first modeled
VP5* foot domain residue, 494 (chain 1), 494 (chain 2), and 498 (chain 3), are indicated by
dashed lines (fuzzy density in the cryo-EM map). Arrows indicate a suggested mechanism
for foot domain reversal, involving zipping-up of the trimeric coiled-coil and unfolding and
extrusion of foot domain residues. Bottom row, proposed transition from the intermediate
structure (left) to the reversed structure by “zipping up” of the coiled coil and unfolding and
extrusion of the foot domains.

a VP5* - VP7 interfaces / reversed conformation

5* - VP7 interfaces / upright conformation

Extended Data Fig. 7 |. Molecular details of the VP5*-VP7 interfacesfor the upright and
rever sed conformations.

VP5*, salmon; VP7, yellow. a, VP5*-VP7 interface for the VP5* upright conformation. b,
VP5*-VP7 interface for the VP5* reversed conformation. The following VP5* interface
residues are conserved (Supplementary Data 1): N268, N376, R467, S469. The VP5* B-
barrel N terminus (residues 248-250) is not strictly conserved, however, the interaction is
based on main-chain hydrogen bonds and can likely be maintained for different side chains
as well. The following VP7 interface residues are conserved (Supplementary Data 2): S201,
T210, L172-Y175.
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a SDS-PAGE / silver stain SDS-PAGE / HS1 western blot

Untreated pH 8.0 pH 11.0 Untreated pH 8.0 pH 11.0

input pH8O +EDTA pH11.0 +EDTA input pHBO +EDTA PH110  +EDTA
VP — = == 130 kDa 130 kDa
;Lf — . —— = = =1 100 kDa
- 10kba
T — — — daine
VP6 —» |— —_ — — Ly

VPT —> ' '_ — - i 3540 :
g = VPg —» . s - -
b  Sample Intermediate Reversed Empty
wt rcTLP / pH 8.0

204,708 subparticles
(76,176 VP4 occupied)

47,561 subparticles 28,617 subparticles 128,602 subparticles
(62 % of total VP4) (38 % of total VP4)

wt rcTLP / pH 10.7
277,320 subparticles
(151,640 VP4 occupied)

151,642 subparticles 125,680 u particles
(100 % of total VP4)

c Sample Upright Intermediate Reversed Empty

S567C-A590C
rcTLP /pH 8.0
204,480 subparticles \'
(204,480 VP4 occupied)

116,868 subparticles 87,612 subparticles
(57 % of total VP4) (43 % of total VP4)

S567C-A590C
rcTLP / pH 10.7
266,640 subparticles
(194,880 VP4 occupied)

134,777 subparticles 60,103 subparticles 71,760 subparticles

(69 % of total VP4) (31 % of total VP4)

Extended Data Fig. 8 |. Inducing penetration protein reversal at alkaline pH and VP8*
association with TLPs.

a, Analysis of rotavirus particles without (lanes 1 and 2) and with (lines 3 and 4) pH-induced
conformational change of VP8*/VVP5*, and without (lanes 1 and 3) and with (lanes 2 and 4)
EDTA-induced uncoating. Pelleted fractions were analyzed by SDS-PAGE and silver
staining (left) and by Western blotting with the VP8*-specific antibody HS127 (right) (see
Methods). The experiment was repeated independently three times with similar results. For
gel and Western blot source data, see Supplementary Fig. 1. b, Relative VP4 subparticle
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amounts, and corresponding cryo-EM reconstructions obtained from wild-type (wt) rcTLPs.
¢, Relative VP4 subparticle amounts, and corresponding cryo-EM reconstructions obtained
from S567C-A590C rcTLPs. Recoating reactions for all samples were carried out at the
same time and with the same VP7 and DLP stock solutions. All cryo-EM samples were
prepared in the same blotting session.

Cryo-ET reconstruction (class1) Cryo-ET reconstruction (class 2)

Upright conformation Reversed conformation

Extended Data Fig. 9 |. Cryo-tomographic (cryo-ET) analysis of RRVsentering BSC-1 cells.
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a, Sections of the tomogram from which the reconstructions (icosahedral average of single
virion subtomograms) in Fig. 4a were obtained. Left, virus with “loose” membrane contact
indicated by an arrow. Right, virus with “tight” membrane contact indicated by an arrow.
Images were low-pass filtered and contrast enhanced for display. Scale bar corresponds to
100 nm. b, Tomographic slices of manually selected viruses (not including particle in panel
a) from several tomograms with tight membrane contacts (yellow arrowheads). Images were
low-pass filtered and contrast enhanced for display. Those particles were selected to detect

VP4 reversed conformations in additional viruses (other than particle in Fig. 4a). ¢, Sub-
subtomogram classification of VP4 positions extracted from the RRV particles shown in
panel b yielded a class (left) with the upright conformation and a class (right) with the
reversed conformation. VP4 positions were extracted from 26 selected particles chosen to
have an easily identified region of close membrane contact. The particle shown in Fig. 4a
was excluded from this selection. Note that the reconstructions shown in Fig. 4a are from
single particles with imposed icosahedral symmetry, whereas we show here classified
averaged individual volumes extracted at VP4 positions.

Extended Data Table 1 |

Cryo-EM data collection and model statistics.

Upright conformation

EMD-21955 PDB-ID
6WXE

Reversed
conformation

EMD-21957 PDB-ID
6WXG

Intermediate
conformation

EMD-21956 PDB-ID
6WXF

wt rcTLP wt rcTLP S567C-A590C rcTLP
Data collection
Electron microscope Polara Polara
Magnification 40650 40650
\oltage (kV) 300 300
Defocus range (um) * 1.0-2.5 1.0-3.0
Pixel size (A) 1.23 1.23
I cosahedral reconstruction
Number of images 14432 3408
Box size (pixels) 1024 1024
Symmetry imposed | (setting 12) | (setting 12)
Map resolution (&) 7 31 3.9
L ocal reconstruction
Number of images 167147 252548 82008
Box size (pixels) 1 320 (264) 320 (264) 320 (264)
Symmetry imposed C, C, C,
Map resolution (&) $ 3.4 3.3 4.3
Sharpening B factor (A?) -124 -125 0.0
Model statistics
Modeled residues /
VP4 chain 1 2-224, 250-596, 605-776 248-522 2-16,260-482, 496-596,
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Upright conformation

EMD-21955 PDB-ID
6WXE

Reversed
conformation

EMD-21957 PDB-ID
6WXG

Intermediate
conformation

EMD-21956 PDB-ID
6WXF

wt rcTLP wt rcTLP S567C-A590C rcTLP
VP4 chain 2 1-224, 250-482, 488-598,  248-522 2-16, 260-480, 494-596,
606-776 607-776
VP4 chain 3 1-27, 261-494, 498-598, 248-522 2-16, 260481, 498-594,
606-776 606-776
VP7 chains a, h, q 57-315 57-315 57-315
VP7 chains b, g, i,j, m, p,r 55-326 55-326 55-326
VP7 chain ¢ 55-315 55-315 55-315
VP7 chains d, f, k, I, n, 0 51-315 51-315 51-315
VP7 chaine 55-314 55-314 55-314
VP6 1-397 1-397 1-397
Sugars 54 54 54
Ca?* ions 18 18 18
Refinement resolution (A) 3.4 33 43
CC (mask) 0.77 0.79 0.77
Model composition
Non-hydrogen atoms 111012 101709 107222
Protein residues 13952 12763 13466
Bfactors (A?)
Protein 294 18.0 184
R.m.s. deviations
Bond lengths (A) 0.004 0.004 0.004
Bond angles (°) 0.766 0.751 0.691
Validation
MolProbity clash score 3.8 3.8 3.3
Poor rotamers (%) 2.0 1.7 2.0
Ramachandran plot
Favored (%) 99.3 99.5 99.5
Allowed (%) 0.7 0.5 0.5
Disallowed (%) 0.0 0.0 0.0

*

Approximate range of underfocus.

fResqution where Fourier shell correlation (FSC) between half-maps drops below 0.143 after applying a spherical shell
mask (inner radius = 222 A, outer radius = 403 A).

1rPier number in parenthesis used during intermediate processing steps.

§

(VP5* and VP8*).
//Modeled amino-acid residues are given for each chain (full-length sequences: VP4, 1-776; VP7, 1-326; VVP6, 1-397).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1|. Rotavirusentry and cryo-EM structures of the penetration protein in upright and
rever sed conformations.

a, Overall structure of a rotavirus TLP. b, Schematic virus entry pathway derived from live-
cell imaging experiments®16:20, ¢, Domain organization of the VP8* and VVP5* proteins in
the upright (left) and reversed (right) conformations. Domains are labeled beneath the
primary structure. Residue numbers indicate termini and domain boundaries; a,, N-terminal
a-helical segment of VP8*; regions in grey, not detected (disordered) in the reversed-
conformation structure. d, Atomic models of upright (left) and reversed (right)
conformations of VP5* (and VVP8*) on the virion surface, from our cryo-EM reconstructions
of wild-type recoated RRV TLPs. VP5*, red, orange and salmon; VVP6, green; VP7, yellow;
VP8*, magenta. Some VP6 and VVP7 subunits omitted for clarity.
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Fig. 2|. Interactions of the penetration protein domains VP5* and VP8* with VP7 capsid
subunits.
a, Top views of the upright (left), intermediate (middle), and reversed (right) conformations.

VP5*, red, orange and salmon; VVP7 chains interacting with VP5*, yellow. Close-up views of
the interfaces are in Extended Data Fig. 7. Gaps between VP5* and VVP7 shell molecules that
allow for exit of VP5* foot domains are marked by blue dashed boxes. b, Side views of the
upright (left), intermediate (middle) and reversed (right) conformations. VP8*, magenta. In
the reversed structure (right), VP8* is shown schematically: no density for it was observed,
but biochemical data shows its presence.
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Fig. 3|. Infectivity and structure of TL Psrecoated with mutant S567C-A590C penetration
proteins.
a, Particle to focus-forming unit (FFU) ratios of TLPs, wt rcTLPs and S567C-A590C

rcTLPs determined as described in Methods. /7= 3 biologically independent experiments.
Error bars, mean + s.d. Statistics: one-way ANOVA with Tukey post hoc test. p < 0.0001 for
overall test (**** = p< 0.0001, ns = not significant). For source data, see Supplementary
Data 4. b, Structure of the foot-locked intermediate obtained from cryo-EM analysis of
S567C-A590C rcTLPs. VP5*, red, orange and salmon; VPG, green; VP7, yellow; VP8*,
magenta. ¢, Left, structural comparison of the VP5* foot domains from the upright
conformation of wt rcTLPs (red) and intermediate conformation of S567C-A590C rcTLPs
(grey). Right, structural comparison of VP5* pB-barrel domains from the reversed
conformation of wt rcTLPs (red) and intermediate conformation of S567C-A590C rcTLPs
(grey). d, Comparison of relative amounts of VP5* determined by Western blotting as
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described in Methods. Experiment repeated independently two times with similar results.
For Western blot source data, see Supplementary Fig. 1.
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Fig. 4|. Molecular rearrangements of the membrane-penetration protein during rotavirusentry.
a, Cryo-ET reconstructions of RRV entering at the thin edge of BSC-1 cells. Tomographic

analysis is shown for two viral particles that are representative for a “loose” (left) or “tight”
(right) virion-membrane (M) interface, respectively. In the close-up views of the
tomographic reconstructions, density is partially cut and shown in solid gray; protein
subunits of positioned atomic models are shown in ribbon representation and colored as in
Fig. 1. The scale bar in the tomographic slices (low-pass filtered and contrast-enhanced) is
50 nm. b, Model for VP5* and VP8* rearrangement and membrane-interaction; see
Discussion for details.
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