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Rotaviruses, major causes of childhood gastroenteritis, are nonen-
veloped, icosahedral particles with double-strand RNA genomes.
By the use of electron cryomicroscopy and single-particle recon-
struction, we have visualized a rotavirus particle comprising the
inner capsid coated with the trimeric outer-layer protein, VP7, at a
resolution (4 A) comparable with that of X-ray crystallography. We
have traced the VP7 polypeptide chain, including parts not seen in
its X-ray crystal structure. The 3 well-ordered, 30-residue, N-
terminal “arms” of each VP7 trimer grip the underlying trimer of
VP6, an inner-capsid protein. Structural differences between free
and particle-bound VP7 and between free and VP7-coated inner
capsids may regulate mRNA transcription and release. The Ca2*-
stabilized VP7 intratrimer contact region, which presents impor-
tant neutralizing epitopes, is unaltered upon capsid binding.
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he rotaviruses are a group of human and animal pathogens with

multilayered, nonenveloped, icosahedral virions containing the
11 segments of their dSRNA genomes (1). These viruses have an
unusual assembly pathway and a still more puzzling cell-penetration
mechanism, both of which require disruption of a cellular mem-
brane. During viral infection, an inner capsid particle [the so-called
“double-layered particle” (DLP)] assembles in the cytosol and buds
into the endoplasmic reticulum (ER), where it sheds its transiently
acquired membrane and gains a surface glycoprotein layer (1-4).
The resulting “triple-layered particle” (TLP) escapes from the
infected cell by an uncharacterized transport route thought to
bypass the Golgi apparatus (5).

The surface of a mature virion (Fig. 14) includes 2 protein
species—the VP4 spike protein, made in the cytosol, and the VP7
glycoprotein, made and acquired in the ER (1). A virally encoded
“ER receptor”, NSP4, mediates the budding step (6, 7); it is lost
from the assembling particle when VP7 displaces the transient
envelope. Both VP4 and VP7 display epitopes for neutralizing
antibodies (1). VP4 is the cell-surface receptor-binding protein (8)
that must undergo tryptic cleavage to acquire efficient infectivity for
susceptible cells. The cleavage generates an N-terminal, receptor-
binding fragment called VP8* and a C-terminal fragment called
VP5* (9). Cell penetration, which likely occurs in an endosomal
compartment, delivers the DLP into the cytosol of the new host cell.
Conformational changes in VP4 appear to mediate this process
(10). The DLP contains the viral polymerase, VP1; the viral capping
enzyme, VP3; and the genomic RNA, all enclosed by VP2 and VP6
(the 2 “layers” of the DLP). Without disassembly or further
uncoating, the DLP synthesizes, caps, and extrudes multiple copies
of the 11 mRNA species, some of which ultimately incorporate into
new DLPs and become templates for synthesis of the genomic
(-)-strand (reviewed in ref. 11).

The molecular structures of rotavirus particles and their
various components inform us about both the mechanisms at
each stage of the infectious cycle and the properties of ER and
endosomes that the virus exploits. We have described the
structure of the DLP determined by X-ray crystallography and
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single-particle cryo-EM (12), both at ~3.8-A resolution—a level
of detail suitable for tracing polypeptide chains. The crystal
structure of an isolated VP6 trimer has been determined by
others (13). The newly developed power of cryo-EM and com-
putational methods to achieve near-atomic resolution, as illus-
trated by our work on the DLP and by the work of others on
bacteriophage and plant viruses (14, 15), has prompted us to
extend our studies to particles that are even more difficult than
the DLP to crystallize—the DLP recoated with recombinant
VP7 (a particle we call “7RP”, for “VP7 recoated particle”) and
the virion itself. We describe the former structure here and
compare the structure of VP7 in the outer coat with the recently
determined crystal structure of VP7 complexed with the Fab
fragment of a neutralizing antibody (16). The cryo-EM structure
of the 7RP has allowed us to trace the VP7 N- and C-terminal
“arms,” disordered in the crystal structure, to describe confor-
mational changes in VP7 that accompany association with VP6,
and to analyze functionally significant differences between free
DLPs, which are transcriptionally active, and VP7-associated
DLPs, which are not. The structure shows that the VP7 N-
terminal arms make the principal contacts with the DLP as well
asimportant contacts between VP7 trimers. The results illustrate
that cryo-EM can achieve a resolution comparable to that of
X-ray crystallography, allowing de novo tracing of a polypeptide
chain and assignment of many side-chain contacts. These ad-
vances greatly expand opportunities for understanding large-
scale macromolecular assemblies.

Results

By use of the procedure recently applied to determine the
structure of the DLP (12), we calculated an initial density map
for the 7RP at a resolution of ~6 A (Fig. S1). Local averaging,
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Fig. 1. Rotavirus structure determined by cryo-EM. (A) Structure of the complete virion filtered at 25-A resolution. The segmentation of the structure is based
on reconstructions of the complete virion and the VP7-coated DLP and on published work of others (21-23). (B) Cryo-EM image of VP7-coated DLPs (7RP). (Cand
D) Regions of the VP7 density (filtered to 4.2-A resolution) corresponding to strands 2, 81, 83, and 811 and helix aB. (E) Domain organization of VP7 (17). Domain
I (light yellow) is a Rossmann fold; domain Il (dark yellow), a B-jelly roll. The N- and C-terminal extensions (gray) become ordered when VP7 associates with the
DLP. Numbers below the bar are those of the first residue in each segment. Disulfide bonds are indicated as residue numbers joined by lines across the top of

the bar. The signal peptide is 50 residues long. Numbering corresponds to rhesus rotavirus, serotype G3.

using the redundancy afforded by the 7" = 13 surface lattice,
enhanced the sharpness of the map and improved the estimated
resolution to ~5 A (Fig. S1). The axial location of individual
particles can vary between the top and bottom of the embedding
ice layer (the ice thickness for our preparations was measured as
120-150 nm). The uncertainty in practice was as much as 100 nm
(comparable with the particle diameter). Because an accurate
evaluation of the contrast transfer function (CTF), which de-
pends on axial position, is critical for correcting high-resolution
contributions of the signal, we investigated a procedure to
improve defocus parameters for individual particles, starting
with the estimate given by the CTFTILT computer program used
in our earlier work (12, 17). Because of the large mass of the 7RP
(=60 MDa), each particle produced sufficient contrast to allow
refinement of defocus (see Materials and Methods and SI Text).
After defocus refinement including data up to 9-A resolution,
the resolution of the resulting map improved to ~4 A (Fig. S1).
Samples of the map are shown in Fig. 1 C and D and in Fig. S2.

We interpreted the map with the aid of the atomic structure
of the DLP (12) and of a recently determined crystal structure
of VP7 in complex with the Fab from a neutralizing antibody
known as “4F8” (16). VP7 is a Rossmann-fold domain with N-
and C-terminal extensions (arms) and with a B-jelly-roll domain
inserted into a loop of the Rossmann fold (Fig. 1E). A Ca?*-
stabilized VP7 trimer caps each VP6 trimer in the DLP (Fig. 24).

Chen et al.

An interdomain conformational shift, with respect to its crystal
structure, accompanies VP7 binding to VP6 (Fig. 2 C and D).
The subunit flattens onto the VP6 surface; the B-jelly-roll
domain moves by ~8 A with respect to the Rossmann-fold
domain; the central helix (residues 149-161) gains an additional
N-terminal turn and shifts by ~3 A axially toward VP6. The
subunit-subunit interface within the VP7 trimer remains un-
changed. The latter contact is the position of the epitopes for a
number of neutralizing antibodies, including 4F8, as well as the
location of calcium binding sites. The differences between VP7
conformations in the 7RP and in the crystals would therefore not
affect our conclusions about how antibodies like 4F8 neutralize
viral infectivity (16). The 4F8 epitope is fully exposed on the 7RP
(and hence, by inference, on the virion), but the Fab arm of an
antibody bound to one such epitope would block access by a
second Fab (from the same or from a different IgG) to the
nearest equivalent site on an adjacent trimer. We recently
demonstrated that the Fab fragment of 4F8 neutralizes rhesus
rotavirus (16) and concluded that crosslinking of VP7 is not the
mechanism of neutralization. We can further conclude from the
modeling here that a substoichiometric number of anti-VP7 Fab
fragments is sufficient to block infection.

A more striking change in VP7, with respect to the crystal
structure, is the conformation of its N-terminal arm, which is
disordered in the crystal structure and presumably on free VP7.
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Fig.2. VP7 outer protein layer. (A) Structure of a VP6-VP7 heterohexamer,
derived from crystal structures of VP6 (green) (14) and VP7 (gold) (16), docked
into the cryo-EM density, and from the model built into cryo-EM density for
the N-terminal arm. Two of the three VP7 N termini forming tight interactions
with VP6 can be seen on the left and right side of the VP6 trimer. The red
square indicates the area shown in more detail in B. (B) VP7 N terminus
(residues 58-78) and corresponding cryo-EM density, showing its interaction
with VP6. Pro-58 and Asn-69 are labeled; the latter bears a glycan for which
density is present. Strands A’ and A” of VP6 are also labeled. The density
corresponding to residues 61-68 is weaker than in other parts of the map
because this part of the structure lacks a clearly defined secondary structure
and makes no contact with other parts of the structure. The map was filtered
at 4.5-A resolution to display a continuous density trace in this region. (C and
D) Conformational differences between bound VP7 (gold) and the VP7 crystal
structure (red) (16). The VP7 trimer is viewed from the outside of the virus
along its symmetry axis (C) and from the “'side”, normal to its symmetry axis
(D). The way in which the domain hinge displacement “flattens’’ the subunit
when the trimer binds VP6 is evident in the latter view. The alignment is based
on a superposition of the Rossmann-fold domains.

The arm includes residues 51-77; residues 1-50 are a long signal
sequence removed from the mature protein. We have followed
the polypeptide chain back almost to its N terminus and built a
full model (with side chains) from residue 58 to 77. The arm
extends away from the compact core of the VP7 subunit and
inward along the surface of a VP6 subunit so that, in a claw-like
configuration, the 3 arms of a VP7 trimer grip the VP6 trimer
beneath it (Fig. 2 4 and B). Residues 58—62 form a strand that
augments the A’A"BIDG B-sheet of the VP6 jelly roll (13), and
residues 72-78 form a 2-turn helix. There is clear density for the
glycan on Asn-69 (>1 sugar unit is clearly visible, see Fig. 2B and
Fig. S3). This carbohydrate moiety is recessed between VP6
trimers and not exposed on the virion surface. The contact point
of each arm with VP6 is close to the local 2-fold that relates 1
VPG6 trimer to its neighbor in the 7' = 13 lattice (Fig. 3). Near the
N terminus of the polypeptide chain, arms from VP7 trimers
related by the local 2-fold approach each other, and the N
termini probably interact (Fig. 3). Intertrimer contact of the
N-terminal arms would create some degree of continuity, and
potentially cooperativity, within the VP7 shell. The C-terminal
extension of VP7 (residues 313-325, which, like the N-terminal arm,
are disordered in the VP7:4F8 crystal structure) may also interact
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Fig. 3. Interface between 2 VP7 trimers. The interface is shown from the
outside of the virus (A) and from the “’side”’, normal to its symmetry axes (B).
The N-terminal arms between residues 58 and 78 are shown as red curves; the
approximate positions of the arms between residues 51 (the N terminus) and
57 are shown as dotted green curves, illustrating that the N termini may
contribute to intertrimer contacts.

across the local dyad with its counterpart from another trimer, but
most of its contacts appear to be within its trimer of origin.

The grip by the VP7 N-terminal arm accounts for nearly all of
the contacts between VP7 and VP6 (Table S1). The hydrated
interface between the outward-facing surface of VP6 and the
inward-facing surface of VP7 is devoid of protein interaction,
except for 1 pair of van der Waals contacts (between Pro-279 and
Thr-281 in VP7 and Pro-313 in VP6) and 1 side-chain hydrogen
bond (GIn-305 to Asn-310).

Most of the DLP remains unperturbed upon addition of VP7,
except for a distinct shift in orientation of the VP6 trimers
surrounding 5-fold positions and a smaller shift in their imme-
diate neighbors (Fig. 4). VP7 binding tilts these trimers (as rigid
bodies) toward the 5-fold Oaxis, decreasing the diameter of the
5-fold channel from ~25 A (DLP) to 20 A (7RP). Without the
tilts, VP7 could not cap the VP6 trimers in question without
colliding with neighboring VP7s. A similar shift in the VP6
trimers adjacent to the 5-fold channels has been observed at
lower resolution by comparing VP2-VP6 with VP2-VP6-VP7
recombinant particles (18) and by examining DLPs bound by
transcription-inhibiting Fabs (19, 20). Probably as a consequence
of the VP6 shifts, the tips of VP2, which converge around the
5-fold axis, move inward by ~5 A when VP7 binds, closing the
narrow pore through which nascent mRNA emerges. The con-
verse change—the opening of the 5-fold channels when VP7
uncoats— may be related to activation of RNA synthesis in the
DLP. In this way, a VP7 calcium “sensor” could transmit a signal
to the polymerase and capping enzyme complex to coordinate
the onset of transcription with entry into the host-cell cytoplasm.

In the virion, VP4 (when cleaved by trypsin to VP8* and VP5%,
anormal step in viral activation) projects from the 6 coordinated
positions in the 7 = 13 lattice that are adjacent to the 5-fold
positions (Fig. 14). The most prominent part of the spike has
strong 2-fold symmetry, but there is good evidence that the
complete spike contains 3 VP4 subunits (10, 21). The 2-fold
symmetric part appears as if cantilevered out over the edge of an
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Conformational differences between DLP and 7RP. The structures of
VP2 and VP6 docked into the 7RP cryo-EM density are shown in green whereas
the DLP structure (12) is shown in red. A narrowing of the central channel on
the icosahedral 5-fold axis and an inward movement of the VP2 and VP6 layers
inthe 7RP, compared with the DLP, are the principal differences. The VP7 layer
of the 7RP is not shown (for clarity); the green arrow indicates the “clamping
down” of the VP6 and VP2 layers that accompanies VP7 binding.

Fig. 4.

adjacent VP7, and the “foot” of the structure, anchored in the
VP6 layer and fixed in place by VP7, has 3-fold symmetry in
lower resolution reconstructions of virions (21, 22). The spikes
adopt this curiously asymmetric conformation only after tryptic
cleavage: Uncleaved VP4 is either more flexible or splayed out
against the VP7 shell (23). The arrangement of VP6 and VP7 in
the T = 13 icosahedral lattice is such that the different positions
and orientations of these neighbors around the local 6-fold axis
can determine the asymmetric orientation of the reorganized
spike after cleavage. In particular, the diagonal “cantilever” will
clearly pass across the tip of one of the surrounding VP7 trimers,
with potential contacts near one of the calcium sites.

Discussion

Several factors have contributed to the resolution of our 7RP
reconstruction, in addition to the alignment and stability of the
microscope and to the power and data storage capacity of the
computing cluster. The sample is homogeneous and stable. The
icosahedral symmetry affords robust initial determination of
orientation parameters for each particle (or class of particles),
independent of cross-correlation with others, and the icosahe-
dral symmetry and the 7 = 13 local symmetry effectively
increase the size of the dataset by 780-fold. Recording images on
photographic film preserves the high-resolution signal better
than using currently available electronic devices. Several features
of FREALIGN (24), notably the use of a weighted correlation
coefficient (25), appear to avoid overfitting and noise amplifi-
cation during refinement of the orientations and positions of
individual images. Finally, a newly introduced, restrained refine-
ment of image defocus and particle positions (see Materials and
Methods, SI Text, and Fig. S4) has improved the quality of the
final reconstruction.

The resolution we have obtained has been essential for
identifying the most striking and informative features of the 7RP
structure—the conformation and interactions of the VP7 N-
terminal arms. The arms are both adaptors, allowing preformed
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VP7 trimers to grip the underlying array of VP6 trimers, and
network formers, creating VP7 lattice contacts and generating
cooperativity. The latter property probably accounts for the
relatively sharp calcium dependence of uncoating (26) and for
the predominance of continuous patches of VP7 when rotavirus
DLPs are recoated with substoichiometric quantities of VP7
(27). The lattice contacts between N termini of adjacent VP7
trimers and the interactions between VP7 and VP6 together
contribute to the high affinity of VP7 trimers for DLPs, despite
the relatively weak trimerization of free VP7 even in calcium-
containing buffers (27, 28). Once bound to VP6, VP7 will uncoat
(under nondenaturing conditions) only when withdrawal of Ca?*
induces trimer dissociation.

Rotavirus appears to enter cells by a dynamin-dependent route
(29). There are no systematic measurements of calcium concen-
trations in various endosomal compartments, but conditions that
probably elevate intraendosomal calcium concentrations (increas-
ing the extracellular calcium reserve with CAEGTA or inhibiting the
endosomal H*-ATPase with bafilomycin A) block rotavirus infec-
tivity and a-sarcin coentry (30). This evidence suggests that a drop
in calcium concentration in an endosomal compartment is probably
a characteristic of the infectious route and an important trigger for
the molecular events that cause membrane penetration. Because
VP7 locks VP4 into the assembled virion, VP7 uncoating probably
precedes the VP5* conformational changes thought to mediate the
penetration step (10).

Enveloped intermediate particles accumulate in the ER dur-
ing rotavirus infection if VP7 expression is inhibited by siRNA
(31). Calcium depletion from the ER also causes the interme-
diates to accumulate, suggesting that VP7 must trimerize to
displace the transient membrane (32, 33). ER retention of VP7,
a prerequisite for these steps, requires both the VP7 signal
peptide and the first ~31 residues of the mature protein (34, 35).
The latter segment is precisely the N-terminal arm, shown here,
to grip VP6. Cleavage of the signal peptide occurs rapidly during
synthesis, and some noncovalent interaction between the signal
region and the N-terminal arm has been proposed as a retention
mechanism (36). These elements are also sufficient to retain a
heterologous, chimeric protein in the ER, even in the absence of
NSP4 (35). Thus, the retention mechanism, and perhaps the
membrane displacement mechanism, is likely to involve one or
more resident ER proteins, such as components of the translo-
cation channel or proteins associated with it.

Materials and Methods

Sample Preparation. Rhesus rotavirus VP7 was prepared as described previ-
ously (28). Bovine United Kingdom DLPs were also prepared as described (12,
37). The 7RPs were generated as described in ref. 28, with minor adjustments.
Briefly, we added VP7 trimers to DLPs in a 1.4:1 molar ratio (VP7:VP6) at 0.56
mg/mL in 50 mM sodium acetate (pH 5.2), 1 mM CaCl,, and incubated at room
temperature for 1 h. Particles were isolated by centrifugation at 288,000 X g
for 2 h (SW41 rotor, Beckman) and resuspended at 5 mg/mL in 20 mM Tris-HCI
(pH 8.0), 50 mM NacCl, and 2 mM CaCl,. Authentic TLPs were purified as
described in ref. 27.

Electron Microscopy and Image Processing. 7RPs were embedded in thin
vitreous ice on holey-carbon grids by plunge-freezing to ~90K. Single-particle
image data (Fig. 1B) were collected at 59,000 nominal magnification,
300keV beam energy on an FEl Tecnai F30 electron microscope. One-hundred-
forty-eight micrographs were recorded on Kodak ISO163 film, at a dose of ~20
e /A% and under defocus ranging between 1.2 um and 3.5 um. The micro-
graphs were digitized on a Zeiss SCAIl scanner at 7 um step-size, a scanning
resolution of 1.233 A/pixel after magnification calibration. From these micro-
graphs, 3,786 particles were selected by using the program SIGNATURE (38).
The defocus parameter of each particle was evaluated by the computer
program CTFTILT (17), which determines the specimen tilt axis, tilt angle, and
the image astigmatism, then assigns the CTF parameter for each particle
according to its location in the micrograph. These parameters were subse-
quently used in the computer program FREALIGN (24) for precise particle
alignment and density map reconstruction. A previously reconstructed EM
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density map of the DLP (12) was used as the reference for initial particle
alignment through a systematic search at 1 ° angular interval. The alignment
parameters were subsequently subjected to iterative refinement by using the
density map reconstructed from the previous cycle as the reference. For the
refinement, the density corresponding to the RNA genome was masked in the
reference structure to enhance the signal of the ordered part of the structure.
Although the 7RP and DLP particles differ in diameter by ~90 A (12% of the
DLP particle size), the well-ordered icosahedral symmetry substantially re-
duced misalignment and enabled rapid convergence in the refinement. To
improve the model resolution, particle images with defocus >3.0 um and
alignment phase residual in the bottom 10th percentile were not included in
the reconstruction. The resolution of the icosahedral reconstruction was ~6 A
as measured by the Fourier shell correlation (FSC) (5.5 A atFSC =0.143, 6.8 A
at FSC = 0.5; see Fig. S1).

In addition to the icosahedral symmetry, the rotavirus capsid contains T =
13 quasi-equivalence in the VP6 and VP7 layers. This 13-fold structural redun-
dancy can be harnessed in local averaging to further improve the density
resolution. Following the procedure implemented in the previous work on the
EM reconstruction of DLP (12), we conducted a local search to identify the
optimal transformation matrices for VP6 and VP7, respectively, in the 7RP EM
map. The 2 sets of transformations were found to be equivalent within
numerical error. Thus, the VP6 and VP7 trimers share the same 3-fold axis and
form a rigid capsomer that constitutes the middle and outer layers of the 7RP.
Local averaging extended the resolution of the map to ~4 A (4.2 A at FSC =
0.143,4.5A atFSC = 0.5; see Fig. S1). After sharpening with a negative B-factor
of 300 A2 (see Fig. S5) and figure-of-merit weighting (39), the map revealed
most of the backbone tracing of VP7 and its interaction with VP6. The FSC
resolution estimate used soft masks with a cosine edge (12). The maps were
low-pass filtered at 4.2-A (Fig. 1 C and D) or 4.5-A resolution (Fig. 2B).

We calculated a low-resolution structure of the complete virion from 4,187
particle images recorded on 110 micrographs and processed in the same way
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