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The structural protein VP6 of rotavirus, an important
pathogen responsible for severe gastroenteritis in
children, forms the middle layer in the triple-layered
viral capsid. Here we present the crystal structure of
VP6 determined to 2 AÊ resolution and describe its
interactions with other capsid proteins by ®tting the
atomic model into electron cryomicroscopic recon-
structions of viral particles. VP6, which forms a tight
trimer, has two distinct domains: a distal b-barrel
domain and a proximal a-helical domain, which inter-
act with the outer and inner layer of the virion,
respectively. The overall fold is similar to that of
protein VP7 from bluetongue virus, with the subunits
wrapping about a central 3-fold axis. A distinguishing
feature of the VP6 trimer is a central Zn2+ ion located
on the 3-fold molecular axis. The crude atomic model
of the middle layer derived from the ®t shows that
quasi-equivalence is only partially obeyed by VP6 in
the T = 13 middle layer and suggests a model for the
assembly of the 260 VP6 trimers onto the T = 1 viral
inner layer.
Keywords: capsid protein/crystal structure/icosahedral
virus/quasi-equivalence/rotavirus

Introduction

Rotaviruses are the leading cause of severe gastroenteritis
in humans, resulting in the death from dehydration of
>800 000 children annually throughout the world (Bern
et al., 1992). No protection has been available against this
pathogen since the withdrawal of the tetravalent vaccine in
1999 because of side-effects (Centers for Disease Control,

1999). Knowing the detailed architecture of the rotavirus
particles and understanding the assembly process can
provide a structural basis for the rational design of drugs
that interfere speci®cally with capsid assembly.
Rotaviruses are classi®ed into several serogroups (A±G)
(Estes, 1996) and form a genus in the Reoviridae family of
double-stranded RNA (dsRNA) viruses (Fields, 1996).
The genome is composed of 11 segments of dsRNA within
an icosahedral capsid formed by three concentric protein
layers (Estes, 1996). The virions lose their outer protein
layer during cell entry to become transcriptionally active
double-layered particles (DLPs) in which mRNAs are
synthesized and actively translocated through pores in the
capsid. Crystal structures of the transcriptionally compe-
tent units of two members of the Reoviridae family, the
orbivirus bluetongue virus (BTV) (Grimes et al., 1998)
and reovirus (Reinisch et al., 2000), have revealed their
complex architecture in atomic detail. For rotaviruses,
structural studies using electron cryomicroscopy (cryo-
EM) and computer image processing have provided a
structural description of the virion to ~20 AÊ resolution,
including the locations of the various proteins in the
different layers of the viral capsid (Yeager et al., 1994;
Prasad et al., 1996; Prasad and Estes, 1997). The
organization of the two layers in the rotavirus DLPs is
similar to that of the BTV cores, with a complete T = 13
layer containing 260 trimers of VP6 surrounding an inner
layer of lower symmetry made up of 120 copies of VP2
(Lawton et al., 1997b).

Protein VP6 plays a key role in the organization of the
virion, being in direct contact with both the inner and the
outer protein shells, thus acting as a physical adaptor
between two distinct biological functions of the virus, i.e.
cell entry (outer layer) and genomic RNA packaging
(inner layer) (Prasad and Estes, 1997). The presence of the
VP6 layer is necessary for transcription (Bican et al.,
1982), but the speci®c role of VP6 in this process is not
known. Nascent transcripts have been visualized by cryo-
EM emerging through the 5-fold pores formed by VP6 in
the DLPs (Lawton et al., 1997a). Monoclonal antibodies
against VP6 were shown to inhibit the transcription
process (Ginn et al., 1992; Petitpas, 1999) and to protect
mice from infection (Burns et al., 1996).

In this work, we used X-ray crystallography to deter-
mine the three-dimensional structure of VP6 from group A
rotavirus to 2 AÊ resolution. We analyzed the VP6
interactions in the viral capsid at the amino acid level by
®tting the atomic model into cryo-EM reconstructions of
the viral particle. The resulting pattern of lateral inter-
actions between VP6 trimers in the viral capsid shows that
quasi-equivalence is partially obeyed in the T = 13 layer
formed by VP6. Moreover, these results, combined with
those of the accompanying manuscript (Lepault et al.,
2001), suggest that the assembly of VP6 on top of the viral

Atomic structure of the major capsid protein
of rotavirus: implications for the architecture
of the virion

The EMBO Journal Vol. 20 No. 7 pp. 1485±1497, 2001

ã European Molecular Biology Organization 1485



inner layer proceeds from an initial strong interaction
between VP6 trimers at the 20 icosahedral 3-fold (I3) axes,
where the symmetry of the two protein layers match. The
VP6±VP2 interaction thus de®nes the correct geometry of
the viral particle, while the cohesion of the second layer is
ensured essentially by strong lateral inter-trimer VP6±VP6
interactions.

Results and discussion

Molecular architecture
The determination of the crystal structure is described in
Materials and methods and the crystallographic statistics
are listed in Table I. The VP6 trimer, depicted in Figure 1,
is an elongated molecule with a shape reminiscent of a

Table I. Crystallographic data and re®nement statistics

Crystal form 1 data collection statistics

Data set Resolution
limit (AÊ )

Rsym
a (%) Completeness

(%)
Redundancyb

(%)
<I/s>

Native 2.5 6.6 (10.8) 95.8 (89.7) 7.6 (2.9) 24.3 (10.7)
K2PtCl4 2.8 10.0 (28.1) 99.4 (99.8) 7.0 (3.8) 21.2 (6.9)
CH3HgCl 4.0 17.6 (27.7) 91.2 (95.2) 3.0 (3.0) 6.5 (4.2)
PCMBSc 3.45 8.1 (12.5) 98.5 (93.4) 6.2 (5.8) 16.8 (11.6)

Phasing statistics

No. of
sites

Resolution
limits (AÊ )

Rcullis
d

cent./acent./anom.
Phasing powere

cent./acent./anom.
Binding sites

K2PtCl4, 1 mM 4 15±3 0.84/0.83/0.79 1.0/1.3/1.5 Met295, Met300, Met342, Met394
CH3HgCl, 1 mM 3 15±4 0.90/0.91/0.98 0.89/1.1/0.68 Cys197, His316, Cys331
PCMBS, 1 mM 1 15±4 0.95/0.96/0.98 0.62/0.69/0.62 His316

Figure of merit

Resolution limit (AÊ ) 7.0 5.0 4.0 3.5 3.2 3.0
Centric 0.730 0.646 0.489 0.346 0.310 0.223
Acentric 0.511 0.480 0.327 0.182 0.181 0.154

Crystal form 2 data collection statistics

Data set Resolution
limit (AÊ )

Rsym
a

(%)
Completeness
(%)

Redundancyb

(%)
<I/s>

High resolution 1.95 7.2 (25.2) 98.3 (97.3) 7.1 (3.8) 15.6 (5.1)
Zinc edge 3 7.5 (16.5) 95.2 (96.5) 4.1 (3.9) 18.7 (11.6)

Re®nement statistics

Protein atoms 3163
Water molecules 266
Calcium ionsf 5
Zinc ionf 1
Chloride ion 1
R.m.s.d.

bond lengths 0.012 AÊ

bond angles 1.77°
main chain B 1.37 AÊ 2

Resolution range (AÊ ) 42±1.95 (all data)
R-factorg 0.186
Free R-factorg 0.216

Last shell values are given in parentheses.
aRsym = S|Ih ± <Ih>|/SIh, where <Ih> is the average intensity over symmetry equivalent measurements.
bRedundancy = number of measured data/number of unique data.
cPCMBS = 4-(chloromercuri)benzenesulfonic acid.
dRcullis = S||FPH 6 FP| ± FH|/S|FPH 6 FP|, where FP, FPH and Fh are the native, derivative and heavy atom structure factor amplitudes, respectively.
ePhasing power = S|Fh|/S||FPHobs| ± |FPHcalc||; anomalous phasing power = S|FH¢¢|/S||ADobs| ± |ADcalc||, where AD is the anomalous difference.
fBound metal ions: Zn2+, on the 3-fold axis at the center of the molecule (coordinated by H153 from each subunit and a Cl± ion); Ca2+ 1, on the 3-fold
axis at the top (coordinated through water molecules to N250 Nd and Y248 OH from the three subunits); Ca2+ 2, inside the big cavity at the base
(coordinated by D340 Od, main chain carbonyl 161 and ®ve water molecules; E134 and D337 coordinated through water molecules); Ca2+ 3, at crystal
contact (coordinated by D62 and Q47 from an adjacent trimer in the crystal, and three water molecules); Ca2+ 4, at crystal contact (coordinated by
D286 and N266 from two adjacent trimers in the crystal, and two water molecules); Ca2+ 5, at crystal contact (coordinated directly by E379 and
through a water molecule by D380 and Q383; coordinated directly by Q268 from an adjacent trimer in the crystal; and coordinated by ®ve water
molecules).
gR-factor = S||Fobs| ± |Fcalc||/S|Fobs|, where summation is over data used in the re®nement; free R-factor includes only 5% of data excluded from all
re®nements.
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tower, as has been noted in the description of cryo-EM
reconstructions of the DLPs (Prasad et al., 1996). The
molecule is 95 AÊ long, the base has a triangular cross-
section ~60 AÊ per side and the head has a roughly
hexagonal cross-section with a diameter of 45 AÊ . The three
subunits that form the VP6 molecule wrap around a central
3-fold axis with a right-handed twist.

The VP6 subunit
The polypeptide chain of VP6 is folded into two distinct
domains, shown in the ribbon diagram of Figure 2. The
overall fold exhibits two distinct domains. Domain B, at
the base of the molecule, consists of a bundle of eight
a-helices (aa±ah) derived from two segments of the
polypeptide chain. The ®rst segment, containing helices
aa±ae, is formed by the 150 N-terminal amino acids. The
second segment (residues 335±397 at the C-terminal end)
contains the remaining three helices. The connection
between helices ab and ac at the base of the trimer makes
a b-hairpin (ba±bb) that packs vertically against the side of
the molecule, forming the edges of a triangular prism at the
base of the trimer (see Figure 1, bottom). Domain H
(residues 151±334), at the top of the molecule, folds into a
b-sandwich with the jelly-roll, or b-roll, topology fre-
quently found in viral capsid proteins (Rossmann and
Johnson, 1989). This domain is an insertion between
consecutive helices ae and af of domain B. The CHEF
b-sheet lies in the outer, exposed side of the molecule,
whereas the BIDG sheet lies internally. The latter b-sheet
is augmented in VP6 by b-hairpin A¢A¢¢, N-terminal to
strand B. The connection between strands D and E forms
another b-hairpin, D¢D¢¢, running at almost 90° with
respect to the strands in the A¢A¢¢BIDG sheet and
participating in the packing between subunits in the
trimer. This domain thus has a three-layered structure,
with the six-stranded sheet A¢A¢¢BIDG in the middle,
sandwiched between the CHEF sheet and the D¢D¢¢
b-hairpin. Towards the base, strand I hydrogen-bonds to
the most N-terminal strand of domain H, labeled strand A,
in such a way that the middle b-sheet becomes AIDG and
closes the lower end of the b-roll (see Figure 2A). The top
of the molecule is formed by loops A¢A¢¢, BC and HI
(including the short helix aA), which form closely
interacting structures at the outward facing end of the
b-roll. The loops at the opposite end of the b-sandwich are
very short and, in some cases (CD and GH), the hydrogen
bonding pattern continues without interruption of the
strands. This end of the b-sandwich contacts domains B
both from the same subunit and from the clockwise subunit
in the trimer.

Intra-trimer contacts
Both domains H and B participate in the contacts
that stabilize the trimeric molecule. The overall area
buried from solvent accessibility upon trimer formation
is 4500 AÊ 2 per subunit. The packing between the
three H domains in the trimer contributes 1800 AÊ 2 per
monomer and the contacts between B domains 1700 AÊ 2 to
the total buried area, the remaining 1000 AÊ 2 corresponding
to cross-domain interactions. The amino acids participat-
ing in intra-trimer interactions are indicated in the
sequence alignment of Figure 3A (which also shows the
conservation of each amino acid) and the contacts are

Fig. 1. Space-®lling representation of the VP6 trimer in orthogonal
orientations. Each atom is drawn as a sphere of the corresponding van
der Waals radius, colored according to atom type (blue, nitrogen; red,
oxygen; yellow, sulfur; gold, silver or gray, carbon atoms on different
subunits. Top: the molecule seen from the outside of the virion (or `top
view'). It shows a roughly hexagonal cross-section with a depression
at the center. Middle: side view showing the right-handed twist of
the subunits along the molecular axis. Bottom: base of the molecule,
looking from underneath (from inside the virion, or `bottom view'). It
shows a triangular cross-section, with b-hairpin ba±bb at the vertices.
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listed in Table II. VP6 has a big water-®lled cavity at the
center of the base, bounded at each side by the B domains
of the three subunits (Figure 3B), which restricts the
contact area. In contrast to the tight hydrophobic contacts
between H domains, the trimer interface at the base
contains mostly hydrophilic residues (see Figure 3C),
suggesting that a low solvation energy would be needed
for dissociation of B domains. This is in agreement with
previous observations that deletion mutants of VP6 in
which the b-roll is incomplete can not trimerize (Lopez
et al., 1994; Affranchino and Gonzalez, 1997), whereas
mutants lacking regions of VP6 that are involved in
interactions between B domains can (Affranchino and
Gonzalez, 1997).

Zn2+ ion
The VP6 trimer contains a metal ion located at the center
of the molecule, on the 3-fold molecular axis, tetrahedrally
coordinated to the Ne of His153 from each of the three
subunits. The metal coordination is facilitated by a
hydrogen bond between the Nd of His153 and the main
chain carbonyl of residue 339 from the adjacent subunit,
an interaction that enhances the nucleophilicity of the Ne
atom in the imidazole ring. We have identi®ed this metal
ion experimentally as Zn2+ by collecting a complete

diffraction data set from a native crystal at the wavelength
corresponding to the energy of the K absorption edge of Zn
(see Materials and methods). This type of Zn2+ coordin-
ation is reminiscent of hexameric insulin, in which a
histidine residue is used to coordinate Zn2+ ions on a 3-fold
axis (Bentley et al., 1976). His153 is strictly conserved
among group A rotaviruses but not in the other serogroups.
Interestingly, all sequenced non-group A rotaviruses have
a histidine residue at the position equivalent to Ser339,
which can be modeled as histidine (Figure 3D) with the
imidazole in position to coordinate the Zn2+ ion equally
well. Interestingly, in contrast to the orbivirus cores, the
capsid proteins l1 (Reinisch et al., 2000) and s3 (Schiff
et al., 1988) of reovirus also contain Zn2+ ions.

The fourth ligand to the Zn2+ ion, which is also on the
3-fold axis above the metal, is very probably a Cl± ion.
Re®nement of the atomic temperature factors (B-factors)
in our model converges to reasonable values for chlorine at
this position, whereas the B-factor becomes negative if the
site is considered as being occupied by a water molecule.
This ion is coordinated by the Nz of Lys154 from each of
the three subunits in the trimer, which also donates a
hydrogen bond to Glu327 from the adjacent subunit. This
salt bridge helps to compensate for the accumulation of
positive charges about the trimer axis.

Fig. 2. The VP6 subunit. (A) Ribbon diagram with domain H (residues 151±331) in red and the two segments that form domain B in blue (residues
1±150) and gold (residues 331±397). Secondary structural elements in domain B are labeled by lower case letters consecutively from the N-terminus,
preceded by a or b for a-helices or b-strands, respectively. For domain H, the standard nomenclature for jelly-rolls is employed, using upper case
letters from B to I. Additional b-strands (absent in the standard jelly-roll motif) are indicated by primed letters. (B) Stereo Ca trace of the VP6 subunit
with every twentieth residue labeled.
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Comparison with BTV protein VP7
A comparison between these two homologous proteins is
shown in Figure 4 and a detailed description of their
superposition is given in Materials and methods. The
organization of the BTV VP7 trimer is similar to that of
VP6, with the subunits displaying the same right-handed
twist about the molecular 3-fold axis. The polypeptide
chain of BTV VP7 also folds into an a-helical domain at
the base and a b-roll at the top (Grimes et al., 1995).
However, the b-roll contains ~60 residues less and the
strands are shorter. The connection between the two
domains is also different: in rotavirus VP6, the strands of
the b-roll are in direct contact with domain B, whereas in
BTV VP7 there is a linker between domains that results in
a molecule with a thinner region at the center, like a waist.
An additional C-terminal a-helix of BTV VP7 (absent in
VP6, helix 9 in Figure 4B) packs against the waist region
and also gives the trimer a propeller-like contour when
looking from the top (Figure 4A, top). The side view of the
molecules shows differences at the base, where VP6 has a
more rounded pro®le due to the loop joining the ba±bb
hairpin to helix ac. Both proteins present cavities along
the 3-fold molecular axis, but their distribution and shape
are different. Whereas in BTV VP7 the bigger cavity is
centered in the waist region (Basak et al., 1996), in VP6 it
is at the base (as shown in Figure 3B) and is constricted in
the middle by the Zn2+ ion.

The VP6 layer in the viral capsid
We used the cryo-EM reconstruction of the DLP extended
to 17 AÊ resolution to ®t the atomic model into density

corresponding to VP6. As shown in Figure 5, the cryo-EM
density clearly de®nes the envelope of the trimer: the
towers seen in the reconstruction match the shape of the
molecule and the ®t is unique, as explained in Materials
and methods. The chemical unit forming the T = 13
surface lattice is the VP6 polypeptide chain, but the actual
building block is the trimer. For this reason, from here on,
we will refer mainly to the ®ve icosahedrally independent
trimers (ITs) instead of the 13 polypeptide chains. One of
the ITs sits on an icosahedral 3-fold (I3) axis and thus
contributes only one subunit to the asymmetric portion, as
seen in Figure 5A. Figure 5B shows a side view of VP6
®tted into the cryo-EM density corresponding to P trimers,
about the icosahedral 5-fold (I5) axis. For comparison,
we show the same slab of the BTV map, with VP7 trimers
®tted into the 23 AÊ cryo-EM density, in the same

Table II. VP6 intra-trimer contactsa

D¢D¢¢ hairpin H±I loop
D¢¢±E loop

A¢ and A¢¢ strands F±G loop
D strand
E strand

I±af loop I strand
af helix AIDG sheet (bottom)
C-terminus A strand
af±ag loop G strand
aa±ab loop ad±ae loop
ab helix (N-ter) ab helix (C-ter)

aContacts are listed between one subunit (left column) and its
clockwise neighbor in the trimer when looking from the top (right
column).

Table III. R.m.s.d. (in AÊ ) between pseudo-dyad-related pairs of trimers after ®tting the atomic model into the cryo-EM density of the DLPa and of
the tubesb

DLP Large tubes Small tubes

PP¢ P¢T¢ P¢D T¢D DD T¢T D2 D1 W d s w

PP 4.2 4.2 3.8 4.7 5.1 3.8 5.2 5.0 5.7 4.6 2.8 6.4
PP¢ 1.9 5.8 2.4 1.5 1.3 1.4 1.0 5.8 0.8 5.4 3.2
P¢T¢ 6.1 2.2 1.6 2.8 2.4 2.1 6.4 2.2 4.6 4.1
P¢D 5.8 6.8 5.1 6.6 6.6 4.1 6.0 4.2 6.9
T¢D 2.5 2.7 2.0 2.5 5.5 2.6 4.7 3.8
DD 2.6 1.5 1.1 6.5 1.5 5.9 3.0
T¢T 2.0 2.2 4.7 1.9 5.2 3.0

aFor the DLP, values in bold correspond to Q contacts (see text). The contacts are labeled according to the adjacent trimers considered (see legend to
Figure 5 for nomenclature).
bThe labels for contacts in the tubes are de®ned in Lepault et al. (2001).

Table IV. Interaction of VP6 with other proteins of the viral capsid

Capsid
protein

IT VP6 subunit

A B C

VP2 P ab N-ter ab N-ter bb±ac loop
bb±ac loop bb±ac loop

P¢ ab N-ter ab N-ter
bb±ac loop bb±ac loop

T¢ bb±ac loop
D bb±ac loop ab N-ter bb±ac loop
T ab N-ter ab N-ter ab N-ter

bb±ac loop bb-ac loop bb±ac loop
VP4 P CHEF b-sheet

E±F loop
ac±ad loop
ba±bb loop

P (5)a CHEF b-sheet
E±F loop
af±ag loop
ba±bb loop
ac

T¢ CHEF b-sheet
ba±bb loop
af±ag loop
ac±ad loop

P¢ ba±bb loop
VP7 A¢±A¢¢ loop A¢±A¢¢ loop A¢±A¢¢ loop

B±C loop B±C loop B±C loop
H±I loop H±I loop H±I loop

aSince two P trimers contact each VP4 spike, we have labeled P (5) the
second, related to the ®rst by an anticlockwise 5-fold rotation.
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orientation (Figure 5C). It is clear from this ®gure that the
lateral contacts between trimers are different. In the case
of BTV, VP7 trimers pack along a narrow band at the very
base of the trimer, whereas in the rotavirus particle the
contacts between trimers of VP6 are more extensive and
further from the base. This is likely to be one of the reasons
why VP6 can assemble into spherical or tubular particles
in the absence of VP2, whereas no such particles have been
reported for isolated BTV VP7. The surface electrostatic
potential of the two molecules (shown in the same ®gure)
shows that the contact regions are different in nature:
while there are mainly hydrophobic contacts in BTV
(Grimes et al., 1998), the corresponding regions in VP6

are negatively charged. This is in agreement with the
observations that spherical particles of VP6 are formed
only at low pH (Lepault et al., 2001), when the negative
charges at the surface of contact are compensated by
protonation.

Fitting the ®ve ITs into cryo-EM density allowed the
generation of a crude atomic model of the middle layer
(Figure 6A) by applying the icosahedral symmetry oper-
ations. This model shows that trimers of VP6 in the viral
particle pack by the ¯at faces of the base and are related by
pseudo 2-fold axes, in an overall arrangement similar to
that of the BTV cores (Grimes et al., 1998). The ®ve ITs
make seven different pseudo-dyad-related contacts, giving
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rise to the seven pairs of adjacent trimers listed in Table III.
We have compared the different contacts by calculating
the root mean square deviation (r.m.s.d.) between the
above pairs of trimers. The resulting r.m.s.ds are listed in
Table III, and show that the contacts are very similar
except for pairs PP and P¢D. It is generally accepted that
®tting an atomic model into cryo-EM reconstructions
of ~20 AÊ resolution results in a precision better than 4 AÊ in
the resulting atomic positions (Smith et al., 1993; Grimes
et al., 1997). Therefore, using a cut-off of 3 AÊ r.m.s.d., we
can classify the inter-trimer contacts into two types: quasi-
equivalent (Q) contacts, which can not be differentiated at
the resolution of the reconstruction; and non-equivalent
(N) contacts, which are signi®cantly different from the
others. Comparison with the inter-trimer contacts found in
the helical particles of VP6 (Table III), which display non-
equivalent inter-trimer contacts since the 3-fold symmetry
is incompatible with helical symmetry, shows that the
Q contact is very similar to the common contact present in
both types of tubes (Lepault et al., 2001). The Q contact
thus seems to be the most thermodynamically favorable
type of association between two VP6 trimers. Table III
shows that the two N contacts (N1 and N2 for PP and P¢D,
respectively) are as different from each other and from
Q contacts as are non-equivalent contacts in the tubes,
indicating that the quasi-equivalence principle is partially
obeyed in the rotavirus T = 13 layer. The N contacts
radiate from the I5 axes (as indicated schematically in
Figure 6B), suggesting that the curvature imposed by the
inner VP2 layer forces this type of interaction between
VP6 trimers at the vertices of the icosahedron.

Solvent channels in the VP6 layer
The VP6 trimers form three different solvent channels,
labeled type I, II and III as described previously (Prasad
et al., 1988), in the DLP. The arrangement of the VP6
trimers in the middle layer is such that hairpin ba±bb is
directed towards the channels. The amino acid sequence in
the ba±bb hairpin is highly conserved, especially at the tip
(see Figure 3A), suggesting that these particular residues
have a functional purpose. Figure 6C shows that the
b-hairpin lines the walls of the channel at the base. The
electrostatic potential calculated at the surface exhibits a
net concentration of negative charges around the I5 axes

(see Figure 6D), through which transcripts have been
visualized emerging from the viral particle (Lawton et al.,
1997a). The electrostatic repulsion between the negatively
charged channel surface and the nucleic acid is likely
to facilitate the extrusion of the mRNA transcript by
increasing its ¯uidity. Site-directed mutagenesis of these
residues should allow testing of whether they have any
implication during the transcriptional process.

Contacts with the inner layer
The different triangulation of the two layers of DLPs
implies that different VP6 trimers contact different regions
of VP2. Our ®t shows that all ®ve ITs contact VP2, but
not all the 13 subunits do, as indicated in Table IV. The
EM density shows features that are different at the base of
different ITs, which can be attributed to the different type
of interactions made with the VP2 layer. The VP6 residues
that participate in the interactions come essentially from
the bb±ac loop and also from the bottom side of helix ab,
which runs horizontally at the base of the trimer. The
bb±ac loop at the base of the trimer (residues 60±74) is
the most conserved region of the polypeptide chain, in
particular the segment 65-LLGTTLL-71. The side chains
of Leu65, Leu70 and Leu71 point outwards, into solvent,
in the structure. This segment corresponds to the fairly
loose loop seen at the base of VP6, which is absent in BTV
VP7 (see Figure 4A, bottom). This loop is likely to adapt
its fold to the precise type of contact made with VP2. The
bottom panel of Figure 7B shows that the surface of
contact with VP2 is not 3-fold symmetric. This holds true
for all the ITs, except trimer T.

Contacts with the outer layer
We used the cryo-EM three-dimensional reconstruction of
intact virions (to ~24 AÊ resolution), which contain the
outer protein layer and the VP4 hemagglutinin, to examine
the residues of VP6 that participate in the contacts with
these proteins (illustrated in Figure 7). Rotavirus protein
VP7 interacts in a one-to-one fashion with VP6: trimers of
VP7 lie on top, contacting residues from loops A¢A¢¢, BC
and HI at the top of domain H. Several of the amino acids
involved are highly conserved, such as the stretch between
Arg296 and Pro302 just before helix aA. These contacts
leave a cavity around the 3-fold axis at the center of the

Fig. 3. Intra-trimer contacts in VP6. (A) Alignment of amino acid sequences of rotavirus protein VP6 from groups A (Swissprot accession code
P04509), C (P30213) and B (P26015) (top, middle and bottom lines, respectively). Human strains of rotavirus can be as close as 98.5% in sequence
identity to the RF bovine group A rotavirus VP6 used in this work. However, within group A, the most distant viruses have a VP6 amino acid
sequence identity of 65%, of 40% between groups A and C, and of only 16% between groups A and B (or C and B). The alignment of the last
sequence is therefore only approximate. Yellow bars above the top sequence mark residues participating in intra-trimer contacts. Letters on a black
background denote strictly conserved residues in group A (from analysis of 39 available sequences). For group C, a black background indicates strict
identity with group A. Letters on a gray background correspond to positions displaying only conservative mutations. Secondary structure elements are
labeled above the sequence in red for domain H and blue for B: rectangles denote a-helices, arrows b-strands and dotted lines connecting loops.
Residues that coordinate the Zn2+ ion [His153 in group A and His339 (group A numbering) in groups C and B] are indicated. The alignment was
obtained initially with the program PILEUP (Devereaux et al., 1985; Womble, 2000) and then adjusted manually based on the crystal structure.
(B) Ball-and-stick representation of the trimer. Internal cavities on the 3-fold axis are shown as a blue surface. A pink ball indicates the Zn2+ ion on
the 3-fold axis. There is a small cavity above the metal, and a big cavity underneath, between B domains. (C) Surface representation of the VP6
molecule with one subunit removed from the trimer. The solvent-accessible surface in the trimer is blue (including internal cavities). The inter-subunit
contact surface is shown in white (main chain atoms and hydrophobic side chain atoms) and yellow (hydrophilic side chain atoms). It can be seen that
contacts at the top of the molecule (above the smaller cavity) are mostly hydrophobic, whereas those at the base involve mainly hydrophilic side
chains. The Zn2+ ion is shown as a red ball at the center. (D) View down the 3-fold axis from above the Zn2+ ion, shown as a solid pink sphere. A
pink net shows the anomalous difference electron density corresponding to the Zn2+ ion (see Materials and methods). His153 from each of the subunits
coordinates the metal as well as a Cl± ion (represented by a small silver sphere above), which closes the tetrahedral sphere of coordination. A histidine
residue was modeled at position 339 instead of serine (since this position is histidine in VP6 from groups C and B rotaviruses, see A) to show that it
can coordinate the metal ion equally well.
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interface between the two proteins. There is a network of
main chain carbonyls pointing outwards at the top surface
of VP6, towards the density corresponding to protein VP7,
in an arrangement that could be matched by a precise
complementary surface in VP7. At the resolution of the
EM map, we have not detected any difference in the type
of contacts between any of the ITs and VP7.

Contacts with the hemagglutinin spike
VP4 binds in type II channels in a unique orientation. It
contacts two consecutive P, one P¢ and one T¢ trimers (see
Table IV and Figure 7). The two consecutive P trimers are
related by the I5 axis and so their surface of interaction
with VP4 is presented in a different relative orientation
when compared with any other pair of trimers. The
globular domain of VP4 contacts the outer face of the
CHEF b-sheet down to the tip of the ba±bb hairpin. The
hydrophobic residues Ile270 and Leu264 in the lower half
of the b-sheet have their side chains directed towards
density corresponding to VP4 in the cryo-EM map. In
addition, Asp286 (at the GH loop) and Asn266 (EF loop)
are in the contact area. All of these residues, which point
toward solvent in the structure, are strictly conserved in
group A (and most of them also in group C) rotaviruses.
Interestingly, in the VP6 structure, the latter two amino
acids coordinate a Ca2+ ion sitting at the interface between
two VP6 trimers in the crystal (the list of Ca2+ ions bound
to VP6 is given in the footnotes of Table I). The same
residues (Asp286 and Asn266) from the adjacent trimer in
the crystal lattice participate in the coordination of the
metal, so that each trimer contributes half a binding site. It

Fig. 4. Comparison between rotavirus VP6 and BTV VP7. (A) Ribbon representation of rotavirus VP6 (left) and BTV VP7 (right) (Grimes et al.,
1995) oriented after superposition of the trimer of B domains (see Materials and methods) in a top (upper panel) and side (bottom panel) view. In
VP6, the strands in domain H extend further towards domain B. The side view shows that VP6 does not have a ¯at base like BTV VP7 and that the
connection between the two domains is different in the two molecules. The top view shows that the propeller-like contour of BTV VP7 is absent in
VP6. The BTV VP7 coordinates were obtained from the Protein Data Bank, accession code 1bvp. (B) Structural alignment of rotavirus VP6 and BTV
VP7. Black letters indicate residues common to both structures, which can be superimposed as explained above. Gray letters denote residues that do
not correspond to superimposable secondary structure elements. Colored dotted lines above (VP6) and below (BTV VP7) indicate regions
corresponding to B (blue) and H (red) domains. The secondary structure elements of each protein are indicated (a-helices by rectangles and b-strands
by arrows) above and below the rotavirus VP6 and BTV VP7 sequences, respectively. For BTV, the labels of the secondary structure elements were
taken from Grimes et al. (1995).

Fig. 5. Fitting of the atomic model of VP6 into the cryo-EM
reconstruction of the DLP. (A) The ®ve icosahedrally independent
trimers (ITs) are displayed in a space-®lling representation as in
Figure 1. The cryo-EM reconstruction is displayed as a pink net. The
icosahedral symmetry axes are shown in white, with a pentagon to
indicate I5, a triangle for I3 and a full ellipse for icosahedral 2-fold (I2)
axes. The trimers are labeled as follows: P (for `pentad') trimers,
colored red, surround I5 axes; D (for `dyad') trimers, colored gray, are
next to an I2 axis; T (`triad') trimers, colored green, sit on the I3 axis
and are thus shared by three consecutive icosahedral asymmetric units.
The remaining two ITs are not immediately adjacent to an icosahedral
axis. Trimer T¢ (yellow) is the only IT to contact trimer T, and P¢ (or
peri-pentonal trimer, blue) is the only one to contact trimer P. All
contacts between trimers involve packing of the ¯at faces of the
triangular base (see Figure 1, bottom). The contacts are made across a
local pseudo-dyad (which in the case of contacts between trimers D is
the I2 axis). Q and N indicate different types of contact, as explained in
the text, displaying double or single density connections in the EM
reconstruction, respectively. The inset de®nes the labeling of each VP6
subunit in the ITs as used to describe the contacts with VP2 and VP4
in Table IV. (B) Lateral view of VP6 trimers ®tted into the cryo-EM
reconstructions. The inset (left) shows the surface electrostatic potential
(Nichols et al., 1993) of the VP6 trimer (red and blue for negative and
positive charges, respectively), in a side (top panel) and bottom
(bottom panel) view. Note the strong negative charges of the regions
implicated in inter-trimer contacts. (C) The same view of the BTV VP7
trimers ®tted into the 23 AÊ resolution cryo-EM reconstruction of the
core particle is shown for comparison. The lateral contacts between
trimers in the two viruses are clearly different. The inset shows that the
regions of contact are not charged, in contrast to rotavirus VP6.

Atomic structure of rotavirus VP6

1493



would be interesting to explore the possibility that the
VP6±VP4 interaction involves Ca2+, in which case VP4
would provide the second half-site needed for coordinating
the metal, since chelating agents are known to lead to the

loss of the outer layer (Cohen et al., 1979). Indeed, many
viral particles stabilize their extracellular conformation by
binding Ca2+, in both plant (Hogle et al., 1983) and animal
(Liddington et al., 1991) viruses. It has been hypothesized
that they make use of the cytoplasmic low Ca2+ concen-
tration for the ®rst steps of uncoating (Durham et al.,
1977).

The antigenic structure of VP6
Group A rotaviruses are divided into four subgroups
according to the presence or absence of two epitopes,
named I and II, on protein VP6 (Kapikian et al., 1981;
Estes and Cohen, 1989). Subgroup-speci®c antibodies
recognize conformational epitopes that are formed only
upon trimerization of VP6 (Gorziglia et al., 1988). It has
been shown that a single amino acid mutation at position
172 (which is exposed at the very top of the A¢A¢¢ loop) or
at position 305 (helix aA) affects binding of subgroup I
antibodies (Lopez et al., 1994). A double mutation at
positions 305 and 306 from helix aA affects binding of
antibodies recognizing the subgroup II epitope (Lopez
et al., 1994), as does a single mutation at position 315
(Tang et al., 1997). All of these residues are very close in
space and form the conserved top surface of VP6, which
interacts with VP7, as shown in Figure 7B, top. It thus
appears that the antigenic determinants of subgroups I and
II map to the same region in space and that the antibody
speci®city matches the chemical nature of the side chains
present in this region. The amino acids that form this
epitope also form the VP7 binding surface, explaining why
the antigenic variability is limited and most group A
rotaviruses belong to either subgroup I or II.

Concluding remarks
VP6 is a conserved protein that has the ability to interact
speci®cally with itself and with all three other structural
proteins of the virion. It presents conserved surfaces for
interaction with VP2 at the bottom, VP4 at the sides of
domain H, VP7 at the top and adjacent VP6 trimers at the
sides of domain B. It is noteworthy that all these
interacting surfaces contain the most conserved amino
acids of the polypeptide chain. The lateral interactions
between VP6 trimers do not contain all the information to
make a closed icosahedral shell of unique size by quasi-

Fig. 6. Model of the VP6 layer in the viral particle based on rigid-body
®tting into the cryo-EM density. (A) Each VP6 trimer is represented as
a ribbon diagram colored according to the scheme described in the
legend to Figure 5A. Dotted black lines joining three I5 axes delimit
one of the 20 triangular faces of the icosahedron. VP6 trimers pack by
the ¯at lateral faces of the triangular base of the molecule. Roman
numerals denote the three different types of channels on the DLP
(Prasad et al., 1988). (B) Schematic diagram illustrating the distribution
of contacts in the viral surface. Each VP6 trimer is represented by a
triangle colored according to (A). Q contacts are indicated in gray and
N contacts are on a black background between adjacent triangles. Note
that N contacts radiate from the I5 axes. (C) View down the 5-fold axis
of the DLP (type I channel) showing that the amino acid residues
lining the channel walls come exclusively from the ba±bb hairpin
(arrow) at the base of the trimer. (D) Electrostatic potential (Nichols
et al., 1993) calculated at the molecular surface. Negative charges are
depicted in red and positive in blue. The walls lining the channel have
a net negative charge. RNA transcripts have been visualized by cryo-
EM to emerge through these channels (Lawton et al., 1997a). The
diameter of the channel is ~18 AÊ , enough to allow a single-stranded
RNA molecule to pass through.
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equivalent interactions, as is the case for other viral
proteins such as those forming the shell of T = 3 plant
RNA viruses (Harrison et al., 1978; Abad-Zapatero et al.,
1980). The inner shell thus directs the correct assembly.
Three VP2 polypeptides provide a unique symmetric

surface of contact for a VP6 trimer at the I3 axes. This
particular trimer is likely to display the strongest inter-
action with the inner layer. It has been noted that other
surface lattices that would result in a similar diameter for
the complete particle (T = 9 or T = 12 for instance) are
not observed in any of the Reoviridae (Wu et al., 2000).
For particles of this size range, only T = 13 leads to a
trimer sitting on the I3 axes, whereas in the other possible
icosahedral surface lattices these axes are at the center of
one of the hexavalent channels. In the case of phyto-
reovirus, for instance, the stability of the inner layer is
ensured by the presence of the 20 equivalents of trimer T
from the second layer, which act as a clamp (Wu et al.,
2000). For rotaviruses, our data suggest a model of
assembly in which the center of each of the 20 faces of the
icosahedron provides nucleation sites for the middle layer,
which grows by addition of trimers using the most
favorable interaction (Q contacts). The result is schema-
tized in the diagram of Figure 6B, which shows that the
viral surface is a mosaic of 20 faces that present
dislocations reaching the I5 axes. The curvature imposed
by the Q contact between adjacent VP6 trimers is such that
one T trimer can be reached from another T trimer across
the I2 axes without dislocation and making exclusively
quasi-equivalent contacts. This model of assembly is
similar to that proposed for BTV, with the difference that
the driving force for propagating the assembly is the lateral
Q contacts instead of the hydrophobic interaction of each
trimer with the inner layer (Grimes et al., 1998). Our
results (together with those of Lepault et al., 2001) show
that in contrast to BTV VP7, VP6 has the necessary
information to make closed, albeit irregular, particles by
itself and suggest that the strong interaction of the T trimer
with a matching surface in the inner layer drives the
assembly of correctly sized rotavirus particles.

Materials and methods

Structure determination and re®nement
Crystals of VP6 (group A rotavirus, bovine strain RF) were obtained as
described earlier (Petitpas et al., 1998). Initial diffraction data to 3.0 AÊ

resolution from native crystals were collected at 100 K at synchrotron
beamlines D41A and DW32 of the Laboratoire pour l'Utilisation du
rayonnement ElectromagneÂtique (LURE, Orsay, France) on an image
plate detector (MAR Research). Diffraction data from crystal form I (see

Fig. 7. Contacts with the outer layer of the viral particle. (A) View of a
type II channel cut out of the cryo-EM reconstruction of the complete
viral particle. The atomic model, shown as ribbons color coded as
de®ned in Figure 5A for the different ITs, replaces the density
corresponding to VP6. The EM density of the VP2 layer is shown in
gold and the density of the VP7 layer in cyan. The viral hemagglutinin
VP4 is shown in red. (B) Surface representation of VP6, trimer P,
highlighting the regions in contact with the other layers of the viral
particle. Regions contacting rotavirus VP7, VP4 and VP2 are colored
cyan, red and gold, respectively. The surface in contact with
neighboring trimer P¢ is colored blue. Top: contacts with VP7. The
amino acids involved in de®ning the subgroup epitopes (I and II, see
text) of group A rotavirus are labeled (in different colors to indicate
that they belong to different subunits). This view also shows a
depression at the center, on the 3-fold axis. Residues lining the walls of
this depression do not make contacts with VP7. Middle: side view of
trimer P (red in Figure 5A). This is the only trimer to contact two VP4
molecules in adjacent type II channels. Regions seen in contact with
trimer P¢ are indicated in blue. Bottom: regions of contact between
trimer P and VP2. The latter contacts do not follow the local 3-fold
symmetry of the VP6 trimer.
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Table I) were collected to 2.5 AÊ resolution at beamline BM2 of the
European Synchrotron Radiation Facility (ESRF, Grenoble, France) on a
charged-couple device (CCD) detector. Crystals were stabilized in a cryo-
protecting solution containing 30% 2-methyl-2,4-pentanediol and
100 mM maltose prior to cryo-cooling. The three-dimensional structure
was determined initially by the isomorphous replacement method to 3.0 AÊ

resolution, using the heavy atom derivatives listed in Table I, and re®ned
to 2.5 AÊ . Bigger crystals of VP6 with slightly different cell parameters
were obtained later, after further puri®cation of VP6 by size exclusion
chromatography in the presence of 200 mM CaCl2. These new crystals
allowed data collection to 1.95 AÊ at beamline BW7B at synchrotron
DESY (Hamburg, Germany). The re®ned 2.5 AÊ model was introduced by
®rst carrying out a rigid body re®nement (with program X-PLOR;
BruÈnger, 1992) and then re®ned to 1.95 AÊ resolution. Additional
diffraction data to 3 AÊ resolution at wavelength l = 1.2815 AÊ ,
corresponding to the K absorption energy of Zn, were collected at
synchrotron LURE, beamline DW21b on a MAR Research image plate
detector. A single anomalous difference peak was found, which
con®rmed the identity of the metal ion coordinated by His153. The
height of this peak corresponds to ~10 times the r.m.s.d. of the anomalous
difference map (Figure 3D).

The diffraction images were processed with programs DENZO and
SCALEPACK (Otwinowski and Minor, 1996). All subsequent crystallo-
graphic analyses were carried out using the CCP4 suite of programs
(CCP4, 1994) unless stated otherwise. Initial heavy atom positions were
determined using RSPS (CCP4 suite). All phasing calculations and
re®nement were performed with SHARP (de la Fortelle and Bricogne,
1997) and solvent ¯attening with DM (Cowtan, 1994). The crystallo-
graphic model was built with O (Jones et al., 1991) and was re®ned using
X-PLOR (BruÈnger, 1992). The ®nal free R-factor (BruÈnger, 1997) is
21.4% for re¯ections in the 43±1.95 AÊ resolution range, using a bulk
solvent correction to allow the introduction of the low-resolution terms.
All the relevant crystallographic statistics are given in Table I.

EM image reconstructions
DLP reconstruction was carried out as described in Prasad et al. (1996) to
~17 AÊ resolution from images obtained using a 400 kV electron
microscope (JEOL 4000). A total of 188 particles with unique
orientations were used in this reconstruction. Corrections due to contrast
transfer function of the micrograph were applied as described previously
(Zhou et al., 1994). The triple-layered particle (simian 4F strain)
reconstruction was carried out to a nominal resolution of ~23 AÊ from 128
particle images obtained from a 100 kV electron microscope.

Fitting of the crystallographic structure into the cryo-EM
reconstructions
The atomic model of the VP6 trimer was initially ®tted manually into the
cryo-EM reconstructions. The ®ve independent trimers were placed
separately and the middle layer of the particle generated by applying the
icosahedral symmetry operations. The ®t was re®ned in reciprocal space
using a fast technique ®rst proposed by Huber and Schneider (1985). The
algorithms and their implementation are essentially those described for
program FITING (Castellano et al., 1992). Brie¯y, a normalized
quadratic mis®t: Q = S|Fem(h) ± lFcal(h|R,T)|2/S|Fem(h)|2 is minimized
with respect to the positional and translational parameters of the model
(rotation R and translation T) and the scale factors l. Fem and Fcal are the
Fourier coef®cients of the EM map and the model, respectively. This is
the equivalent in direct space (through Parseval's theorem) to
Q = ò [rem(r) ± lrcal(rR,T)|2d3r, where rem and rcal are the electron
densities of the EM map and the model, respectively. In the absence of
overlap between the constituent molecules, ò rcal(r)2d3r is independent of
the positional variables. Consequently, given the scale factor l, the
minimum of Q corresponds to the maximum of the overlap between rem

and rcal. The statistics obtained are R = 0.404, correlation coef®cient
(CC) = 0.845, where R = S||Fem(h)| ± |Fcalc(h)||/S|Fem(h)| and CC =
S Fem(h) F*

cal(h)/(S|Fem(h)|2S|Fcalc(h)|1/2, where the sums are on index h.

Structural alignment and analysis of oligomeric contacts
Since the connection between the two domains in BTV VP7 and rotavirus
VP6 is different (see Figure 4), the two domains have to be superposed
separately. The best match is found superposing 21 Ca atoms from the
®ve central strands of the b-roll, resulting in an r.m.s.d. of 0.92 AÊ . These
residues are 186±191 (strand B), 225±226 (strand D), 258±264 (strand E),
288±292 (strand H) and 321±327 (strand I) superposed on BTV VP7
156±161, 186±187, 207±213, 230±235 and 242±248, respectively. When
the corresponding trimers of H domains are superimposed, the r.m.s.d.
becomes 1.9 AÊ for the 63 Ca atoms. The superposition based on

B domains involves four out of the eight a-helices. The corresponding
amino acids are 3±16 (helix aa), 29±40 (helix ab), 87±97(helix ac) and
385±395 (helix ah) of VP6, and 2±15, 30±41, 63±73 and 306±316 of BTV
VP7, which correspond to helices 1, 2, 3 and 8, respectively (Grimes et al.,
1995). Helix ac runs at an angle of 20° approximately from helix 3 in
BTV VP7; the others are co-directional with the ah helix shifted so that
only its C-terminal half superposes to the N-terminal half of BTV VP7
helix 8. The remaining helices do not superpose. The r.m.s.d. of this
superposition is 2.3 AÊ for 48 Ca atoms. Superposition of the trimer of
B domains results in an r.m.s.d. of 2.6 AÊ for the corresponding 144 Ca
atoms. The molecules shown in Figure 4 are oriented according to this last
superposition. The twist angle about the molecular axis in going from the
center of mass of domain B to that of H (calculated from the Ca atoms that
are actually superimposed for each domain in both structures) is 101° for
VP6 and 115° for BTV VP7. The corresponding pitch along the molecular
3-fold axis is 39 AÊ for VP6 and 50 AÊ for BTV VP7.

The area buried from solvent at the trimer contacts was calculated
using the program Quartz (C.Roberts, unpublished). The buried area per
monomer in the trimer is calculated as (1/3) 3 (3AM ± AT), where AM

and AT are the accessible surface in the monomer and in the trimer,
respectively. The illustrations shown in the ®gures were prepared using
the following programs: RIBBONS (Carson, 1987) (Figures 1, 3B and D,
4A, 5A, 6A and C, and 7A); MOLSCRIPT (Kraulis, 1991) and
RASTER3D (Merrit and Murphy, 1994) (Figure 2); GRASP (Nicholls
et al., 1993) (Figures 3C, insets to 5B and C, 6D and 7B); and O (Jones
et al., 1991) (Figure 5B and C).

The re®ned coordinates of VP6 have been deposited in the Protein Data
Bank, accession code 1qhd.
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