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(as in other enteroviruses26), and another may interact with VP1 Gln30 
and VP3 Gln48. On the outside of the particle, the VP1 BC, DE and HI 
loops are flattened away from the five-fold axis (as in BEV1), with resi-
dues 96–102 (BC loop) and residues 208–222 (GH loop) being the most 
exposed (Fig. 1c). Part of the VP2 EF loop (residues 128–148) is unusu-
ally extended and surface dominant, whereas the remainder (residues 
151–172) is shorter than usual and less accessible. Exposed residues in 
VP3 include 58–69 and 173–190 (Supplementary Fig. 5).

An expanded natural empty particle
The EV71 empty particles are markedly larger than any other picorna-
virus particle characterized crystallographically (Fig. 1b), with the 
r.m.s. capsid radius increasing from 132 Å for the mature virion to 
139 Å for the empty particle. Whereas cooling virus particles to 100 K  
often induces modest isotopic shrinkage (~1%), both the 293-K and 
100-K empty particles are ~4% larger than the 293-K mature virus. 
The 100-K particles are not icosahedral, so refinement imposing 
icosahedral symmetry stuck at an R factor of 30%, but it improved 
markedly when this constraint was relaxed. Cryo-cooling pushes C s 
in the crystal’s contact region ~1.3 Å toward the particle center, but 
the 293-K and 100-K structures are otherwise essentially identical 
(Supplementary Fig. 5). Such deviations from icosahedral symmetry 
have never been observed in mature viruses and reflect the extreme 
flexibility of these expanded particles, explaining why it has been 
difficult to visualize them at high resolution.

The expansion of the empty particles reflects tectonic movements 
in the particle, partially separating the protomeric units, disordering 
>70,000 protein atoms per particle and forming perforations at the 
icosahedral two-fold axes and at the base of the canyon (Fig. 2a,b). 
Several external loops, which nestle at the junction of polypeptide 
chains, become disordered, including five residues at the C terminus 
of VP2 and residues 211–217 of the GH loop of VP1. The VP3 GH 
loop also undergoes a major conformational switch, with residues 
170–192 converting from loop and helix to almost a -hairpin upon 
expansion, becoming less ordered (for residues 174–190, B factors 
exceed 100 Å2) (Supplementary Fig. 5). Inside the particle, the inter-
nal festoon comprising VP1’s N-terminal 72 residues and the first  
81 residues of VP0 is now disordered (Fig. 1). Overall surface properties  

are appreciably altered, the interactions that hold the particle together 
are strongly reduced (Supplementary Table 1) and the capsid in 
the expanded particle is thinned to 20 Å from 23 Å in the mature 
virus (Fig. 2c). The core structures of the individual polypeptides 
are less affected as C s superpose with r.m.s. deviations of 1.6 Å, 
0.9 Å and 1.3 Å for VP1, VP0(2) and VP3, respectively (Fig. 1c),  
although some important rearrangements occur.

Enteroviruses adopt two fundamental configurations
The ~4% expansion of the EV71 82S empty particle is similar to that 
seen for the poliovirus 135S and 80S uncoating intermediates27, and the 
latter has similar hydrodynamic properties. Cryo-EM analyses revealed 
that the poliovirus 135S and 80S particles are structurally similar to 
each other27 (although the 80S particle has shed the viral genome) and 
are reconfigured compared to the mature virus24,25. We used VEDA28 
to compare the EV71 expanded particle with the poliovirus particles. 
Unexpectedly, the EV71 particle fit the poliovirus 135S and 80S electron 
densities as well as the poliovirus structure previously modeled into this  
density (Fig. 2d–g); thus, at low resolution the EV71 expanded-assembly  
byproduct is indistinguishable from poliovirus uncoating intermediates.  
Furthermore, heat treatment of mature EV71 particles (using a protocol 
similar to that which produces 135S poliovirus particles) converts them 
to particles that crystallize isomorphously with 82S immature particles 
(data not shown). It therefore seems that the plethora of enterovirus 
particles formed during assembly and uncoating possess only two  
fundamental configurations, which are both now defined in atomic 
detail. The mature virus particle, which is rigid and rendered more  
stable by cleavage of VP0, is generally converted to the second, expanded  
configuration after cell attachment. This flexible expanded particle can 
adopt subtly different conformations during the process of uncoating 
as it progresses from 135S to 80S form25, but it can also arise from the 
conversion of unstable VP0 containing natural empty particles, as seen 
for poliovirus10,11 and now EV71.

Mechanics of particle expansion
Particle expansion is accompanied by a 5.4° counterclockwise rotation of 
the protomeric building block (VP1, VP0, VP3), which pivots about the 
corner of VP3 at the icosahedral three-fold axis (Fig. 3a). This screw-like  
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Figure 1 Overall structures. (a) Cartoon of the 
mature EV71 virion, looking down an icosahedral 
two-fold axis, VP1, VP2, VP3 and VP4 are drawn 
in blue, green, red and yellow, respectively. 
A single icosahedral protomer is drawn more 
brightly. (b) Radius-colored surface representation 
of the EV71 mature and empty particles. The 
surfaces for both are colored from blue to red 
according to their distances from the particle 
center (blue being closest). (c) Structures of the 
EV71 capsid proteins. VP0–VP3 (we treat VP0 
and VP2 interchangeably) are shown in a similar 
orientation to the brighter protomer in a; proteins 
from the expanded empty particle are colored as 
in a, whereas the corresponding chains from the 
mature virion are gray. The proteins have been 
superimposed as rigid bodies. Residues 1–297 of 
VP1, 10–254 of VP2, 1–242 of VP3 and 12–69 
of VP4 have well-defined electron density in the 
mature virion; residues 73–210 and 219–297 of 
VP1, 82–319 of VP0 and 1–238 of VP3 in the 
empty particle are modeled. Major surface-exposed 
loops are marked with colored circles: yellow, VP1 
BC; orange, VP1 DE; red, VP1 HI; magenta, VP1 
GH; light blue, VP2 EF; black, VP3 GH.
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FIGURE 2 | Scavenger receptor class B, member 2 and EV71 infection
in RD cells. (A) Comparison of the structures of human and mouse
SCARB2. The human and mouse SCARB2 proteins are type III
transmembrane proteins consisting of 478 amino acids. The amino acid
identity of human SCARB2 to mouse SCARB2 is 85.8%. Because mouse
SCARB2 does not serve an efficient receptor, it is possible to identify the
virus binding site using chimeric receptors including mouse and human
sequences. The 63-amino-acid region that is encoded in exon 4 of the
human SCARB2 gene plays an essential role in EV71 binding and infection.
(B) Mechanism of EV71 infection in RD cells. The SCARB2 protein is
located in the lysosomal and endosomal compartments and shuttles to the
plasma membrane. This protein is able to bind EV71 when present at the
cell surface. Hussain et al. (2011) have shown that EV71 infection is
dependent on the clathrin-mediated endocytosis pathway by knockdown of
the expression of proteins that participate in clathrin-mediated endocytosis.
EV71 infection is also inhibited when cells are treated with drugs that block
acidification of the endosome.

EV71 infection has been shown to be sensitive to the disruption
of clathrin-mediated endocytosis and the acidic endosomal pH.
Infection of RD cells with EV71 is largely blocked by anti-SCARB2
antibody or soluble SCARB2 (Yamayoshi et al., 2009), suggesting
that the SCARB2-dependent pathway is the main pathway of EV71
infection in RD cells. SCARB2 is also known to be internalized by
clathrin-dependent endocytosis (Le Borgne et al., 2001; Rodionov
et al., 2002). The evidence has not directly shown that SCARB2

is involved in this pathway. The involvement of SCARB2 in this
pathway should be confirmed experimentally.

It is known that the poliovirus receptor (CD155) and the major
group rhinovirus receptor (intercellular adhesion molecule-1) are
able to bind poliovirus and rhinovirus, respectively, and induce
a conformational change that leads to the uncoating of the viral
genome. Chen et al. (2012) reported that SCARB2, but not PSGL-
1, induced a conformational change from native 160S virions to
135S particles. The change was enhanced under an acidic environ-
ment (pH 5.6; Chen et al., 2012). It should be further determined
whether SCARB2 induces a conformational change to empty
capsids and whether VP4 is released during SCARB2-mediated
conformational change.

ANIMAL MODEL OF EV71 INFECTION
To study the neuropathogenicity of EV71, experiments using live
animals are essential. The most reliable animal model is the mon-
key model (Hashimoto et al., 1978; Chumakov et al., 1979b;
Hashimoto and Hagiwara, 1982; Hagiwara et al., 1983, 1984;
Nagata et al., 2002, 2004; Arita et al., 2005, 2007; Zhang et al.,
2011) because the species barrier caused by receptor differences is
not a critical problem. The localization patterns of EV71-induced
lesions in monkeys after intraspinal and intravenous inoculation
were highly consistent with those observed in humans with severe
EV71 encephalitis at autopsy (Lum et al., 1998; Wang et al., 1999;
Chan et al., 2000; Shieh et al., 2001). Infected monkeys showed
acute flaccid paralysis, which is a sign of involvement of the
pyramidal tract, and tremor and ataxia, which are signs of involve-
ment of the extrapyramidal tract. Histopathological changes were
observed in the cerebellar and pontine vestibular nuclei, and in the
spinal cord. Although the monkey is an excellent model for study
of EV71 neuropathogenicity, monkey models have disadvantages
with respect to handling, ethics, and cost. Experiments to identify
the virulence determinants in the EV71 genome are limited to one
report (Arita et al., 2005).

EV71, like other CVAs, is able to infect suckling mice. Some
investigators use the suckling mouse model (Chumakov et al.,
1979b; Chen et al., 2004; Ong et al., 2008). A problem with this
system is that mice lose susceptibility to EV71 as they age (Yu
et al., 2000; Chua et al., 2008). To circumvent this problem, some
research groups have isolated mouse-adapted EV71 (Wang et al.,
2004, 2011; Chua et al., 2008). Khong et al. (2012) found that 2-
week-old mice deficient in type I and type II interferon receptors
are susceptible to EV71 strains that were not artificially adapted
to mice. Because mouse SCARB2 and PSGL-1 do not function
as EV71 receptors in mice (Nishimura et al., 2009; Yamayoshi
et al., 2009; Yamayoshi and Koike, 2011), EV71 infection in suck-
ling mice is mediated by an unknown mechanism distinct from
the SCARB2- and PSGL-1-mediated mechanisms. Indeed, EV71
exhibits different tissue tropism in suckling mice than in humans.
In addition to infecting the CNS, EV71 replicates efficiently in the
muscle of mice, unlike in humans (Chen et al., 2004; Wang et al.,
2004; Chua et al., 2008; Ong et al., 2008).

In poliovirus, critical nucleotides or amino acids that influence
the neurovirulence have been reported (Evans et al., 1985; Omata
et al., 1986; Kawamura et al., 1989; Westrop et al., 1989). To identify
such neurovirulence determinants in EV71, attempts were made
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(as in other enteroviruses26), and another may interact with VP1 Gln30 
and VP3 Gln48. On the outside of the particle, the VP1 BC, DE and HI 
loops are flattened away from the five-fold axis (as in BEV1), with resi-
dues 96–102 (BC loop) and residues 208–222 (GH loop) being the most 
exposed (Fig. 1c). Part of the VP2 EF loop (residues 128–148) is unusu-
ally extended and surface dominant, whereas the remainder (residues 
151–172) is shorter than usual and less accessible. Exposed residues in 
VP3 include 58–69 and 173–190 (Supplementary Fig. 5).

An expanded natural empty particle
The EV71 empty particles are markedly larger than any other picorna-
virus particle characterized crystallographically (Fig. 1b), with the 
r.m.s. capsid radius increasing from 132 Å for the mature virion to 
139 Å for the empty particle. Whereas cooling virus particles to 100 K  
often induces modest isotopic shrinkage (~1%), both the 293-K and 
100-K empty particles are ~4% larger than the 293-K mature virus. 
The 100-K particles are not icosahedral, so refinement imposing 
icosahedral symmetry stuck at an R factor of 30%, but it improved 
markedly when this constraint was relaxed. Cryo-cooling pushes C s 
in the crystal’s contact region ~1.3 Å toward the particle center, but 
the 293-K and 100-K structures are otherwise essentially identical 
(Supplementary Fig. 5). Such deviations from icosahedral symmetry 
have never been observed in mature viruses and reflect the extreme 
flexibility of these expanded particles, explaining why it has been 
difficult to visualize them at high resolution.

The expansion of the empty particles reflects tectonic movements 
in the particle, partially separating the protomeric units, disordering 
>70,000 protein atoms per particle and forming perforations at the 
icosahedral two-fold axes and at the base of the canyon (Fig. 2a,b). 
Several external loops, which nestle at the junction of polypeptide 
chains, become disordered, including five residues at the C terminus 
of VP2 and residues 211–217 of the GH loop of VP1. The VP3 GH 
loop also undergoes a major conformational switch, with residues 
170–192 converting from loop and helix to almost a -hairpin upon 
expansion, becoming less ordered (for residues 174–190, B factors 
exceed 100 Å2) (Supplementary Fig. 5). Inside the particle, the inter-
nal festoon comprising VP1’s N-terminal 72 residues and the first  
81 residues of VP0 is now disordered (Fig. 1). Overall surface properties  

are appreciably altered, the interactions that hold the particle together 
are strongly reduced (Supplementary Table 1) and the capsid in 
the expanded particle is thinned to 20 Å from 23 Å in the mature 
virus (Fig. 2c). The core structures of the individual polypeptides 
are less affected as C s superpose with r.m.s. deviations of 1.6 Å, 
0.9 Å and 1.3 Å for VP1, VP0(2) and VP3, respectively (Fig. 1c),  
although some important rearrangements occur.

Enteroviruses adopt two fundamental configurations
The ~4% expansion of the EV71 82S empty particle is similar to that 
seen for the poliovirus 135S and 80S uncoating intermediates27, and the 
latter has similar hydrodynamic properties. Cryo-EM analyses revealed 
that the poliovirus 135S and 80S particles are structurally similar to 
each other27 (although the 80S particle has shed the viral genome) and 
are reconfigured compared to the mature virus24,25. We used VEDA28 
to compare the EV71 expanded particle with the poliovirus particles. 
Unexpectedly, the EV71 particle fit the poliovirus 135S and 80S electron 
densities as well as the poliovirus structure previously modeled into this  
density (Fig. 2d–g); thus, at low resolution the EV71 expanded-assembly  
byproduct is indistinguishable from poliovirus uncoating intermediates.  
Furthermore, heat treatment of mature EV71 particles (using a protocol 
similar to that which produces 135S poliovirus particles) converts them 
to particles that crystallize isomorphously with 82S immature particles 
(data not shown). It therefore seems that the plethora of enterovirus 
particles formed during assembly and uncoating possess only two  
fundamental configurations, which are both now defined in atomic 
detail. The mature virus particle, which is rigid and rendered more  
stable by cleavage of VP0, is generally converted to the second, expanded  
configuration after cell attachment. This flexible expanded particle can 
adopt subtly different conformations during the process of uncoating 
as it progresses from 135S to 80S form25, but it can also arise from the 
conversion of unstable VP0 containing natural empty particles, as seen 
for poliovirus10,11 and now EV71.

Mechanics of particle expansion
Particle expansion is accompanied by a 5.4° counterclockwise rotation of 
the protomeric building block (VP1, VP0, VP3), which pivots about the 
corner of VP3 at the icosahedral three-fold axis (Fig. 3a). This screw-like  
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Figure 1 Overall structures. (a) Cartoon of the 
mature EV71 virion, looking down an icosahedral 
two-fold axis, VP1, VP2, VP3 and VP4 are drawn 
in blue, green, red and yellow, respectively. 
A single icosahedral protomer is drawn more 
brightly. (b) Radius-colored surface representation 
of the EV71 mature and empty particles. The 
surfaces for both are colored from blue to red 
according to their distances from the particle 
center (blue being closest). (c) Structures of the 
EV71 capsid proteins. VP0–VP3 (we treat VP0 
and VP2 interchangeably) are shown in a similar 
orientation to the brighter protomer in a; proteins 
from the expanded empty particle are colored as 
in a, whereas the corresponding chains from the 
mature virion are gray. The proteins have been 
superimposed as rigid bodies. Residues 1–297 of 
VP1, 10–254 of VP2, 1–242 of VP3 and 12–69 
of VP4 have well-defined electron density in the 
mature virion; residues 73–210 and 219–297 of 
VP1, 82–319 of VP0 and 1–238 of VP3 in the 
empty particle are modeled. Major surface-exposed 
loops are marked with colored circles: yellow, VP1 
BC; orange, VP1 DE; red, VP1 HI; magenta, VP1 
GH; light blue, VP2 EF; black, VP3 GH.
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(as in other enteroviruses26), and another may interact with VP1 Gln30 
and VP3 Gln48. On the outside of the particle, the VP1 BC, DE and HI 
loops are flattened away from the five-fold axis (as in BEV1), with resi-
dues 96–102 (BC loop) and residues 208–222 (GH loop) being the most 
exposed (Fig. 1c). Part of the VP2 EF loop (residues 128–148) is unusu-
ally extended and surface dominant, whereas the remainder (residues 
151–172) is shorter than usual and less accessible. Exposed residues in 
VP3 include 58–69 and 173–190 (Supplementary Fig. 5).

An expanded natural empty particle
The EV71 empty particles are markedly larger than any other picorna-
virus particle characterized crystallographically (Fig. 1b), with the 
r.m.s. capsid radius increasing from 132 Å for the mature virion to 
139 Å for the empty particle. Whereas cooling virus particles to 100 K  
often induces modest isotopic shrinkage (~1%), both the 293-K and 
100-K empty particles are ~4% larger than the 293-K mature virus. 
The 100-K particles are not icosahedral, so refinement imposing 
icosahedral symmetry stuck at an R factor of 30%, but it improved 
markedly when this constraint was relaxed. Cryo-cooling pushes C s 
in the crystal’s contact region ~1.3 Å toward the particle center, but 
the 293-K and 100-K structures are otherwise essentially identical 
(Supplementary Fig. 5). Such deviations from icosahedral symmetry 
have never been observed in mature viruses and reflect the extreme 
flexibility of these expanded particles, explaining why it has been 
difficult to visualize them at high resolution.

The expansion of the empty particles reflects tectonic movements 
in the particle, partially separating the protomeric units, disordering 
>70,000 protein atoms per particle and forming perforations at the 
icosahedral two-fold axes and at the base of the canyon (Fig. 2a,b). 
Several external loops, which nestle at the junction of polypeptide 
chains, become disordered, including five residues at the C terminus 
of VP2 and residues 211–217 of the GH loop of VP1. The VP3 GH 
loop also undergoes a major conformational switch, with residues 
170–192 converting from loop and helix to almost a -hairpin upon 
expansion, becoming less ordered (for residues 174–190, B factors 
exceed 100 Å2) (Supplementary Fig. 5). Inside the particle, the inter-
nal festoon comprising VP1’s N-terminal 72 residues and the first  
81 residues of VP0 is now disordered (Fig. 1). Overall surface properties  

are appreciably altered, the interactions that hold the particle together 
are strongly reduced (Supplementary Table 1) and the capsid in 
the expanded particle is thinned to 20 Å from 23 Å in the mature 
virus (Fig. 2c). The core structures of the individual polypeptides 
are less affected as C s superpose with r.m.s. deviations of 1.6 Å, 
0.9 Å and 1.3 Å for VP1, VP0(2) and VP3, respectively (Fig. 1c),  
although some important rearrangements occur.

Enteroviruses adopt two fundamental configurations
The ~4% expansion of the EV71 82S empty particle is similar to that 
seen for the poliovirus 135S and 80S uncoating intermediates27, and the 
latter has similar hydrodynamic properties. Cryo-EM analyses revealed 
that the poliovirus 135S and 80S particles are structurally similar to 
each other27 (although the 80S particle has shed the viral genome) and 
are reconfigured compared to the mature virus24,25. We used VEDA28 
to compare the EV71 expanded particle with the poliovirus particles. 
Unexpectedly, the EV71 particle fit the poliovirus 135S and 80S electron 
densities as well as the poliovirus structure previously modeled into this  
density (Fig. 2d–g); thus, at low resolution the EV71 expanded-assembly  
byproduct is indistinguishable from poliovirus uncoating intermediates.  
Furthermore, heat treatment of mature EV71 particles (using a protocol 
similar to that which produces 135S poliovirus particles) converts them 
to particles that crystallize isomorphously with 82S immature particles 
(data not shown). It therefore seems that the plethora of enterovirus 
particles formed during assembly and uncoating possess only two  
fundamental configurations, which are both now defined in atomic 
detail. The mature virus particle, which is rigid and rendered more  
stable by cleavage of VP0, is generally converted to the second, expanded  
configuration after cell attachment. This flexible expanded particle can 
adopt subtly different conformations during the process of uncoating 
as it progresses from 135S to 80S form25, but it can also arise from the 
conversion of unstable VP0 containing natural empty particles, as seen 
for poliovirus10,11 and now EV71.

Mechanics of particle expansion
Particle expansion is accompanied by a 5.4° counterclockwise rotation of 
the protomeric building block (VP1, VP0, VP3), which pivots about the 
corner of VP3 at the icosahedral three-fold axis (Fig. 3a). This screw-like  
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Figure 1 Overall structures. (a) Cartoon of the 
mature EV71 virion, looking down an icosahedral 
two-fold axis, VP1, VP2, VP3 and VP4 are drawn 
in blue, green, red and yellow, respectively. 
A single icosahedral protomer is drawn more 
brightly. (b) Radius-colored surface representation 
of the EV71 mature and empty particles. The 
surfaces for both are colored from blue to red 
according to their distances from the particle 
center (blue being closest). (c) Structures of the 
EV71 capsid proteins. VP0–VP3 (we treat VP0 
and VP2 interchangeably) are shown in a similar 
orientation to the brighter protomer in a; proteins 
from the expanded empty particle are colored as 
in a, whereas the corresponding chains from the 
mature virion are gray. The proteins have been 
superimposed as rigid bodies. Residues 1–297 of 
VP1, 10–254 of VP2, 1–242 of VP3 and 12–69 
of VP4 have well-defined electron density in the 
mature virion; residues 73–210 and 219–297 of 
VP1, 82–319 of VP0 and 1–238 of VP3 in the 
empty particle are modeled. Major surface-exposed 
loops are marked with colored circles: yellow, VP1 
BC; orange, VP1 DE; red, VP1 HI; magenta, VP1 
GH; light blue, VP2 EF; black, VP3 GH.
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(as in other enteroviruses26), and another may interact with VP1 Gln30 
and VP3 Gln48. On the outside of the particle, the VP1 BC, DE and HI 
loops are flattened away from the five-fold axis (as in BEV1), with resi-
dues 96–102 (BC loop) and residues 208–222 (GH loop) being the most 
exposed (Fig. 1c). Part of the VP2 EF loop (residues 128–148) is unusu-
ally extended and surface dominant, whereas the remainder (residues 
151–172) is shorter than usual and less accessible. Exposed residues in 
VP3 include 58–69 and 173–190 (Supplementary Fig. 5).

An expanded natural empty particle
The EV71 empty particles are markedly larger than any other picorna-
virus particle characterized crystallographically (Fig. 1b), with the 
r.m.s. capsid radius increasing from 132 Å for the mature virion to 
139 Å for the empty particle. Whereas cooling virus particles to 100 K  
often induces modest isotopic shrinkage (~1%), both the 293-K and 
100-K empty particles are ~4% larger than the 293-K mature virus. 
The 100-K particles are not icosahedral, so refinement imposing 
icosahedral symmetry stuck at an R factor of 30%, but it improved 
markedly when this constraint was relaxed. Cryo-cooling pushes C s 
in the crystal’s contact region ~1.3 Å toward the particle center, but 
the 293-K and 100-K structures are otherwise essentially identical 
(Supplementary Fig. 5). Such deviations from icosahedral symmetry 
have never been observed in mature viruses and reflect the extreme 
flexibility of these expanded particles, explaining why it has been 
difficult to visualize them at high resolution.

The expansion of the empty particles reflects tectonic movements 
in the particle, partially separating the protomeric units, disordering 
>70,000 protein atoms per particle and forming perforations at the 
icosahedral two-fold axes and at the base of the canyon (Fig. 2a,b). 
Several external loops, which nestle at the junction of polypeptide 
chains, become disordered, including five residues at the C terminus 
of VP2 and residues 211–217 of the GH loop of VP1. The VP3 GH 
loop also undergoes a major conformational switch, with residues 
170–192 converting from loop and helix to almost a -hairpin upon 
expansion, becoming less ordered (for residues 174–190, B factors 
exceed 100 Å2) (Supplementary Fig. 5). Inside the particle, the inter-
nal festoon comprising VP1’s N-terminal 72 residues and the first  
81 residues of VP0 is now disordered (Fig. 1). Overall surface properties  

are appreciably altered, the interactions that hold the particle together 
are strongly reduced (Supplementary Table 1) and the capsid in 
the expanded particle is thinned to 20 Å from 23 Å in the mature 
virus (Fig. 2c). The core structures of the individual polypeptides 
are less affected as C s superpose with r.m.s. deviations of 1.6 Å, 
0.9 Å and 1.3 Å for VP1, VP0(2) and VP3, respectively (Fig. 1c),  
although some important rearrangements occur.

Enteroviruses adopt two fundamental configurations
The ~4% expansion of the EV71 82S empty particle is similar to that 
seen for the poliovirus 135S and 80S uncoating intermediates27, and the 
latter has similar hydrodynamic properties. Cryo-EM analyses revealed 
that the poliovirus 135S and 80S particles are structurally similar to 
each other27 (although the 80S particle has shed the viral genome) and 
are reconfigured compared to the mature virus24,25. We used VEDA28 
to compare the EV71 expanded particle with the poliovirus particles. 
Unexpectedly, the EV71 particle fit the poliovirus 135S and 80S electron 
densities as well as the poliovirus structure previously modeled into this  
density (Fig. 2d–g); thus, at low resolution the EV71 expanded-assembly  
byproduct is indistinguishable from poliovirus uncoating intermediates.  
Furthermore, heat treatment of mature EV71 particles (using a protocol 
similar to that which produces 135S poliovirus particles) converts them 
to particles that crystallize isomorphously with 82S immature particles 
(data not shown). It therefore seems that the plethora of enterovirus 
particles formed during assembly and uncoating possess only two  
fundamental configurations, which are both now defined in atomic 
detail. The mature virus particle, which is rigid and rendered more  
stable by cleavage of VP0, is generally converted to the second, expanded  
configuration after cell attachment. This flexible expanded particle can 
adopt subtly different conformations during the process of uncoating 
as it progresses from 135S to 80S form25, but it can also arise from the 
conversion of unstable VP0 containing natural empty particles, as seen 
for poliovirus10,11 and now EV71.

Mechanics of particle expansion
Particle expansion is accompanied by a 5.4° counterclockwise rotation of 
the protomeric building block (VP1, VP0, VP3), which pivots about the 
corner of VP3 at the icosahedral three-fold axis (Fig. 3a). This screw-like  
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Figure 1 Overall structures. (a) Cartoon of the 
mature EV71 virion, looking down an icosahedral 
two-fold axis, VP1, VP2, VP3 and VP4 are drawn 
in blue, green, red and yellow, respectively. 
A single icosahedral protomer is drawn more 
brightly. (b) Radius-colored surface representation 
of the EV71 mature and empty particles. The 
surfaces for both are colored from blue to red 
according to their distances from the particle 
center (blue being closest). (c) Structures of the 
EV71 capsid proteins. VP0–VP3 (we treat VP0 
and VP2 interchangeably) are shown in a similar 
orientation to the brighter protomer in a; proteins 
from the expanded empty particle are colored as 
in a, whereas the corresponding chains from the 
mature virion are gray. The proteins have been 
superimposed as rigid bodies. Residues 1–297 of 
VP1, 10–254 of VP2, 1–242 of VP3 and 12–69 
of VP4 have well-defined electron density in the 
mature virion; residues 73–210 and 219–297 of 
VP1, 82–319 of VP0 and 1–238 of VP3 in the 
empty particle are modeled. Major surface-exposed 
loops are marked with colored circles: yellow, VP1 
BC; orange, VP1 DE; red, VP1 HI; magenta, VP1 
GH; light blue, VP2 EF; black, VP3 GH.
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emerge. Nonetheless, accumulative data clearly indicate that HSPGs
have distinct instructive roles during vertebrate development. For
example, studies have shown that many organs, including the
hematopoietic and musculoskeletal systems, and the liver, lungs and
kidneys, do not form properly when HSPGs are absent or modified
(Tables S1, S2; for reviews, see Thompson et al., 2010; Huegel et al.,
2013; Nigam and Bush, 2014). These studies have utilized various
model organisms, includingmice, zebrafish and Xenopus, although it
should be noted that some disparities between results have arisen,
perhaps owing to the technical challenges of assessing HSPG
functions in vivo (see Box 1). In this Review, we discuss the specific
functions of HSPGs during vertebrate development, focusing on the
early stages of development and the formation of the cardiovascular
and nervous systems. We then evaluate the concept of the sugar code
hypothesis, discussing evidence for and against it, and highlighting
future challenges for the field.

Roles for HSPGs in early development
The first stages of development following egg fertilization
(including cell cleavage, gastrulation and patterning) establish the
different body axes and overall architecture of the embryo. Studies
of mutants that are defective for genes encoding HSPG biosynthetic
enzymes promote the view that HS sugar chains regulate multiple
steps throughout these early developmental processes (Fig. 4A). HS
chain polymerization has been shown to be crucial for patterning
and early developmental function. Homozygous knockout (KO)
mutants of Ext1 or Ext2 in mice are embryonic lethal, exhibiting
defects in gastrulation (Lin et al., 2000; Mitchell et al., 2001;
Stickens et al., 2005; Shimokawa et al., 2011). Zebrafish ext2
(dackel) or extl3 (boxer) mutants undergo normal gastrulation
owing to a maternal contribution of both enzymes, but later develop
cartilage and limb defects and display impaired FGF, Wnt and Shh

signaling (Grandel et al., 2000; Norton et al., 2005; Clément et al.,
2008; Holmborn et al., 2012). HS chain modifications also appear to
be important, as the absence of bothNdst1 and Ndst2, which encode
enzymes that catalyze HS deacetylation and N-sulfation, is
embryonic lethal in mice (Grobe et al., 2002), and epiboly is
disrupted in zebrafish embryos injected with morpholinos (MOs)
against hs2st, which encodes a sulfotransferase that adds sulfate to
the C2 position of hexuronic acid residues along the HS chain
(Cadwalader et al., 2012). Interestingly, the other reported mutants
in HS-modifying enzymes only show later developmental defects
(Table S2), suggesting functional redundancy between multiple
gene family members that can contribute to specific biochemical
steps in HSPG synthesis. Analyzing combinations of mutants will
be required to uncover the early developmental functions of HSPGs.

Studies of mutants that are defective for individual core proteins
also provide evidence for early developmental roles for
HSPGs. In zebrafish, gpc4 (knypek) mutants exhibit defects in
Wnt11-dependent convergent-extension cell movements during
gastrulation, suggesting that the potentiation of Wnt11 signaling is
dependent on HSPG function (Topczewski et al., 2001).
Gastrulation and posterior elongation defects are also observed in
Xenopus embryos lacking or overexpressing gpc4 (Ohkawara et al.,
2003). By contrast,Gpc4KOmutants in mice develop normally and
only show later defects in neural synapse formation (Allen et al.,
2012). Other reported core proteins mutants have later onset
developmental defects (Table S1), including a wide range of
specific neurodevelopmental defects (discussed below), that often
result in perinatal death.

Roles for HSPGs in left-right patterning
Kupffer’s vesicle (KV) is a ciliated organ that controls left-right
(LR) patterning in the zebrafish embryo. During normal
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Fig. 1. Examples of key cell surface and extracellular
HSPGs. Glypicans (Gpcs) are attached to the cell surface
via a glycosylphosphatidylinositol (GPI) anchor. They
possess a large globular domain stabilized by conserved
di-sulfide (S-S) bonds, and HS chains (represented by
chains of pink, blue and purple circles) in their C-terminal
part. They can be released into the extracellular matrix
following cleavage of their GPI anchor by the lipase Notum.
A furin-like convertase can also cleave Gpcs at the
C-terminal end of their globular domain, leading to the
formation of two subunits that remain attached to each other
by disulfide bonds. Syndecans (Sdcs) are single-pass
transmembrane proteins with HS chains attached to their
N-terminal part. Their intracellular region interacts with
many different partners through two conserved domains,
constant 1 (C1) and constant 2 (C2), that are separated by a
more variable region (V). Like Gpcs, Sdcs can be shed into
the extracellular environment after cleavage by proteases
such as matrix metalloproteases and a disintegrin and
metalloproteinase (ADAM) disintegrins. Agrin and perlecan
are large multidomain proteoglycans that carry several HS
chains and are secreted as different isoforms generated by
alternative splicing. The cleavage of the C-terminal region
of perlecan by metalloproteases releases endorepellin, an
angiogenesis inhibitor. C-ter, C-terminus; N-ter,
N-terminus.
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development, KV cells migrate and undergo a mesoderm-to-
epithelial transition to form a vesicle. As the vesicle is inflated, each
KV cell grows a specialized apical cilium that is motile and moves
fluid asymmetrically in the KV, thereby establishing LR patterning
throughout the embryo. A number of studies have implicated a role
for HSPGs during this process of LR patterning (Fig. 4B).
The lineage-specific targeting of sdc2 in zebrafish KV cells

with MOs results in disrupted KV morphogenesis and shortened
cilia, giving rise to altered LR patterning throughout the embryo
(Arrington et al., 2013). Whole-embryo sdc2 knockdown also
causes later defects in vasculogenesis (Chen et al., 2004). Roles
for HSPGs in LR patterning have also been assessed in Xenopus
embryos, which offer the ability to identify and target cell lineages
more precisely by microinjection. For example, the lineage-
specific expression of dominant-negative mutant Sdc2 isoforms
by targeted injection of mRNAs into individual Xenopus cells
results in LR patterning defects (Kramer and Yost, 2002).
Strikingly, the dominant-negative Sdc2 isoforms, including
phosphomimetic and phosphodeficient forms that have altered
phosphorylation sites in the cytoplasmic domain of the core
protein, indicate that normal LR patterning requires both non-
phosphorylated Sdc2 on the left and protein kinase C gamma
(PKCγ)-dependent phosphorylated Sdc2 on the right side of the
embryo (Kramer et al., 2002). This reveals a developmental role
for asymmetric Sdc2 phosphorylation in LR patterning. However,
it is possible that both the dominant-negative constructs and the
MOs affect more than just Sdc2; dominant-negative Sdc2 might,
for example, disrupt the complex formed by Sdc2 and Sdc4. It is

therefore important to confirm these observations using
combinations of mutants in the Sdc family.

HS chain modifications catalyzed by 3-O-sulfotransferases
(encoded by Hs3st genes) have also been implicated in LR
patterning. The MO-based lineage-specific targeting of hs3st1l2
(also known as hs3st5) and hs3st3l (also known as hs3st6) in the
zebrafish KV results in normal KV morphogenesis, but causes LR
patterning defects that appear to be due to distinct perturbations in
KV cilia length and cilia motility (Neugebauer et al., 2013). This
study also implicated 3-O-sulfotransferase modifications in the
regulation of Fgf8 and other cell signaling pathways. Few other
mutants have been reported for the Hs3st family, although it should
be noted that knockouts of Hs3st1 in mice have subtle intrauterine
growth retardation that is background dependent (Shworak et al.,
2002; HajMohammadi et al., 2003).

HSPG functions in cardiovascular development
Roles for core proteins as well as HS modifications in the
development of the cardiovascular system have been identified.
During early organogenesis, the mesoderm lineages that give rise to
the heart and the mesoderm of the gut are present at the lateral edges
of the vertebrate embryo and migrate towards the embryonic
midline, fusing to form the cardiac and gut tube, respectively. The
MO-mediated lineage-specific knockdown of zebrafish sdc2 reveals
a role for this HSPG core protein in the non-cell-autonomous
regulation of ECM formation, which is required for cardiac and gut
mesoderm migration. In particular, the disruption of sdc2 function
in embryonic yolk cells leads to altered ECM formation throughout
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