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Structure determination of enterovirus 71

Enterovirus 71 is a picornavirus that causes hand, foot and
mouth disease but may induce fatal neurological illness in
infants and young children. Enterovirus 71 crystallized in a
body-centered orthorhombic space group with two particles
in general orientations in the crystallographic asymmetric unit.
Determination of the particle orientations required that the
locked rotation function excluded the twofold symmetry axes
from the set of icosahedral symmetry operators. This avoided
the occurrence of misleading high rotation-function values
produced by the alignment of icosahedral and crystallographic
twofold axes. Once the orientations and positions of the
particles had been established, the structure was solved by
molecular replacement and phase extension.

1. Introduction

Enterovirus 71 (EV71) is a picornavirus causing hand, foot
and mouth disease (Chan et al., 2000). In infants and small
children the disease may progress to serious neurological
implications (Alexander et al., 1994).

Picornaviruses are small non-enveloped animal viruses with
positive-sense RNA genomes. Picornavirus capsids contain 60
copies of each of the four viral proteins VP1, VP2, VP3 and
VP4, which form an ~300 A diameter quasi-7 = 3 icosahedral
shell. VP1, VP2 and VP3 each have the B-sandwich jelly-roll’
fold common to many capsid proteins of icosahedral viruses.
Each copy of the small VP4 is attached to the inner surface
of the capsid and extends from an icosahedral fivefold axis
towards a threefold axis. Most enteroviruses have a depression
on the viral surface around the icosahedral fivefold axes of
symmetry called the ‘canyon’ (Rossmann et al., 1985; Ross-
mann, 1989). The canyon is the site of binding of receptors
that have an immunoglobulin-like fold (Belnap et al., 2000;
Colonno et al., 1988; Olson et al., 1993). The binding of these
receptors into the canyon results in the expulsion of a ‘pocket
factor’ from a pocket immediately below the floor of the
canyon. The shape of the pocket and the mostly hydrophobic
side chains of the residues forming the pocket suggest that the
pocket factor could be a lipid (Rossmann, 1994; Smyth et al.,
2003; Filman et al., 1989; Muckelbauer et al., 1995). Release of
the pocket factor presumably destabilizes the virions (Ross-
mann, 1994), which is a likely prelude to genome release.

The structure of EV71 and its implications for the design of
pocket-factor-replacing antiviral drugs have been described
elsewhere (Wang et al., 2012; Plevka et al., 2012). Here, we
report the determination of the EV71 structure by X-ray
crystallography.
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2. Materials and methods
2.1. Virus growth and purification

Rhabdomyosarcoma cells were grown on 150 mm diameter
plates to a density of 10° cells ml~'. 100 plates were infected
with EV71 strain MY104-9-SAR-97 (GenBank DQ341368.1;
obtained from Jane Cardosa, University of Malaysia, Sarawak,
Malaysia; McMinn et al., 2001) at a multiplicity of infection
of 3 and incubated at 310 K. Both cells and virus-containing
supernatant were harvested 4 d post-infection. The cells were
pelleted by centrifugation at 4500 rev min~" for 10 min in a
Beckman JA-10 rotor (Beckman Coulter Inc., Brea, Cali-
fornia, USA) and lysed by freezing and thawing several times
followed by Dounce homogenization. Cell debris was
removed by centrifugation at 10000 rev min~' for 10 min
(Beckman JA-10) and the virus-containing supernatant was
pooled with the previously harvested virus-containing super-
natant. The virus was pelleted by centrifugation at
45000 rev min~" in a Beckman Ti50.2 rotor at 277 K for 2 h.
The pelleted virus was resuspended in buffer A (025 M
HEPES, 0.25M NaCl pH 7.5) and treated with MgCl,
(0.005 M), DNase (0.01 mgml™') and RNase (7.5 mgml™")
for 30 min at room temperature followed by trypsin
(0.8 mg ml™") digestion for 10 min at 308 K. Subsequently,
0.015 M EDTA and 1% sarcosine were added, the solution
was centrifuged at 4500 revmin~' for 10 min (Beckman
JA-10) and the supernatants were collected. The virus was
pelleted by centrifugation at 45 000 rev min~' in a Beckman
Ti50.2 rotor for 2 h. The pellets were resuspended in buffer A
and spun through a 10-40% potassium tartrate gradient at
36 000 rev min~" in a Beckman SW41 Ti rotor at 277 K for
90 min. The virus band was collected, diluted in buffer A
and centrifuged at 45 000 rev min~" for 2 h (Beckman Ti50.2
rotor) to remove the potassium tartrate. The purified virus
pellet was resuspended in buffer A and the concentration of
the virus was measured with a spectrophotometer using an
absorption coefficient of 7.7 mgml~" cm™" at 260 nm wave-
length.

2.2. Crystallization and data collection

Crystals of EV71 were obtained using the hanging-drop
technique with a well solution consisting of 2.5%(w/w) PEG
800, 2.5%(w/w) glycerol, 600 mM NaCl, 150 mM CaCl,,
100 mM Tris pH 8.0. The drops were prepared by mixing 1.5 pl
well solution with an equal volume of 10 mg ml™" virus solu-
tion in buffer A. Crystals formed within one week. For data
collection, crystals were soaked for 1-2 min in mother liquor
containing 30%(w/w) PEG 400 and immediately cooled in
liquid nitrogen. Single-crystal diffraction data were collected
at 100K using a MAR CCD 225 detector on BioCARS
beamline 14B at the Advanced Photon Source synchrotron.
An oscillation range of 0.2° was used during data collection.
The diffraction pattern extended to 38 A resolution. The
diffraction images were processed and scaled using the HKL-
2000 package (Otwinowski & Minor, 1997). Quality indicators
of the diffraction data are listed in Table 1.

Table 1

Scaling and refinement statistics.

Values in parentheses are for the highest resolution bin.

Space group R 12,2,2,
Unit-cell parameters (A) a =6002, b =610.6, c = 851.8
Matthews coefficient (A3 Da™') 3.44
Resolution limits (A) 50-3.8 (3.97-3.80)
Completeness (%) 304 (11.5)
Ruerget 0.24 (0.79)
Average multiplicity 1.7 (1.1)
(I /{o(I)) 2.41 (0.88)
Reciprocal-space correlation coefficient 0.82 (0.47)
of Fops and F, . after map convergence

R factor 0.279 (0.386)
Average B factor (A? 79.2
Ramachandran plot}

Outliers (%) 0.97

Most favored regions (%) 87

Rotamer outliers (%) 0.85
R.m.s.d., bonds (A) 0.003
R.m.s.d., angles (°) 0.93

No. of unique reflections 459113

T Ruerge = St i ILGHKD) — (IGhKD) /Y g S T(hKI). % According to MolProbity
(Chen et al., 2010).

2.3. Data deposition

The EV71 coordinates together with the observed structure
amplitudes and phases calculated by phase extension have
been deposited in the Protein Data Bank (accession code
4aed).

3. Results and discussion
3.1. X-ray structure determination of EV71

The highest symmetry space groups consistent with the
EV71 diffraction pattern were [422 or [4,22. However, scaling
the integrated intensities in the 50-10 A resolution range gave
an Rpere of 0.39 when assuming a fourfold symmetry axis
along c. In contrast, the Ry,¢e was 0.12 when assuming only
twofold symmetry along c. It was therefore concluded that the
virions of EV71 crystallized in a body-centered orthorhombic
space group. The unit-cell parameters determined by post-
refinement in an orthorhombic space group were a = 600.2,
b =610.6, c = 851.8 A. The two possible space groups /222 and
12,2,2, cannot be differentiated by systematic absences of
reflections. Quality indicators of the diffraction data, which
have been published previously (Plevka et al, 2012), are
reprinted in Table 1 for the completeness of the present
discussion. The Matthews coefficient indicated that there were
the equivalent of two virus particles in the crystallographic
asymmetric unit. Plots of fivefold, threefold and twofold self-
rotation functions did not show any obvious sets of icosa-
hedrally related peaks (Figs. 1a, 15 and 1¢; Tong & Rossmann,
1997). A more powerful procedure for determining the
orientation of a high-symmetry object is to search simulta-
neously, with a locked rotation function, for all of the
symmetry axes assuming their known relative orientations
(Rossmann et al., 1972; Tong & Rossmann, 1997). However, a
locked rotation function failed to establish the orientations of
the particles in the crystal because it was dominated by peaks
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resulting from the alignment of icosahedral twofold symmetry
axes with crystallographic twofold axes. Thus, a modified
locked rotation function was calculated in which only the
icosahedral fivefold and threefold symmetry axes were
included. The search was performed over polar angles 0 < ¥ <
90°,0 < ¢ <90°,0 < k <90° (Table 2). This range covers several
icosahedral asymmetric units. This procedure identified two
independent particle orientations ¢ = 42.5, ¥ = 68.5, k = 45.5°

Figure 1
Rotation function of EV71 crystal diffraction data. Stereographic plots of () fivefold, (b) threefold and (c) twofold rotation functions were calculated
using 18-13 A resolution data and a 150 A radius of integration. The plots are contoured starting from 0.5¢0 in 0.5¢0 increments. There are no obvious sets
of icosahedrally related peaks. (d) Stereographic diagram showing the positions of icosahedral symmetry elements for all particles in the EV71 crystals.
Fivefold axes are shown as red pentagons, threefold axes as green triangles and twofold axes as blue ovals.

for particle 1 and ¢ =24.5, = 87.5, k = 77.0° for particle 2 with
respect to the standard icosahedral orientation as defined by
Arnold et al. (1984) and the XYK polar angle convention
(Tong & Rossmann, 1997). None of the icosahedral twofold
axes can be aligned with the crystallographic twofold axes.
Therefore, the crystallographic asymmetric unit must contain
two particles in general orientations. However, the arrange-
ment of the crystallographic symmetry axes in space group

@
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1222 with the current unit-cell parameters does not permit the
positioning of two particles in general orientations. Therefore,
the space group must be 12,2,2,. The positions of all of the
noncrystallographic symmetry (NCS) operators of both inde-
pendent particles and their crystallographic symmetry-related
copies are shown in Fig. 1(d). The high density and accidental
near-coincidence of the NCS operators explains why the
original rotation functions failed to show sets of icosahedrally
related peaks. However, there remained strong twofold peaks
such as at 1 = 45, ¢ = 0° in the rotation function that are not
part of the icosahedral symmetries. These peaks would be
consistent with a tetragonal 422 point group and indeed there
is a moderately high fourfold peak in the rotation function
coincident with the c axis.

The positions of particle centers were identified with the
fast translation function in the program Phaser (McCoy et al.,
2007) using correctly oriented particles of echovirus 7 as
search models (Plevka et al., 2010). The center of particle 1
was located at fractional coordinates x = 0.2501, y = 0.2527,
z = 0.2479 and that of particle 2 at x = 0.5020, y = 0.4969,
z = 0.5001. This arrangement of particles in the crystal
corresponds roughly to 74,22 symmetry (Figs. 1d and 2).
Therefore, EV71 may have crystallized in space group 14,22,
in which there is only one independent particle, and then lost
the fourfold symmetry owing to strain applied to the crystal
during vitrification or other crystal handling.
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Figure 2
Arrangement of the two crystallographically independent EV71 virions
(red and blue) within the /2,242, crystal viewed along the ¢ axis. The
two particles are related by roughly a fourfold rotation, producing an
approximate /4,22 symmetry. Corresponding edges of each of the two
icosahedrons are marked by arrows to highlight the approximate 90°
rotation relating the two particles. The boundaries of the unit cell and the
positions of symmetry elements in space group 12,2,2, are shown in black.
The putative fourfold screw axis which replaces one of the twofold screw
axes is shown in green.
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Table 2
List of peaks from the EV71 locked rotation function that included only
fivefold and threefold symmetry elements.

Search angle (polar XYK)

Peak No. ¢ (°) ¥ (%) K (°) Height/o  Particle orientationf
1 39 60 35 8.6 1

2-28% 0-90 0 91 7.1 St 90

29 0 91 91 6.6 St 90

30 46 56 46 6.6 St 90

31 42 67 46 6.1 1

32 56 53 53 5.8 1

33 42 42 49 5.6 1

34 25 88 77 5.6 2

35 14 4 84 55 1

36 7 88 88 4.8 1

37 32 77 11 43 2

38 91 91 91 4.1 St 90

39 14 32 67 3.6 2

40 67 91 60 3.0 Wrong solution
41 88 35 77 3.0 Wrong solution
42 53 46 39 3.0 Wrong solution
43 91 88 46 2.7 Wrong solution
44 81 84 60 2.7 Wrong solution
45 18 67 91 2.6 Wrong solution
46 84 28 91 2.5 Wrong solution

+ Particle orientation corresponds to particle orientation 1 or 2 as described in the text or
to the standard orientation rotated by 90° about the x axis (St 90). Note that peaks with a
height of 30 or lower correspond to incorrect solutions. # Peaks 2-28 correspond to the
same effective rotation since v is zero.

Correctly placed echovirus 7 particles (PDB entry 2x5i;
Plevka et al., 2010) were used to calculate initial phases for
reflections with resolution lower than 10 A using the program
CNS (Briinger et al., 1998). The phases were refined by 15
cycles of real-space averaging with the program AVE using
120-fold NCS (Kleywegt & Read, 1997). The mask defining
the volume of electron density to be averaged was derived
from the echovirus 7 atomic model by including all grid points
within 5 A of each atom. Grid points outside the capsid were
set to the average value of the density outside the capsid.

Figure 3
Electron-density map of EV71 showing strands B and C on opposite sides
of the jelly-roll S-barrel of VP1.
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Table 3

Sequence similarity and structural similarity in the icosahedral asymmetric units of picornaviruses.

Lower left portion of table: root-mean-square deviations (r.m.s.d.s; A) of superimposed C* atoms of the
respective three-dimensional structures. The second number (following the slash) indicates the percentage
of equivalent amino acids used for calculating the r.m.s.d. with respect to the number of residues in the
smaller of the two structures being compared. The icosahedral asymmetric unit consisting of subunits VP1,
VP2, VP3 and VP4 was used as a rigid body in all cases. The program O (Jones et al., 1990) was used for
superposition of the molecules. The cutoff for inclusion of residues in the r.m.s.d. calculation was 3.8 A.
Upper right portion of table: percentage of equivalent residues that are identical.

program CNS. The refinement target
was the crystallographic residual.
Atoms from each residue were
constrained to have the same B value
because of the limited resolution of the
diffraction data. The structure refine-
ment utilized NCS constraints. Other
calculations used the CCP4 suite of

Bovine o programs (Winn et al., 2011). Water
enterovirus  Coxsackievirus 1 1 included i h
EV7l (BEV) B3 (CVB3) HRV14 HRVla Echovirus7 Poliovirus1 ~ molecules were not included i the
model because of the limited resolution

EV71 — 49 43 42 40 41 41 : p p
BEV Loa 45 11 5 45 5 of the diffraction data. Had it been
CVB3 1.1/90 1.0/94 _ 48 46 7 54 calculated, the Ry.. would have been
HRV14 1.2/92  1.1/93 1.0/94 — 49 46 48 very similar to Ry because of the

HRVla 1.1/89 1.1/91 0.9/92 1.0/92 — 45 44

Echovirus 7 1.1/89 1.1/94 0.7/98 1.1/95 1.0/93 — 53 120-fold NCS (Arn()ld & Rossmann,
Poliovirus 1 1.1/88  1.1/93 1.0/95 1095 11/93  1.0/95 - 1990; Kleywegt & Briinger, 1996).

Figure 4

Comparison of the N-terminal arms of VP4 in (a) EV71 and (b) poliovirus 1. In each case one of the
polypeptide chains is rainbow-coloured from blue at the N-terminus to yellow.

Phase information for reflections immediately outside the
current resolution limit was obtained by extending the reso-
lution by (1/c) A" followed by three cycles of averaging. This
procedure was repeated until 3.8 A resolution had been
reached. Particle orientations, positions and relative unit-cell
lengths were refined by changing these in small steps and
searching for the highest correlation between observed and
calculated structure-factor amplitudes. Fourier inversion of
the averaged electron-density map determined the calculated
amplitudes. The refined particle orientations and positions
were found to be ¥ = 42.8, ¢ = 68.8, k = 45.9°, x = 0.2501,
y = 02530, z = 0.2479 for particle 1 and i = 24.8, ¢ = 87.4,
k =77.4° x =0.5020, y = 0.4967, z = 0.5001 for particle 2.

To enhance the high-resolution information in the absence
of better than 3.8 A resolution data, the structure amplitudes
for map calculation were modified by application of a —125 A?
B factor (Fig. 3). The final map was calculated with phases
from the phase extension. The structure was built using the
programs O (Jones et al., 1991) and Coot (Emsley & Cowtan,
2004) starting with a homology model of EV71 based on the
echovirus 7 structure generated with the program Phyre2
(Kelley & Sternberg, 2009). The structure was built manually
and subjected to coordinate and B-factor refinement using the

Therefore, all measured reflections were
used in the structure refinement. Basic
structure-quality indicators are listed in
Table 1.

Although the completeness of the
data is only 11.5% in the highest reso-
lution shell because of the exceptionally
high NCS, the effective completeness is
1380%. Hence, the quality of the map
(Fig. 3) was sufficient to build the capsid
structure except for residue 1 of VPI,
residues 1-9 and 135-143 of VP2, and
residues 1-12 of VP4. The structure of
the icosahedral asymmetric unit consists
of 831 amino-acid residues and five
putative divalent cations that were
modeled as calcium ions. There is an
elongated and fragmented density
within the VP1 pocket. This density was modeled as lauric
acid, although in reality the density probably represents an
average of different fatty acids.

3.2. EV71 capsid structure

The root-mean-square deviations between equivalent C*
atoms of EV71 and other enteroviruses (Table 3) show that
EV71 is most similar to bovine enterovirus (Smyth et al,
1995), to which it also has the highest sequence identity.
Prominent structural differences among these picornaviruses
are found in the loop regions exposed on the capsid surface,
which are also the most important neutralizing immunogenic
sites (Filman ef al., 1989; Rossmann et al., 1985; Sherry et al.,
1986; Icenogle et al., 1986). The most variable regions of VP1
are the loops located around the fivefold axes. Because of the
smaller size of the EV71 VP1 loops, the canyon of EV71 is
shallower than in most other picornaviruses. The prominent
and most structurally variable surface features of VP2 and
VP3 are called ‘puff’ and ‘knob’, respectively. These regions
are involved in binding to non-immunoglobulin-like receptors
in some picornaviruses (Hafenstein et al., 2007) and may have
the same function in EV71 (Miyamura et al., 2011).

Acta Cryst. (2012). D68, 1217-1222
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The largest differences in the capsid structure between
EV71 and other enteroviruses are located in VP4 and the
N-terminal arm of VP1, which are attached to the inner face of
the capsid. Each main chain of VP4 forms an elliptical loop
with a major axis of about 20 A and a minor axis of about 10 A
positioned next to the fivefold axes (Fig. 4a). In contrast, in
most other enteroviruses the N-termini of VP4 form a five-
pointed star-like B-structure around the fivefold axes (Fig. 4b).
The structure of the N-terminus of EV71 VP1 was ordered
from residue 2 onwards. It has previously been shown that
after picornaviruses have bound to a receptor, VP4 and the
N-terminus of VP1 become externalized from the capsid,
possibly forming a transmembrane channel for release of the
genome into the cytoplasm of the host cell (Lin et al., 2011).
It was suggested that the N-terminus of VP1 forms a trans-
membrane helix as a part of the pore for genome release. It
may therefore be relevant that in EV71 there is a short a-helix
formed by residues 5-9 of VP1. Similarly, residues 5-11 in the
N-terminus of human rhinovirus serotype 1A (HRV1A) VP1
form a short «-helix although they differ in sequence and
location in the capsid compared with EV71.
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