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In viruses, uncoating and RNA release are two key steps of successfully infecting a target cell.

During these steps, the capsid must undergo the necessary conformational changes to allow

RNA egress. Despite their importance, these processes are poorly understood in the family

Dicistroviridae. Here, we used X-ray crystallography to solve the atomic structure of a Triatoma

virus(TrV) empty particle (Protein Data Bank ID 5L7O), which is the resulting capsid after RNA

release. It is observed that the overall shape of the capsid and of the three individual proteins is

maintained in comparison with the mature virion. Furthermore, no channels indicative of RNA

release are formed in the TrV empty particle. However, the most prominent change in the empty

particle when compared with the mature virion is the loss of order in the N-terminal domain of

the VP2 protein. In mature virions, the VP2 N-terminal domain of one pentamer is swapped with

its twofold related copy in an adjacent pentamer, thereby stabilizing the binding between the

pentamers. The loss of these interactions allows us to propose that RNA release may take place

through transient flipping-out of pentameric subunits. The lower number of stabilizing interactions

between the pentamers and the lack of formation of new holes support this model. This model

differs from the currently accepted model for rhinoviruses and enteroviruses, in which genome

externalization occurs by extrusion of the RNA through capsid channels.

INTRODUCTION

Triatoma virus (TrV) is a positive-sense ssRNA virus that
belongs to the family Dicistroviridae and genus Cripavirus
within the order Picornavirales. The type species of this
genus is Cricket paralysis virus (CrPV). TrV is a lethal patho-
gen for different insect species of the Triatominae subfamily
(Hemiptera: Reduviidae), including Triatoma infestans, one
of the main vectors for the transmission of the protozoon
Trypanosoma cruzi (Marti et al., 2013; Muscio et al., 1988).
This protozoon is the causative pathogen of Chagas disease
(American trypanosomiasis), a neglected disease that is
endemic in Latin America affecting about eight million
people (Grayson et al., 2010). Thus, TrV has been proposed

as a biological control agent against the spread of Chagas
disease (Bonning & Miller, 2010; Czibener et al., 2000;
Muscio et al., 1997; Querido et al., 2013).

Dicistroviridae and Picornaviridae are closely related families
due to their similarities in genome organization, protein
composition and capsid structure. Both families are so sim-
ilar that dicistroviruses were initially referred to as picorna-
like viruses (Muscio et al., 1988). However, whereas the
genome of picornaviruses has a single ORF, the genome of
dicistroviruses is divided into two different ORFs that
separately code for the structural and non-structural pro-
teins. This difference was the main reason for the establish-
ment of Dicistroviridae as a new family (Mayo, 2002). The
first ORF codes for the non-structural proteins (helicase,
protease and RNA-dependent RNA polymerase) and the
second ORF codes for a unique protein called P1, which is
the precursor of the four structural proteins that build the

Two supplementary figures are available in the online Supplementary
Material.
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capsid (from the N terminus to the C terminus: VP2, VP4,
VP3 and VP1). Once the P1 precursor has been cleaved
into VP2, VP0 (VP4+VP3) and VP1 by the coded viral pro-
tease, the particle assembles and VP0 undergoes autopro-
teolytic cleavage into its components in an RNA-dependent
manner (Agirre et al., 2011; S�anchez-Eugenia et al., 2015b).
The assembled particle consist of a pseudo P=3 icosahedral
capsid that is 30 nm in diameter built by 60 copies of each
structural protein with the VP1–VP3 proteins folded in a
so-called jelly roll core [Protein Data Bank (PDB) code
3NAP; Squires et al., 2013]. The salient structural features
of TrV that differentiate it from enteroviruses and rhino-
viruses are the lack of a large depression around the fivefold
axes called the canyon, the absence of the hydrophobic
pocket and the swapping of the VP2 N-terminal domain
(Squires et al., 2013). These important differences between
the structures of these viruses suggest that the mechanisms
involved in receptor binding, capsid stabilization, uncoat-
ing and RNA release may be different to those of entero-
viruses and rhinoviruses. However, a recently solved
structure of the picornavirus Hepatovirus A (Wang et al.,
2015) shows the characteristic VP2 domain swapping
thought to be specific to dicistroviruses. This observation
led the authors to propose that Hepatovirus A may be a
phylogenetic link between dicistroviruses and picornavi-
ruses, and it may uncoat through a novel mechanism.

In this work, we focus on the structural changes that the
TrV capsid undergoes upon genome delivery, a key process
in the infective cycle of all viruses. During this process, the
capsid must undergo the necessary conformational changes
to allow the RNA to egress. Through these steps, the cellu-
lar membranes must be breached; thus, both picorna-
viruses and dicistroviruses code small hydrophobic
proteins, called VP4, which are involved in membrane per-
meation (Panjwani et al., 2014; S�anchez-Eugenia et al.,
2015a). For picornaviruses the mechanisms for uncoating
and RNA release are somewhat understood. Although
picornaviruses share common structural features, they
cluster into two groups regarding their uncoating mecha-
nism. For enteroviruses and rhinoviruses from the genus
Enterovirus of the family Picornaviridae, the first proposed
model for uncoating and RNA release stated that RNA
egressed through a widened fivefold axis (Belnap et al.,
2000; Bubeck et al., 2005; Hewat & Blaas, 2004; Hewat
et al., 2002; Xing et al., 2003). However, recent evidence
supports a model in which upon receptor binding and
pocket factor dislodgment, the capsid expands and exter-
nalizes the VP1 N terminus and VP4. These conforma-
tional changes lead to the release of the RNA through a
small pore formed at the twofold axis (Bostina et al., 2011;
Garriga et al., 2012; Levy et al., 2010; Shingler et al., 2013;
Wang et al., 2012). In support of this model, the structure
of the resulting enterovirus and rhinovirus empty particles
(B-particles or 80S particles; after RNA egress) and inter-
mediate expanded particles (A-particles or 135S-particles;
they still contain the RNA but are primed for its release)
have been solved by cryo-electron microscopy (cryo-EM)

and X-ray crystallography (Garriga et al., 2012; Pickl-Herk
et al., 2013; Ren et al., 2013; Shingler et al., 2013). The
crystallographic structure of the empty particle of human
rhinovirus type 2 (HRV2) and enterovirus 71 (EV71)
shows a capsid whose N-terminal regions of VP1 are disor-
dered and whose protomers have been displaced, forcing
the rearrangement of the interprotomer interfaces and
resulting in the opening of channels at the base of the can-
yon and at the twofold axes (Garriga et al., 2012; Shingler
et al., 2013). The channel at the base of the canyon was
proposed to allow the externalization of the VP1 N termi-
nus, and the channel at the twofold axis is thought to allow
RNA release. Alternatively, the structure of the uncoating-
intermediate particle (A-particle) of the three viruses
HRV2, EV71 and coxsackievirus A16 shows that the
N-terminal region of VP1 interacts with RNA near the
twofold axis that is already opened (Pickl-Herk et al., 2013;
Ren et al., 2013; Shingler et al., 2013). These recent results
support, as previously described, that RNA release in enter-
oviruses and rhinoviruses takes place through channels at
the twofold axes via the externalization of VP1 N-terminal
residues. In contrast, viruses from the genera Aphthovirus
and Cardiovirus of the family Picornaviridae are thought to
release their RNA by direct dissociation into pentamers at
low pH (Baxt & Bacharach, 1980; Brown & Cartwright,
1961; Tuthill et al., 2009). However, recent structural evi-
dence shows that RNA release in aphthoviruses may also
proceed via a transient empty capsid prior to the dissocia-
tion state similar to the mechanism used by enteroviruses
and rhinoviruses (Tuthill et al., 2009) or through a mas-
sively expanded particle with large pores (Bakker et al.,
2014). In any case, the details of the structural changes that
allow RNA egress in aphthoviruses are less well understood
than those of enteroviruses and rhinoviruses.

Unlike picornaviruses, knowledge of the process of uncoat-
ing and RNA release in dicistroviruses is still very poor. A
low-resolution (22 Å) cryo-EM reconstruction of TrV empty
particles obtained by heat treatment showed that upon RNA
release, TrV did not display any prominent conformational
changes with respect to full virions: the protein shell size and
thickness were identical (Agirre et al., 2013). Moreover, TrV
is not acid-labile, which excludes low endosomal pH as the
RNA release trigger (Agirre et al., 2011; Snijder et al., 2013).
However, increased pH does destabilize the genome–capsid
interactions triggering the disassembly of the capsid into
pentameric subunits along with the release of the RNA and
VP4 (Snijder et al., 2013). Furthermore, as previously men-
tioned, the TrV capsid lacks the pocket factor, which has
been shown to be required in the uncoating of enteroviruses
and rhinoviruses from the related genus Enterovirus of the
family Picornaviridae (Grant et al., 1994; Smith et al., 1986;
1995; Zhang et al., 2008). Other picornaviruses however,
also lack the pocket factor.

All of these data indicate that the uncoating process in dicis-
troviruses will presumably be different from that of picorna-
viruses. Since the low-resolution cryo-EM reconstructions
did not provide structural insight into the changes occurring
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during RNA release, we solved the structure of the TrV
empty capsid at 3.6 Å resolution in this study (PDB code
5L7O). The aim of this work is to address the uncoating
mechanism of this virus from the poorly studied
family Dicistroviridae. Here, we show that after RNA release,
the overall structure of the particle is maintained. The most
prominent changes in the empty TrV capsid in comparison
to the full particle are the narrowing of the fivefold axis cav-
ity, the absence of new holes and the loss of the twofold
domain swapping that stabilizes the binding between the
pentameric subunits.

RESULTS AND DISCUSSION

Native TrV virions were emptied by heating full virions to
56 �C for 12 min. Heating has been used to create empty
virions in other picornaviruses and also in previous TrV
studies (Agirre et al., 2011; Belnap et al., 2000; Bostina et al.,
2011; Bubeck et al., 2005; Garriga et al., 2012; Hewat &

Blaas, 2004; Hewat et al., 2002; Levy et al., 2010; Shingler
et al., 2013; Wang et al., 2012; Xing et al., 2003); this tech-
nique exploits the idea that the empty particles generated by
heating are thought to be identical to those naturally emp-
tied. The structure of these empty capsids (PDB code
5L7O) was solved at 3.6 Å resolution by molecular replace-
ment using the structure of the native virion previously
solved at 2.5 Å resolution (RCSB PDB code 3NAP; Squires
et al., 2013) as the starting model. After rebuilding, non-
crystallographic symmetry (NCS)-constrained refinement
and density averaging cycles, the final model represented
the conformational changes that occurred in the capsid due
to the release of RNA and VP4.

Analysis of structural changes

Individual viral proteins. The overall shapes of the three
structural proteins VP1, VP2 and VP3 are maintained in
the empty capsid compared to the native virion (Fig. 1).

(a)
VP1

VP2

VP3

N terminus

N terminus

N terminus

Loop 5

(b)

(c)

Fig. 1. Superimposition of individual viral proteins of native and empty TrV. The b-barrel of VP1 (a), VP2 (b) and VP3 (c) pro-
teins between the full virion (yellow) and the empty particle (orange) are superimposed. The structural motifs showing the big-
gest differences are indicated.

Structure of TrV empty capsid
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The most prominent change was the lack of density for the
first 33N-terminal residues of VP1 and for the first 76N-
terminal residues of VP2 (Fig. S1, available in the online
Supplementary Material). These residues, which were
ordered from position 1007 in VP1 and 2009 in VP2 in the
mature virion, were disordered in the empty capsid (note
that the residues of VP1, VP2 and VP3 are numbered using
1000, 2000 and 3000, respectively). This lack of order was
also observed in the N terminus of VP1 protein in the
empty capsid of HRV2 (Garriga et al., 2012). In a
low-resolution (22 Å) cryo-EM reconstruction of empty
TrV capsids (Agirre et al., 2013), an extra density located at
the exterior of the twofold symmetry axes was modelled as
a rigid movement of the N terminus of VP2 toward the cap-
sid exterior. However, in the present crystallographic study,
no density was present to build a structural model of any of
the N-terminal VP2 residues in the capsid interior, across
the shell or at the capsid exterior. We hypothesize that these
disordered regions, which in the mature virion are ordered
inside the capsid, may interact with the RNA or may inter-
act with other parts of the inner capsid favoured by the
presence of the RNA. In either case, these interactions may
contribute to the stability of the full virion. However, in the
previously solved structure of the native virion (Squires
et al., 2013) the RNA was not visible and thus, these points
cannot be proven. Since RNA has been released in the
empty capsid, these interactions would be lost, which could
lead to the observed disorder in these regions.

Superimposition between the viral proteins from the empty
capsid and from the mature virion (shown in Fig. 1) was
performed for each VP by aligning the jelly roll b-barrel.
These regions were very similar between both models with
an root-mean-square deviation (RMSD) for the Ca atoms
of the jelly roll of 0.25, 0.34 and 0.32 Å for VP1, VP2 and
VP3, respectively (in the following, RMSD values refer to
the same comparison). The most noticeable changes were
concentrated in the N- and C-terminal regions as well as in
some of the loops between the b sheets.

As previously mentioned, VP1 lacked electron density for in
the first 33 N-terminal residues. In the mature virion, these
33 amino acids are in close contact and establish stabilizing
ionic interactions with the VP2 N-terminal region of an
adjacent protomer of the same pentamer (see Fig. 4). How-
ever, in the empty capsid, both N-terminal regions are dis-
ordered, and these interactions are lost. Furthermore, the
lack of order in one N-terminal region probably leads to
disorder in the other. The region comprising amino acid
residues 1191–1195 seems especially flexible, since the aver-
age B factor of this region (195 Å2) is markedly higher than
that of VP1–VP3 (Table 1).

In VP2, the disordered region corresponds to the first
76 amino acids, which is 30% of the protein. These missing
residues are key in the assembly of the native particles
because they exchange with their twofold related counter-
parts in the neighbouring pentamer, thereby stabilizing the
interpentameric complexes and, thus, the capsid by domain

swapping (Fig. 4, Table 2; Bennet et al., 1995; Squires et al.,
2013). In the empty capsid, all of these interactions are lost.
The region between the first observed amino acid
(Thr2077) and the first residue of the first b sheet of the
jelly roll (Gln2088) has the highest RMSD in VP2 (0.99 Å).
This is basically because amino acids 2077–2079, the first
three observed amino acids, are shifted at approximately
2 Å.

Regarding the VP3 protein, no amino acids become disor-
dered upon RNA release. Loop 5 (aa 3170–3175) with an
RMSD of 1.57 Å is the loop with the largest shift. This
change is essentially centred on amino acids 3171–3173 and
corresponds to a 3 Å shift of these residues toward the b

sheets of VP3. This displacement leads to the rearrangement
of the interactions with VP2 protein of a neighbouring pen-
tamer (Table 4). The N-terminal region of VP3 (aa 3001–
3064), which partially forms the inner region of the fivefold
cavity, also deviates to some extent from the native model.

Pentameric structure. The small displacements in the
amino acids of VP1, VP2 and VP3 give rise to a pentamer

Table 1. Data collection and refinement statistics

CC1/2 stands for the Pearson correlation coefficient between two

random halfs of unique reflections. CC* stands for the estimation of

the real correlation coefficient between the averaged data-set and the

noise-free t signal.

TrV empty capsid

Data collection

Wavelength (Å) 0.9795

Resolution range 47.7–3.6 (3.7– 3.6)

Space group R3 : H

Unit cell 305.59 Å, 305.59 Å, 796.49 Å; 90 �,

90 �, 120 �

Total reflections 684 874 (67 652)

Multiplicity 2.2 (2.2)

Completeness 0.98 (0.97)

R-merge 0.162 (1.32)

CC1/2 0.985 (0.196)

CC* 0.996 (0.573)

Refinement

Resolution range (Å) 47.7–3.6

Reflection used for Rfree 6427

Rwork 0.268

Rfree 0.269

RMSD bonds (Å) 0.007

RMSD angles (º) 1.19

Ramachandran favoured

(%)

91

Ramachandran allowed

(%)

8.5

Ramachandran outliers

(%)

0.15

Average B-factor (Å2) 114.3

R. S�anchez-Eugenia and others
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that mostly maintains its structure compared to the native
virion and that only has an appreciable change in the fivefold
cavity. This cavity is essentially formed (from the capsid out-
side to inside) by rings of Gln1128, Val1166, Thr1167,
Gln3014 and Val3012. The minimal changes in the positions
of these residues maintain the overall cavity diameter except
for Gln3014, which seems to shift toward the lumen of the
cavity, narrowing the diameter of the region at that position
(Fig. 2) (note that the error in the atomic coordinates of this
structure at 3.6 Å resolution can lead to ambiguous interpret-
ations of these displacements). In this way, the fivefold cavity
appears to preclude the transit of ions between the capsid
inside and outside as shown by the solvent accessible surface
(Fig. 2). In enteroviruses and rhinoviruses from the related

family Picornaviridae, the apparent enlargement of the fivefold
cavity in empty capsids, shown initially by cryo-EM, was used
to propose a model in which RNA exited the capsid through
this widened channel (Belnap et al., 2000; Bubeck et al., 2005;
Hewat & Blaas, 2004; Hewat et al., 2002; Rossmann et al.,
2002; Xing et al., 2003). However, current crystallographic
data in enteroviruses and rhinoviruses (Garriga et al., 2012;
Wang et al., 2012) shows that the fivefold cavity is constricted.
This, which is also observed here for TrV, makes RNA release
through this cavity unlikely. Nevertheless the time- and
space-averaged crystallographic data cannot exclude the
occurrence of large transient conformational changes leading
to the opening of the cavity.

Table 2. Summary of protein–protein interactions in mature TrV and in the empty capsid

M–M, Interactions between main chains; M–S, interactions between main and side chains; S–S, interactions between side chains.

Ionic H-bonds Aromatic

M–M M–S S–S p–p p–Cation

Intrapentamer Mature 20 56 155 116 12 6

Empty 12 30 139 43 10 5

Interpentamer Mature 14 20 138 14 10 10

Empty 3 1 49 30 5 5

(a)

(b)

Gln3014

VP2 N terminus

Gln3014

Fig. 2. Narrowing of the fivefold cavity. (a) The solvent accessible surface of the pentameric subunit is clipped to show the
fivefold channel in yellow (left) for the mature virion and in orange (right) for the empty particle. It can be observed that
the empty particle channel is closed while that of the mature virion is not. (b) Electron density populating the fivefold channel of

the mature virion (left) and the empty capsid (right). For clarity, the atomic model, the electron density and the surface repre-
sentation are clipped. In the central region of the channel of the mature virion, different Gln3014 residues coordinate a density,
which likely corresponds to a cation. However, in the empty capsid, this density is lost and the channel is collapsed.

Structure of TrV empty capsid
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Additionally, in the structures of both mature TrV (Squires
et al., 2013) and mature CrPV (Tate et al., 1999), a spherical
density was found at the fivefold cavity. This density was
interpreted as a metal cation that in TrV was coordinated to
the oxygen atom of the side chain of Gln3014 (Squires
et al., 2013). In the empty capsid structure, no density is
observed at the same position (Fig. 2b), indicating that the
putative cation found in native TrV was released as a conse-
quence of RNA egress. As the presence of cations in the
fivefold axes of some viruses in the order Picornavirales has
been shown to be relevant in the stabilization of their struc-
ture (Zhao et al., 1997), the loss of this cation may be
related to the destabilization of the capsid to allow TrV
uncoating.

Furthermore, no pores are formed near the canyon in the
pentameric subunits of the empty capsid of TrV, which is a
major difference compared with the HRV2 empty particle
(Garriga et al., 2012). In our case, the surface of the pen-
tamer in the empty capsid of TrV is almost identical to that
of the mature virion. In HRV2, the observed pores were
interpreted as the remainder of the VP1N-terminal exter-
nalization, but there is no evidence of VP2 N-terminal
region externalization in our case.

Overall capsid structure. The overall capsid structure and
icosahedral symmetry of the empty particle is conserved in
comparison to the mature virion. The outer diameter of the
capsid is roughly the same (33 nm) in both particles
(Fig. 3), and the only difference in thickness is mainly due
to the missing N-terminal regions of VP2 that would lie
below the twofold axes. This similarity between the empty
and full particles in TrV contrasts the pronounced changes
found between these particles in enteroviruses and rhino-
viruses. The protomer rearrangement in the empty capsids
of both rhinovirus (Garriga et al., 2012) and enterovirus
(Wang et al., 2012) led to a particle expansion of approxi-
mately 4% in diameter and a protein shell thinning of
approximately 10%. However, in the TrV empty particles,
the alterations in the positions of the proteins are not prom-
inent enough to induce those overall conformational
changes in the capsid.

Interaction rearrangement and RNA release

model

Rearrangement of intrapentameric interactions. In the
previous section, we described all of the conformational
changes that occurred in the TrV capsid upon RNA release.
These changes, along with the disorder of the N-terminal
domains, lead to the loss of several amino acid interactions
and to the formation of new interactions. In the native
virion, each protomer establishes a total of 365 interactions
that are predicted to be attractive (Table 2) and to stabilize
the pentamer: 20 ionic interactions, 327 hydrogen bonds
and 18 aromatic interactions. In the empty capsid, the inter-
action network is weaker with only 239 interactions being

conserved: 12 ionic interactions, 212 hydrogen bonds and
15 aromatic interactions.

Focusing on the ionic contacts, of the 20 present in mature
virions, 12 are lost and four new interactions are formed
(Table 3). VP1 loses five interactions: three of them are
located in the disordered N-terminal portion (aa 1009, 1017
and 1019) that interacts with an adjacent VP2. The other
two (Glu1041 and Glu1172, which is near the fivefold axis)
no longer interact with different VP3 proteins. On the other
hand, VP1 establishes two new ionic contacts near the
spikes: Asp1142 and Arg1243 interact with two different
VP1 proteins. In the case of VP2, five interactions are lost as
a consequence of the disorder of its N-terminal region: the
three interactions missing with an adjacent VP1 previously
described and two other interactions lost between the N-
terminal residues of other intrapentameric VP2 proteins.
VP2 does not establish any new interactions. Finally, as pre-
viously described, VP3 loses two interactions with VP1 and
establishes two new interactions: Lys3002 and Asp3027
interact with two different VP3 proteins (Table 3).

All these missing intrapentameric interactions, which are
mainly focused on the VP1 and VP2 N-terminal domains,
apparently do not strongly affect the structural integrity of
the pentamers. Thus, it can be suggested that the empty
capsid pentamers are still robust building blocks for the
maintenance of the viral capsid. This result coincides with
previous results showing that upon alkaline-dependent
uncoating, the disassembly intermediates of TrV were pen-
tameric subunits (Snijder et al., 2013).

2
5

3

2

Fig. 3. Overall capsid structure comparison. The solvent-access-
ible surface of the native viral particle (yellow) and of the empty
particle (orange) is shown. The particles are oriented in the same

way and are clipped to show only their central section. Only half
of each capsid is shown for comparison.
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Rearrangement of interpentameric interactions. In the
TrV empty capsid, the rearrangement of the interactions
between protomers of different pentamers is more extensive
than the rearrangement within pentamers. In the native
virion, each protomer establishes a total of 206 interactions
(Table 2) that are predicted to stabilize the binding between
adjacent pentamers: 14 ionic interactions, 172 hydrogen
bonds and 20 aromatic interactions. In the empty capsid,
the positional changes caused by RNA release lead to a
weakened interaction network where only 93 interactions
are conserved: 3 ionic interactions, 80 hydrogen bonds and
10 aromatic interactions.

As in the intrapentameric case, we will focus our analysis on
the ionic contacts. From the 14 ionic interactions present in
mature virions, two new interactions are created and 13 are
lost (Table 4). Twelve of these 13 interactions are lost as a
consequence of the disordered VP2 N-terminal regions
(Fig. 4): two are lost with its twofold related counterpart
(His2049–Glu2190), four with other VP2s (Asp2018–
Arg2024 and Lys2028–Glu2056), four with an adjacent VP1
(Arg2070–Glu1033 and Arg2070–Asp1035) and two with

an adjacent VP3 (Asp2068–Lys3043). The last missing
interaction, which is not a consequence of the disordered
VP2N-terminal residues, is between Glu2121 and Arg3159
of an adjacent VP3. This interaction is also located at the
twofold axis.

As illustrated in the previous paragraphs, the N-terminal
domain of VP2 is a key region in stabilizing the binding
between the pentameric subunits to build the full capsid of
the mature virions in dicistroviruses. However, in TrV
empty capsid ~80% of these interactions are lost as a result
of the disorder of the first 76 residues of VP2 (Fig. 4). As
the reduction in the number of interactions can be inter-
preted as a weaker overall interaction, we conclude that this
rearrangement of interactions produces a capsid whose pen-
tamers are weakly bound at the twofold symmetry axes due
to the loss of the domain swapping.

Model for RNA release. Taking into account that the
empty capsid structure is the final snapshot of the RNA
release process, the structural changes and the weakening of
the interpentameric interfaces allow us to discuss possible

Table 3. Intrapentameric ionic interactions

Chain organization is as follows: the reference protomer is numbered as 1 and the other four protomers are numbered 2, 3, 4 and 5 clockwise as

shown in Fig. S2.

Interaction Mature

TrV

Empty

capsid
Residue 1 Residue 2

Amino acid no. Residue Chain Amino acid no. Residue Chain

1009 Arg 1VP1 2022 Glu 2VP2 Yes No

1017 Glu 1VP1 2028 Lys 2VP2 Yes No

1019 Lys 1VP1 2027 Glu 5VP2 Yes No

1041 Glu 1VP1 3043 Lys 2VP3 Yes No

1052 Glu 1VP1 3035 Lys 2VP3 Yes Yes

1142 Asp 1VP1 1243 Arg 5VP1 No Yes

1142 Asp 1VP1 3200 Arg 5VP3 Yes Yes

1151 Asp 1VP1 1243 Arg 5VP1 Yes Yes

1163 Glu 1VP1 3015 Arg 5VP3 Yes Yes

1172 Glu 1VP1 3015 Arg 5VP3 Yes No

1243 Arg 1VP1 1142 Asp 2VP1 No Yes

1243 Arg 1VP1 1151 Asp 2VP1 Yes Yes

2022 Glu 1VP2 1009 Arg 5VP1 Yes No

2027 Glu 1VP2 1019 Lys 5VP1 Yes No

2028 Lys 1VP2 1017 Glu 5VP1 Yes No

2033 Glu 1VP2 2187 Lys 5VP2 Yes No

2187 Lys 1VP2 2033 Glu 2VP2 Yes No

3002 Lys 1VP3 3027 Asp 4VP3 No Yes

3015 Arg 1VP3 1163 Glu 2VP1 Yes Yes

3015 Arg 1VP3 1172 Glu 2VP1 Yes No

3027 Asp 1VP3 3002 Lys 2VP3 No Yes

3035 Lys 1VP3 1052 Glu 5VP1 Yes Yes

3043 Lys 1VP3 1041 Glu 5VP1 Yes No

3200 Arg 1VP3 1142 Asp 2VP1 Yes Yes
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RNA release models for TrV. Importantly, the constriction
of the fivefold cavity makes RNA release through this region
very unlikely. Moreover, the absence of pores, channels or
any other sign of RNA crossing through the capsid, features
observed in enteroviruses and rhinoviruses (Bostina et al.,
2011; Garriga et al., 2012; Wang et al., 2012), points to an
uncoating mechanism different to that of these picorna-
viruses. The results presented here can be congruent with

different RNA release models: (i) the virion capsid may
totally or partially disassemble into pentameric subunits,
thus releasing RNA; then these pentamers would reassemble
into an empty capsid. (ii) The empty capsid solved here
may be the resulting particle subsequent to a swollen parti-
cle with large holes that would allow RNA egress. This
expanded particle has been found and its structure has been
solved by cryo-EM, in aphthoviruses (Bakker et al., 2014),

Fig. 4. Domain swapping at the twofold axis. The interface between two pentamers is shown at the twofold axis for the interior
of the full virion (left) and for the interior of the empty capsid (right). Two protomers are highlighted in green and red, one from

each pentamer. In the full virion, domain swapping is clearly visible as an exchange between identical domains of both
highlighted protomers. However, this largely stabilizing feature is absent in the empty capsid.

Table 4. Interpentameric ionic interactions

Chain organization is as follows: the reference pentamer is called ‘a’ , and the three surrounding pentamers are called ‘b’, ‘c’ and ‘d’ as shown in

Fig. S2.

Interaction Mature

TrV

Empty

capsid
Residue 1 Residue 2

Amino acid no. Residue Chain Amino acid no. Residue Chain

1033 Glu aVP1 2070 Arg dVP2 Yes No

1035 Asp aVP1 2070 Arg dVP2 Yes No

2018 Asp aVP2 2024 Arg cVP2 Yes No

2024 Arg aVP2 2018 Asp bVP2 Yes No

2028 Lys aVP2 2056 Glu bVP2 Yes No

2049 His aVP2 2190 Glu bVP2 Yes No

2056 Glu aVP2 2028 Lys cVP2 Yes No

2068 Asp aVP2 3043 Lys cVP3 Yes No

2070 Arg aVP2 1033 Glu cVP1 Yes No

2070 Arg aVP2 1035 Asp cVP1 Yes No

2121 Glu aVP2 3159 Arg cVP3 Yes No

2190 Glu aVP2 3136 Arg cVP3 No Yes

2190 Glu aVP2 2049 His cVP2 Yes No

3043 Lys aVP3 2068 Asp cVP2 Yes No

3136 Arg aVP3 2190 Glu dVP2 No Yes

3159 Arg aVP3 2121 Glu dVP2 Yes Yes
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but this putative uncoating intermediate seems to lack the
capacity to turn into a not-expanded empty particle. And
finally, (iii) pentameric subunits may flip out over their
destabilized interface at the twofold axis remaining attached
via other interface. Then, after RNA release, they would flip
back again to form the empty capsid (Fig. 5).

Even though all of these models are feasible with the results
shown here, we hypothesize that the third model is the
most likely. This model (Fig. 5), in which pentameric sub-
units may flip out and flip back again, would result in the
transient formation of openings in the capsid due to the
weakened interpentameric interfaces. These transient open-
ings would allow RNA translocation. The weakening of the
binding between pentamers and the nearly unchanged
structure of the pentamer support this model, which may
hold for other members of the family Dicistroviridae. Never-
theless, at this point the exact mechanism used by TrV to
uncoat and translocate its RNA into the target cell cannot
be definitely stated.

METHODS

Materials. Pentaerythritol propoxylate 629, Tris-HCl and magnesium
chloride were purchased from Jena Bioscience. Sucrose and sodium
chloride were purchased from Sigma-Aldrich.

Generation and crystallization of empty particles. Mature TrV
virions were purified from experimentally infected Triatoma infestans
faeces by centrifugation as previously described (Agirre et al., 2011). Full
particles at 0.05 mg ml�1 in 50 mM Tris pH 7, 10 mM NaCl, 1 mM
MgCl2, were emptied by incubation at 56 �C for 12 min with continuous
shaking. After assessing the emptying yield by negative-staining trans-
mission electronmicroscopy, the solution was concentrated to 3mgml�1

using Amicon Centrifuge Filters (Millipore). Crystals were grown at
18 �C by vapour diffusion in sitting drop plates by mixing equal volumes
of the capsid solution and the reservoir solution: 100 mM Tris pH 8.5,

50 mM MgCl2 and 25% pentaerythritol propoxylate 629. After 7 days,
100 � 150 � 40 µm3 crystals were harvested and frozen by immersion
in liquid nitrogen.

Data collection, structure determination and refinement. Data
up to 3.3 Å was collected from one of the previously described crystals
in the ID23-1 beamline at the European Synchrotron Radiation Facility
(ESRF, Grenoble, France). The wavelength used was 0.9795 Å, and the
detector was Pilatus 6M. A total of 730 diffraction images were taken by
oscillating the crystal in steps of 0.1 �. These images were processed using
the XDS program (Kabsch, 2010). Empty particle crystal belonged to the
space group H3 with unit cell parameters: 305.59 Å, 305.59 Å, 796.49 Å,
90�, 90� and 120�. During the processing, the resolution was cut to 3.6 Å
using the CC1/2 criteria as the cut-off (Karplus & Diederichs, 2012). An
initial model of the TrV empty particle was obtained by molecular
replacement using the program Phaser (McCoy et al., 2007). The proto-
mer of the TrV mature capsid (RCSB PDB code 3NAP; Squires et al.,
2013) was used as the search model. Twenty protomers were located in
the asymmetric unit of the empty capsid crystal. At this point, the
absence of electron density for the N-terminal regions of VP1 and VP2
was evident and therefore, these residues were removed from the initial
model. The test set was generated separating 2% of the reflections in
thin-resolution shells. The initial model was refined with Refmac5
(Murshudov et al., 2011) using 20-fold non-crystallographic symmetry
constraints. Iterative refinement cycles were combined with density
averaging, solvent flattening and histogram matching cycles using den-
sity-modification (Cowtan & Main, 1998) and with manual building
using Coot (Emsley et al., 2010). Final refinement statistics are shown in
Table 1.

Illustrations were produced using PyMOL and Chimera (Pettersen et al.,
2004). Interactions between proteins were calculated using the software
Protein Interactions Calculator (Tina et al., 2007).
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