








separately aligned to the RCNMV sequence, followed by ho-
mology modeling for individual domains.

Each domain model was fitted as a separate rigid body
(with Situs) to the A, B, and C subunit densities in the 8.5 Å
RCNMVNAT cryoEM map. The separated S and P domains
for each CP subunit were reunited postfitting to obtain final
models for the complete A, B, and C subunits. These pseudo-
atomic models clearly demonstrated conformational differ-
ences between different CP subunits. A cross-correlation coef-
ficient of 0.8 calculated between the EM density map and the
homology model with an NMFF routine indicated good overall
correspondence. In particular, the �-sheets comprising the S
and P domains docked remarkably well into the EM density
map and accounted for most of the observed capsid density.
The central section of the B subunit (Fig. 5A) and cross-
sections of the ABC trimer (Fig. 5B to E) are highlighted in
Fig. 5. Slices through the P domains (Fig. 5B and C) exhibit
clear, end-on views of �-sheets that fit well into the cryoEM
map. Slices through the S domains (Fig. 5D and E) exhibit a
more complex distribution of density that is consistent with

the models, where the floor of the viral capsid is composed
of a series of closely associated �-sheets. The structural
transition from the RCNMVNAT to the RCNMV�Ca/�Mg

state is shown in a simulated animation (see the supplemen-
tal material), where significant movement of the P and S
domains is depicted.

To complete the fit and construct the entire RCNMV ho-
mology model, the extended arm of the TBSV C subunit was
manually adjusted with the program O to fit into the tube-like
density in the RCNMV reconstruction that lies between the
capsid shell and the cage. This density easily accommodates
the putative RCNMV CP arm sequence. The extended arm
does not account for the density observed in the cage. Most of
the CP sequence is accommodated within the capsid shell of
the homology model; therefore, the slabs likely represent or-
dered segments of viral RNA or viral RNA-CP complexes
(e.g., RNA-R domain complexes). Though the primary se-
quences of the TBSV and RCNMV extended arms exhibit
little sequence identity, we compared the density distributions
within the RCNMV and TBSV density maps (radial sections in

FIG. 3. Shaded-surface representations of the 3D reconstructions of RCNMVNAT, RCNMV�Ca, and RCNMV�Ca/�Mg. (A) RCNMVNAT map
at a resolution of 8.5 Å showing characteristic protrusions formed by P domains of the CP. The positions of the A, B, and C CP subunits within
one asymmetric unit of the capsid are shown by corresponding letters. The red arrow points to the characteristic dimple in a P domain. (B) Cutaway
view of RCNMVNAT. The RNA-protein inner cage, essentially disconnected from the capsid shell by a 7-Å gap, is shown in magenta with a single
trimer of RNA-protein slabs highlighted in green. Twenty such trimers constitute the cage. (C) RCNMV�Ca map at 9 Å. (D) Cutaway view of
RCNMV�Ca. The cage is essentially the same as in RCNMVNAT. (E) RCNMV�Ca/�Mg reconstruction at a resolution of 16.5 Å. (F) Cutaway view
of RCNMV�Ca/�Mg with the cage colored red. Additional open channels through the capsid are visible (E, blue arrow). The inset is a view along
the fivefold axis of panel F. The O and T labels identify two subdomains of RNA cage slabs splitting at the distal end of a single slab in RCNMVNAT
or RCNMV�Ca.
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Fig. 6A and B), where arm loops are most likely localized.
These radial sections suggest very similar locations of the arm
loops. The N terminus of the C subunit extended arm in the
homology model lies �4.5 Å away from the threefold axes
where three cage slabs associate to form trimers (Fig. 6B).
They are coincident with density peaks that possibly originate
from a �-annulus-like structure similar to that found in TBSV
(Fig. 6A) (28).

3D reconstruction of RCNMV�Ca virions. The reconstruction
of Ca2�-depleted virions (RCNMV�Ca) was determined ab initio
in the same manner used to reconstruct the RCNMVNAT struc-
ture. The final 3D map was obtained at a resolution of 9 Å
(Fig. 3C and D). The overall RCNMV�Ca structure appears
quite similar to that of RCNMVNAT at a resolution of 9 Å, but
detailed comparisons did reveal important differences. The CP
subunits in RCNMV�Ca virions were rotated �2 to 4° clock-
wise relative to their orientations in RCNMVNAT and were
translated in tangential directions by �4 to 8 Å (Fig. 6C, D,
and E). Prominent densities in the difference map (Fig. 6D;
black � positive differences; white � negative differences)
highlight regions of the P domains that change upon Ca2�

chelation. All RCNMV�Ca subunits are synchronously shifted
and rotated (Fig. 3), which leaves a slightly thinner capsid shell
at the quasithreefold axes.

3D reconstruction of RCNMV�Ca/�Mg virions. Preliminary
analysis of cryoEM images of divalent-cation-depleted RCNMV
(RCNMV�Ca/�Mg) confirmed that treatment does not signifi-
cantly alter the virion size. Hence, we used the 3D reconstruction
of RCNMVNAT at a resolution of 18 Å as the initial model for the
orientation and origin search with images of RCNMV�Ca/�Mg to

produce a density map with a final resolution of 16.5 Å. Although
the size and overall organization of RCNMV�Ca/�Mg were sim-
ilar to those of RCNMVNAT, including the presence of a well-
defined cage (Fig. 3E and F), significant differences appeared
throughout the structure. The protrusions are unaltered in height
but become shorter (42 Å versus 50 Å) and wider (38 Å versus 31
Å) in RCNMV�Ca/�Mg and lack the ridge at high radius present
in the protrusions of RCNMVNAT (compare Fig. 3A, C, and E).
A new and prominent feature of the RCNMV�Ca/�Mg recon-
struction is the presence of �11- to 13-Å-diameter holes that
traverse the capsid shell at the pseudothreefold axes (Fig. 3E).

Even though the RCNMV�Ca/�Mg virions lack Mg2� ions,
the cage is still present and maintains a thickness and general
organization similar to those found in RCNMVNAT. However,
the slabs are less well defined in RCNMV�Ca/�Mg (Fig. 3F).
The distal end of each slab in RCNMVNAT subdivides into two
subdomains in RCNMV�Ca/�Mg. One of these subdomains
forms a spoke-like structure around the fivefold axis (O); the
other (T) lies perpendicular to O (Fig. 3, inset).

Fitting the homology model into EM maps of RCNMV�Ca

and RCNMV�Ca/�Mg virions. As described above for the
RCNMVNAT reconstruction, the same A, B, and C subunit
homology models were fitted into the RCNMV�Ca 9-Å density
map. An overall cross-correlation coefficient of 0.75 signified
general correspondence. Comparison of the RCNMVNAT and
RCNMV�Ca models showed that the CP subunits are shifted
and rotated 2 to 4° more clockwise around the quasithreefold
axes after Ca2� ion depletion (Fig. 7). This rearrangement of
CP subunits leads to slight modifications in the shape of the
protrusions, as well as the floor. The P domains in the CP

FIG. 4. Amino acid sequence alignment of the RCNMV and TBSV CPs. The overall identity and similarity between the two proteins are 26
and 39%, respectively. The S domains are the most closely related (35% identical, 48% similar), and the P domains are more diverse (27%
identical, 44% similar). There is no significant identity or similarity between the R domains and arm regions. Arrows delimit the structural domains.
The sequence numbering and domain assignments are based on the TBSV X-ray structure (28). Identical residues are shaded gray, whereas similar
residues are boxed. Brackets mark the conserved residues that provide the Ca2� ligands in TBSV.
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subunits of a trimer tilt slightly away from the quasithreefold
axis. At the same time, the S domains also tilt slightly, leading
to a smoother, more rounded capsid floor.

The homology models were initially fitted manually into the

16.5-Å resolution RCNMV�Ca/�Mg map. Here, the rigid-body
fitting protocol failed to yield satisfactory results, especially for
the S domains, where portions of the model ended up well
outside the density for the virion shell, suggesting that the S

FIG. 5. Homology models of the RCNMV CP subunits fitted into the RCNMVNAT density map. The yellow and gray shading highlights the
outer and inner surfaces of the molecular envelope of the RCNMV cryoEM density map. The A, B, and C subunits are depicted in a colored
cartoon representation in blue, red, and green, respectively. Panel A shows the B subunit viewed perpendicular to the central section through the
capsid with a portion closest to the viewer removed. The locations of the 7 and P domains are denoted by labels S and P. Panels B to E show
perpendicular sections through the RCNMVNAT ABC trimer at different levels. Panels B and C and panels D and E represent sections through
the P and S domains, respectively. The yellow lines in each panel indicate the positions of the vertical central section shown in panel A.
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domains had adopted a different conformation. NMFF proce-
dures (42) were then used to dock the homology model into
the RCNMV�Ca/�Mg map. The resulting model was much
improved compared to that obtained by rigid-body fitting
(Table 2), as most of the S domain residues now lay within the
EM density envelope. Correlations between the model and the
map improved, on average, from 0.73 to 0.82. To avoid prob-
lems potentially caused by overfitting, only the 20 lowest-fre-
quency normal modes were permitted in the NMFF procedure
(42). These modes corresponded to large-scale conformational
changes and were sufficient for fitting maps at relatively low
resolution.

Close inspection of the RCNMVNAT and RCNMV�Ca/�Mg

capsid models demonstrated significant internal rearrange-
ments of the CP subunits (Fig. 3 and 7). The S and P domains
tilt in much the same way as in the RCNMV�Ca structure, but
the tilts are more severe. On average, the P domains tilt away
from the quasithreefold axis by �10° and rotate clockwise,
thereby opening up this region of the virion surface even more
than in the RCNMV�Ca map (Fig. 7). The S domains also tilt
away from the axis and rotate around their long axes, mak-
ing the capsid floor significantly smoother than in either the
RCNMVNAT or the RCNMV�Ca structure (Fig. 3 and 7). At
the same time, the subunits within the trimer move apart and
this generates an 11- to 13-Å diameter channel in the capsid

shell (Fig. 7). No such channel is visible in the RCNMVNAT or
the RCNMV�Ca map (Fig. 7).

On the basis of the known TBSV crystal structure and our
homology-modeling experiments, we speculate that Ca2� ions
are bound at the RCNMV S-S domain interfaces. Although
Ca2� ions cannot be directly resolved in the present recon-
structed maps, the fitting of homology models into the maps,
coupled with analysis of sequence data, allows us to define the
putative Ca2�-binding sites. The CP sequence alignment dem-
onstrates that there are conserved Ca2�-binding residues at
these interfaces (RCNMV residues 93 to 99 and 125 to 130)
(Fig. 4).

RCNMV RNA nuclease sensitivity is dependent on the
divalent-cation content of capsids. The loss of stabilizing
Ca2� ions from plant virus capsids was hypothesized to be an
early event in the virus life cycle following entry of virions into
cells (13). On the basis of the results obtained in this study
(RCNMV dialysis against deionized water), it is likely that the
RCNMV loses both Ca2� and Mg2� ions upon exposure to the
cytosol. The DLS and cryoEM studies described here have
shown that loss of divalent cations does not disassemble the
RCNMV capsid; rather, it opens channels through the capsid,
coupled with rearrangement of the viral RNA (Fig. 3 and 7).

To determine if depletion of capsid divalent cations in-
creases the accessibility of viral RNA to the external envi-

FIG. 6. Radial projections of virion density maps. Maps of TBSV (A) and RCNMVNAT (B) virions at a 124-Å radius corresponding to the S
domains are shown. Protein density is shown in white. One C-C dimer is outlined in yellow for each virion. Trimers of extended arms, centered
at one of the icosahedral threefold axes in each structure, are outlined in red. The N-terminal ends of the extended arms approach each other near
the threefold axes and appear as triangular (TBSV) or globular (RCNMVNAT) peaks of density. Red arrows point to icosahedral threefold axes
in the two structures. (C, D, and E) RCNMV density maps at a 162-Å radius corresponding to the P domains. RCNMVNAT (C), RCNMV�Ca (E),
and RCNMVNAT-minus-RCNMV�Ca difference (D) maps are shown. Black and white striped features in the difference maps (D) highlight the
small shifts and rotations of the P domains that accompany extraction of Ca2� ions from RCNMVNAT. The yellow and red outlines in panels C
and E, respectively, identify equivalent areas in RCNMVNAT and RCNMV�Ca. In panel D, the outlines shown in panels C and E are superimposed
to indicate the small rotation (�3°).
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FIG. 7. Close-up views of interfaces of the A, B, and C CP subunits in pseudoatomic homology models. The loops and 	-helices that form the
lining of the quasithreefold axis move slightly away from the axis when Ca2� ions are depleted and significantly farther when both Ca2� and Mg2�

are depleted, resulting in the opening of an 11- to 13-Å channel through the capsid shell in RCNMV�Ca/�Mg virions. Electrostatic-potential
diagrams show the charge distributions of the inner (middle row) and outer (lower row) surfaces. The concentration of positive charge just outside
the cavities in RCNMVNAT and RCNMV�Ca or the channel in RCNMV�Ca/�Mg may serve to attract and position the RNA for exit through the
charged channel. The outer surface of the capsid in the region surrounding the local threefold axis is predominantly negatively charged, which
might help repel RNA as it emerges from the surface. (A to C) Close-up views of a portion of the A, B, and C subunit interfaces in the
pseudoatomic homology models for the native RCNMVNAT (A), RCNMV�Ca (B), and RCNMV�Ca/�Mg (C) structures. The loops and 	-helices
that form the lining of the local threefold axis move slightly from the axis when Ca2� ions are chelated (B) and significantly farther when both Ca2�

and Mg2� ions are chelated (C), opening an 11- to 13-Å channel through the capsid shell. (D to I) Electrostatic-potential representations of CP
trimers showing charge distributions on the outer (D to F) and inner (G to I) surfaces for RCNMVNAT (D and G), RCNMV�Ca (E and H), and
RCNMV�Ca/�Mg (F and I). Red represents negative charges, whereas positively charged residues are shown in blue. On the inner capsid surface,
the concentration of positive charge just outside the cavities in RCNMVNAT (G) and RCNMV�Ca (H) or the channel in RCNMV�Ca/�Mg (I) may
serve to attract and position the RNA for exit through the negatively charged channel (not shown). The outer surface of the capsid in the region
surrounding the local threefold axis is predominantly negatively charged, which might help repel RNA as it emerges from the surface and therefore
may facilitate the binding of ribosomes to the protruding ends.
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ronment, the infectivity of divalent-cation-depleted RCNMV
was determined after nuclease treatment. There was no
observed difference in infectivity between treated and un-
treated RCNMVNAT virions (Table 3), suggesting that the
RCNMV genome is fully protected within virion capsids con-
taining the full complement of divalent cations. Depletion of
Ca2� ions resulted in a 33 to 81% reduction in infectivity after
nuclease treatment, with the amount of reduction dependent
on the nuclease used (Table 3). Infectivity was further reduced
by nuclease treatment after both Ca2� and Mg2� ions were
removed. Only a slight decrease (�11%) in the infectivity of
RCNMV�Ca versus RCNMV�Ca/�Mg was observed after
RNase V1 treatment compared to a more-than-50% decrease
observed with RNases A and T1 (Table 3). Interestingly, both
single-strand-specific RNases (A and T1) and a double-strand-
specific RNase (V1) also cause a decrease in the infectivity of
cation-depleted virions. To confirm that nuclease digestion
occurred in vitro, RNA was extracted from nuclease-treated,
cation-depleted virions and shown by electrophoresis to be
digested (data not shown). The loss of infectivity after nuclease
treatment suggests that removal of divalent cations from the
capsid causes both single- and double-stranded portions of
the RCNMV RNA genome to become exposed to the envi-
ronment.

DISCUSSION

Structural analysis of RCNMV provides additional evidence
that viruses in the Tombusviridae family have a conserved mor-
phology despite differences in their amino acid sequences. This
suggests that the assembly and disassembly mechanisms of
species in the family Tombusviridae are, in general, similar,
with possible individual variations on a common theme. The
unusually robust virions of TBSV, RCNMV, and CarMV hint
at a trigger factor that causes at least weakening, if not com-
plete disassembly, of the capsid, followed by genome leakage
in the cytosol and production of new virions. The RCNMV
structures with different divalent-cation contents obtained in
the present study revealed significant conformational rear-
rangements upon cation depletion with channels opening in
the capsid. These channels could provide conduits for the viral
RNA to exit the capsid and become available for replication.

CP sequence comparisons among the diverse members of
the Tombusviridae family revealed significant variation in the
number of residues that comprise the arms and R domains,
with the longest sequences belonging to TBSV and Tobacco
necrosis virus. The putative R domain and arm regions of the
RCNMV CP are 52 residues shorter than the corresponding
regions in TBSV (Fig. 4) and may correlate with the necessity

to package a larger genome (�5.3 to 5.8 kb in RCNMV versus
�4.9 kb in TBSV). This hypothesis for structure conservation
has been recently confirmed by the ability of a series of TBSV
CP N-terminal deletion mutants to form virus-like particles
(16). Coincidentally, a 52-residue TBSV deletion mutant (CP-
N52) produces particles which are morphologically very sim-
ilar to wild-type TBSV virions, and this resembles the situation
with the shorter RCNMV CP. The major structural differences
between RCNMV and TBSV can be partially attributed to the
shorter CP amino terminus in RCNMV.

One of the most striking features of the RCNMV virion 3D
reconstruction is the cage, a structure that is composed of 60
slabs organized as 20 trimers, each with a prominent knob at its
center (Fig. 3). The cage and capsid shell are separated by a 7-
to 9-Å gap. The pseudoatomic model of the RCNMV CP
subunit accounts for most of the densities in the capsid shell
and also the connecting densities corresponding to the ex-
tended arms. Altogether, with the exception of 14 to 16 N-
terminal residues, the model accounts for the entire CP se-
quence. The N-terminal residues may be part of the cage slabs.
Each slab is �16 Å thick and �25 Å wide in cross-section. A
feature this large can easily accommodate a single-stranded
RNA (ssRNA) fragment complexed with the N-terminal part
corresponding to the R domain of CP. Excluded-volume esti-
mates suggest that the cage accounts for as much as 35 to 40%
of the total RCNMV RNA genome; the remaining genomic
RNA lies inside the cage and appears to be more loosely
packed and is most likely disordered or does not conform to
icosahedral symmetry.

The presence of an ordered genome has been described for
a number of viruses. Within the family Tombusviridae, cryoEM
reconstructions of TBSV (1) and Hibiscus chlorotic ringspot
virus (12) revealed the presence of a layer inside the virion
capsid tentatively formed by the CP R domains complexed
with genomic RNA. However, these regions in TBSV and
Hibiscus chlorotic ringspot virus appeared diffuse with no char-
acteristic discernible details like the discrete slabs observed in
the RCNMV cage. This lack of an ordered inner structure in
TBSV does not correlate with infectivity since a TBSV CP
deletion mutant lacking the 30 N-proximal residues of the
RNA-binding domain forms virus-like particles which vary in
size yet are just as infectious as wild-type virions (11).

In TBSV, a �-annulus formed by three interlocking ex-
tended arms (28) is located at the threefold axis inside the

TABLE 2. Correlations between pseudoatomic models and
RCNMV�Ca/�Mg map before and after application

of NMFF procedure

CP subunit
Correlation coefficient

Before NMFF After NMFF

A 0.76 0.85
B 0.67 0.82
C 0.76 0.80

TABLE 3. Local-lesion infectivity assay of chelator-treated
RCNMV virions on C. quinoa after exposure to nucleases

Chelator
treatmenta

% Infectivity after treatmentb with:

No RNase RNase A RNase T1 RNase V1

Mock
treatmentc

0 0 0 0

None 100 (53 
 14) 100 (53 
 2) 100 (53 
 11) 100 (45 
 13)
EGTA 106 (56 
 6) 19 (10 
 3) 49 (26 
 4) 67 (30 
 6)
EDTA 91 (48 
 4) 9 (5 
 1) 23 (12 
 5) 56 (25 
 6)

a Four micrograms of purified RCNMV virions was treated with or without a
chelator, followed by nuclease digestion prior to inoculation onto C. quinoa
leaves.

b Infectivity is expressed as a percentage of the number of lesions formed per
leaf by treated virions versus untreated virions. The average number of lesions
observed and standard deviation from four leaves are shown in parentheses.

c Mock treatment was done with buffer but no RCNMV virions.
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capsid shell. Each arm extends away from the annulus and
connects to a corresponding S domain. Similar density features
at the same threefold location are observed in the RCNMVNAT

(Fig. 6A, red arrows and red outlines) and RCNMV�Ca maps.
The �-annuli in the RCNMV density map appear as knobs at
the center of the slab trimer, and the arms appear as well-
defined, curved tubes of density that run from the knob toward
the capsid shell (data not shown). On the basis of the sequence
alignment of TBSV and RCNMV (Fig. 4), RCNMV appears to
lack a globular R domain like that known to be present in
TBSV. In RCNMV, the N-terminal sequence is predominantly
basic and we believe that up to 16 N-terminal residues interact
with ordered RNA and are involved in the formation of the
slabs.

In addition to determining the structure of the RCNMVNAT

capsid, this study has focused on the role of Ca2� and Mg2�

ions in RCNMV 3D organization and assembly. Atomic ab-
sorption spectroscopy showed that each virion contains signif-
icant amounts of divalent cations. When native virions were
exposed to low Ca2� or Mg2� ion conditions, such as exhaus-
tive dialysis against deionized water, these cations were
leached from the virions. To probe their role in RCNMV
capsid stability, structural and functional studies were per-
formed with divalent cations selectively removed from virions
by the chelating agents EGTA (Ca2�) and EDTA (Ca2� and
Mg2�). Comparative analysis of the structures obtained has
shown that removal of Ca2� ions induces movements of the S
and P domains (Fig. 3 and 7). The removal of both Ca2� and
Mg2� ions triggers more global rearrangement in the RCNMV
structure (Fig. 3 and 7). These data indicate that Ca2� ions are
not solely responsible for structural dynamics of RCNMV viri-
ons; Mg2� ions also significantly contribute to the rearrange-
ments.

Upon loss of divalent cations, each of the 180 P domains
exhibited increased flexibility and they reoriented by 30 or
more degrees (Fig. 3). As a result, the P-P interfaces are
changed significantly. Increased mobility of the P domains
appears to explain, at least in part, why the resolution of the
RCNMV�Ca/�Mg map was limited to 16.5 Å. Nevertheless, use
of the NMFF procedure provided a means to quantitatively
model the changes observed in the cryoEM map. The flexible
fitting procedure showed dramatic changes in S domains upon
divalent-cation depletion that cannot be described in terms
of simple rotations and translations. Instead, the S domains
appear to adopt a conformation different from that seen in
RCNMVNAT or RCNMV�Ca virions. These conformational
changes in the P and S domains are responsible for forming the
11- to 13-Å-diameter channels at the quasithreefold axes (Fig.
3 and 7). The differences were especially prominent for both
	-helices and for the loop (R165 to D174) lining the axis. In its
native conformation, loop I158 to G181 lies completely outside
of the density envelope in the RCNMV�Ca/�Mg map when
fitted as a rigid body. The NMFF modeling experiments
strongly suggest that refolding of this loop occurs (Table 2). It
is noteworthy in this context that the swollen TBSV structure
did not exhibit any significant CP subunit refolding (33). The
conformational changes observed in RCNMV upon loss of
divalent cations most likely results from the combined effect of
Ca2� and Mg2� ions. Loss of Ca2� alone does not significantly
alter virion integrity. Removal of Ca2� seems to initiate struc-

tural changes such as small-scale movements of the P and S
domains and the slight increase in intersubunit distances at the
quasithreefold axes of the capsid, where a channel appears
after both cations are lost. This fact alone suggests that the
RCNMV cage is tightly linked to the capsid and might exert a
force when cations leave the virions, leading to opening of the
channels. Additionally, our experiments with cation depletion
demonstrated that pH changes used in earlier experiments
with TBSV (13) are not necessary for the channels opening in
RCNMV.

Depletion of both Ca2� and Mg2� ions also leads to more
significant changes in the structure of RCNMV (Fig. 3). We
assume that Mg2� ions bind to the ssRNA genome, neutraliz-
ing its charge and aiding in its condensation in virions. Loss of
Mg2� ions could create a charge imbalance and lead to the
observed splitting of the cage slabs (Fig. 3, inset).

The channels that arise at the quasithreefold axes in the
RCNMV�Ca/�Mg virions are too constricted to permit nucle-
ases in their native form (�55 Å in diameter) to penetrate the
capsid and to cleave the packaged RNA genome. However,
these channels are sufficient in size to permit ssRNA (11 to 13
Å in diameter) to leak from the capsid. Such leakage would
correlate with increased nuclease sensitivity of RCNMV�Ca/�Mg

to single-strand-specific RNases (Table 3). The inner part of
the channel (the entrance) includes a few basic residues but is
predominantly lined with negatively charged residues (Fig. 7).
The termini of the genomic RNAs might be attracted to the
entrance of the channel, but repulsive forces within the chan-
nel would facilitate transit of the RNA to the cytosol. The
changes observed in both the cage and the outer shell of
RCNMV�Ca/�Mg may point to the actual RNA release mech-
anism that occurs for RCNMVNAT in vivo. Interestingly, stud-
ies of Cowpea chlorotic mottle virus have similarly suggested
that viral RNA release by free diffusion occurs through chan-
nels at the quasithreefold axes (17). Channels similar to those
in RCNMV were observed in a recent cryoEM reconstruction
of TBSV virions that were depleted of divalent cations, fol-
lowed by a rise in pH to 7.5 (1). Free-Ca2� and -Mg2� ion
concentrations are typically in the millimolar range in soil and
groundwater (3, 6). In contrast, they range between submicro-
molar and micromolar levels in the cytosol. These low levels
are maintained and regulated by several enzymes (22, 31).
Such low cation concentrations could trigger leaching of Ca2�

and Mg2� ions from RCNMV virions as they enter cells and in
turn would produce the conformational changes that open
channels for RNA to exit. In addition, it is also known that a
cellular response to stress and infection is to increase cytosolic
calcium (2). Further, once a cell begins apoptosis, regulation
of cytosolic calcium is lost (10), ensuring an increased supply
of calcium for virion formation late in the infection cycle.
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