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Rabies virus nucleoprotein (N) was produced in insect cells, in which it forms nucleoprotein-RNA (N-RNA)
complexes that are biochemically and biophysically indistinguishable from rabies virus N-RNA. We selected
recombinant N-RNA complexes that were bound to short insect cellular RNAs which formed small rings
containing 9 to 11 N monomers. We also produced recombinant N-RNA rings and viral N-RNA that were
treated with trypsin and that had lost the C-terminal quarter of the nucleoprotein. Trypsin-treated N-RNA no
longer bound to recombinant rabies virus phosphoprotein (the viral polymerase cofactor), so the presence of
the C-terminal part of N is needed for binding of the phosphoprotein. Both intact and trypsin-treated
recombinant N-RNA rings were analyzed with cryoelectron microscopy, and three-dimensional models were
calculated from single-particle image analysis combined with back projection. Nucleoprotein has a bilobed
shape, and each monomer has two sites of interaction with each neighbor. Trypsin treatment cuts off part of
one of the lobes without shortening the protein or changing other structural parameters. Using negative-stain
electron microscopy, we visualized phosphoprotein bound to the tips of the N-RNA rings, most likely at the site
that can be removed by trypsin. Based on the shape of N determined here and on structural parameters derived
from electron microscopy on free rabies virus N-RNA and from nucleocapsid in virus, we propose a low-
resolution model for rabies virus N-RNA in the virus.

Negative-strand RNA viruses such as rabies virus are envel-
oped viruses with an RNA genome in the opposite sense from
the mRNA. The first viral activity after entry into the cell is
transcription of the viral RNA (vRNA) into mRNA. The
vRNA is complexed to the viral nucleoprotein (N) to form an
N-RNA complex in which the nucleoprotein binds to the phos-
phate-sugar backbone and exposes the nucleotide bases (11,
18, 21, 22). This N-RNA complex (and not the naked vRNA)
serves as the actual template for the vRNA-dependent RNA
polymerase. For the nonsegmented negative-strand RNA vi-
ruses, this polymerase consists of a large protein (L), which is
the actual enzyme (31), and a polymerase cofactor, the phos-
phoprotein (P) (11).

The binding of L to the N-RNA is mediated by P (24). As
shown for the paramyxovirus Sendai virus, the carboxy-termi-
nal part of N is involved in the binding of P or the L-P complex
to the N-RNA (2, 8). The carboxy-terminal part of paramyxo-
virus N is often cleaved off in vivo, resulting in a protease-
resistant fragment and a reduction in size of N from about 60
kDa to 41 to 45 kDa (15, 25, 26). This C-terminal part of N
seems to be located on the outside of the nucleocapsid (3), and
removal of this peptide from the paramyxovirus nucleocapsid
does not lead to gross changes in appearance in electron mi-
croscopy (EM) (16, 25, 26). Trypsin cleavage of rabies virus N
also leads to removal of the C-terminal part of N (23), but, as

with the paramyxovirus nucleocapsids, this has no major effect
on the appearance of the rabies virus nucleocapsid as observed
by EM after negative staining: same length of the N subunit
and same N-to-N spacing along the nucleocapsid but perhaps
a smaller depth at one end of the N subunit (17) (Table 1).

The N-RNA complexes of the various negative-strand RNA
viruses are all helical structures with different overall morphol-
ogies, depending on the viral families, but all rather flexible,
which precludes high-resolution image analysis of electron mi-
crographs (10). Here we have studied recombinant rabies virus
N protein produced in insect cells that forms helical structures
that are indistinguishable from those of regular viral nucleo-
capsids when bound to long insect cellular RNAs but which
forms small rings when it is bound to short cellular RNAs. The
longer recombinant helical structures and the small rings are
bound to cellular RNAs with the same protein-RNA stoichi-
ometry as viral nucleocapsids (9 nucleotides per N monomer),
and they have the same reactivities towards proteases and
RNases and the same density in a CsCl gradient as viral nu-
cleocapsids (17). However, whereas the recombinant and the
viral helical structures have variable helical parameters and are
difficult to analyze with EM and image analysis, the small rings
are more regular and can be analyzed by single-particle anal-
ysis. A similar analysis was recently performed on small circu-
lar, recombinant influenza virus RNPs that were also much
more regular than the full-length viral RNPs (30).

We have performed cryo-EM on the recombinant rabies
virus N-RNA rings and calculated a three-dimensional (3D)
structure for the rabies virus nucleoprotein by back projection.
We have also shown that trypsin-treated rabies virus nucleo-
capsids have lost the binding site for rabies virus P. Compari-
son of the intact recombinant rabies virus N-RNA rings with an
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independent three-dimensional reconstruction of trypsin-
treated rings indicates the binding site for P at one end of the
two-lobed nucleoprotein. The morphological information on N
has been combined with EM observations on nucleocapsids
isolated by CsCl gradient centrifugation and on nucleocapsid/
matrix protein skeletons in order to produce a model for the
packing of N in free nucleocapsids and in virus.

MATERIALS AND METHODS

Binding of phosphoprotein to intact and trypsin-treated rabies virus nucleo-
capsids. Viral nucleocapsids were isolated from virus-infected cells and digested
with trypsin as described (17). After digestion the trypsin was removed by a
second CsCl gradient step. Recombinant His-tagged P protein was produced in
Escherichia coli as described by Gigant et al. (14). The intact and digested
nucleocapsids were incubated with 30 mg of P per ml in 20 mM Tris-HCl (pH
7.5)–150 mM NaCl for 1.5 h at room temperature. This mixture was deposited on
a 20% sucrose cushion, which was spun for 2.5 h at 25,000 rpm and 4°C in an
SW55 rotor with an adapter for 500 ml. The pellet and the supernatant were then
analyzed by sodium dodecyl sulfate (SDS)–12% polyacrylamide gel electro-
phoresis (SDS-PAGE).

Recombinant N-RNA rings and trypsin digestion. Production of rabies virus
N-RNA rings in insect cells by the baculovirus system and their purification were
done as described (17, 32). Since this preparation contains rings with various
diameters and with 8 to 13 N monomers per ring (even though most rings had 10
monomers [17]), this sample was further purified over an additional 7.5 to 15%
(vol/vol) continuous glycerol gradient (SW41 rotor); 300-ml fractions were taken
from the bottom of the tube. The peak fractions were dialyzed against 20 mM
Tris-HCl (pH 7.5)–150 mM NaCl and contained rings with 9, 10, and 11 mono-
mers. However, the image analysis programs were powerful enough to distin-
guish the different species in the sample (see below) (35).

Trypsin treatment of the N-RNA rings was also done as described by Iseni et
al. (17) at a final trypsin concentration of 100 mg/ml for 16 h at room temperature
in 150 mM NaCl–10 mM Tris-HCl (pH 7.5). The digested rings were then once
more purified by centrifugation on a 7.5 to 15% (vol/vol) glycerol gradient (SW41
rotor) and dialyzed against 20 mM Tris-HCl (pH 7.5)–150 mM NaCl.

Production of N-RNA rings with bound P. Rabies virus N and P were coex-
pressed in insect cells by coinfection with two baculoviruses as described by (32)
at a multiplicity of infection of 5 for both baculoviruses. During this double
infection, most of N does not bind to RNA but to P, forming soluble N°-P
complexes that do not contain RNA (32; Iseni et al., unpublished results).
However, we found that a small proportion of P forms P oligomers and also that
a small proportion of N does bind to RNA and forms the same kind of rings as
when N is expressed alone. These N-RNA rings bind to free P oligomers, and
these N-RNA-P complexes can be separated from the N°-P complexes and from
the free P oligomers on the basis of their size on a Superdex 200 gel filtration
column. A UV absorption spectrum showed the presence of RNA through an
absorbance maximum at 260 nm.

EM. (i) Negative staining. Protein samples at 0.1 mg/ml in 50 mM NaCl–20
mM Tris-HCl (pH 7.5) were applied to the clean side of carbon on mica (carbon-
mica interface) and negatively stained with 2% ammonium molybdate (pH 7.4)

or 1% sodium silicotungstate (pH 7.0). Micrographs were taken under low-dose
conditions with a JEOL 1200 EX II microscope at 100 kV and a nominal
magnification of 340,000.

(ii) Cryo-EM. The method of Dubochet et al. (9) was used to vitrify the
sample. Native or digested N-RNA rings (3 ml at 1 mg/ml) were applied to a thin
holey carbon film on a 400-mesh copper grid without glow discharge. The excess
of sample was blotted with filter paper for 1 to 2 s and rapidly plunged into liquid
ethane. The vitrified grids were observed with a Gatan 626 cryotransfer stage on
a Philips CM20 LaB6 microscope at 338,000 magnification. Images were re-
corded under low-dose conditions (,10 e2/Å2) on Kodak SO163 films, with a
defocus chosen so that the first zero of the contrast transfer function was beyond
(25 Å)21.

Image processing and 3D reconstruction. The quality of the best images was
checked on an optical bench and then digitized on a Zeiss scanner with a pixel
size of 21 mm (native N-RNA rings) or on an Optronics microdensitometer with
a pixel size of 25 mm (digested N-RNA rings). At the level of the sample, the
pixel size corresponds to 5.5 Å for intact N-RNA rings and 6.5 Å for the digested
rings. There were many fewer side views of the complex than top views. We
selected approximately the same number of top views as side views and also all
intermediate views for the two types of N-RNAs. In total, 6,200 particles were
selected from 26 films for the intact rings and 4,500 particles from 40 films for the
digested rings with Ximdisp (7). The images included rings with 9, 10, and 11
subunits per ring. All particles were band pass filtered between 200 and 25 Å
without contrast transfer function correction and then normalized to the same
mean and standard deviation. For each set of N-RNA rings (intact and digested),
three starting models were created with 9-, 10-, and 11-fold symmetry. These
models were generated by back-projection of one top view and truncation of the
3D model to the thickness of a side view (95 Å) (35). All images were aligned
against all the reprojections of the three starting models. The best match for each
image determined its assignment to one of the three structures. All class averages
were used to generate a new model by back-projection. After 20 iterative cycles
of this projection-matching procedure with SPIDER (12, 34), the orientations of
the raw images were stable. For both N-RNA preparations, the proportion of
views matching the three models were equivalent: more than 55% of the views
matched the rings made of 10 subunits, 25% matched the rings with 9 subunits,
and 20% matched the 11-fold rings. The quality of the reconstructions of the
rings with 9 and 11 subunits was quite poor but good enough to segregate the
images with 9 and 11 subunits from those with 10 subunits (not shown). Here we
only present the 3D structure of the rings with 10 subunits. The reconstructions
were calculated by back-projecting 60 class averages distributed equally in the
asymmetric unit. The resolution was determined by Fourier shell correlation
(FSC; 0.5 level) to be 28 and 29 Å for the intact and digested N-RNA ring,
respectively. The threshold of the two reconstructions was chosen to include the
right molecular mass (550 and 380 kDa), assuming an average protein density of
0.84 Da z Å23.

Image analysis of N-RNA rings with bound P. Recombinant N-RNA-P com-
plexes were isolated and prepared for EM by negative staining. EM negatives
were digitized on the Optronics densitometer. The sample contained rings with
10 and 11 subunits of N, but the spots inside the rings were better visible for the
rings with 11 subunits. Therefore, 100 rings with 11 subunits and with attached P
were selected by eye. We selected one image with a particle inside the ring and
one image with a particle attached to the outside of the ring and centered the
rings. When we aligned the 100 images against the two selected images, 75
particles aligned with the image that had a particle inside the ring and 25 aligned
with the one with a particle outside. We averaged the 10 best-matching pictures
of each of the two classes and went through the same operation five times. The
numbers of images matching each class were stable at 75 and 25. The final
averages of the 10 best-matching pictures are shown in Fig. 5. The analysis on
negatively stained N-RNA rings without P was performed on a preparation from
cells that had only been infected with the baculovirus that expresses N. The same
procedure was followed as for the negatively stained N-RNA-P complexes, and
selection was done for rings with 11 subunits.

RESULTS AND DISCUSSION

Binding of P to intact and trypsin-digested rabies virus
nucleocapsids. When rabies virus nucleocapsids or recombi-
nant rabies virus N-RNA rings are digested with trypsin, a
17-kDa fragment is removed from N by cleavage at lysine-376
(17, 23). We first tested binding of recombinant rabies virus P
protein to intact and trypsin-treated nucleocapsids by incubat-

TABLE 1. Dimensions of rabies virus N protein in N-RNA from
cryo-EM and negative stain EM

N dimensions (Å)

Length Height N-N
spacing

Negative staining with sodium
silicotungstate

Intact 84 6 5 53 6 3 34 6 1
After trypsin treatment 84 6 3 48 6 4 34 6 2

Negative staining with uranyl acetate
Intact 90 50 33 6 1

Cryo-EM
Intact 94 52a 35b

After trypsin treatment 94 43a 35b

a Height in projection.
b At mid-height.
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ing P with the nucleocapsids and then sedimentation through a
20% (wt/vol) sucrose cushion, which allows the nucleocapsid-
bound P to pellet with the nucleocapsid and unbound P to
remain in the supernatant. Figure 1 shows that almost all of P
stays in the supernatant in the absence of nucleocapsids and
that most of P cosediments with intact nucleocapsids. How-
ever, there was little or no binding of P to trypsin-treated
nucleocapsids. This suggests that, as for the paramyxoviruses,
the C-terminal part of rabies virus N is necessary for the bind-
ing of P to the N-RNA complex.

Image reconstruction of intact and trypsin-digested N-RNA
rings. Both intact and trypsin-digested recombinant N-RNA
rings were then studied by negative stain and cryo-EM (Fig. 2).
In both types of EM there are many more top views than side
views. Some of the side views that can be distinguished in Fig.
2 are circled. The negative stain images are of much higher
contrast and easier to interpret than the cryo-images. How-
ever, since the cryo-images best represent the structure in
solution and because the side views in the cryo-images are not
flattened by the staining and air-drying treatment, we per-
formed image analysis on the cryo-pictures. The Materials and
Methods section describes extensively how the images were
analyzed and how the 3D models of the intact and digested
rings containing 10 N monomers were calculated. Figure 3
shows both models, the intact rings in yellow and the digested
rings in orange, together with tilt series of averages of the
actual data and tilt series of reprojections of the calculated
models. The two data series correspond closely to the model
series, indicating that the 3D reconstructed models agree very
well with the EM images. Here, we only show the reconstruc-
tions of the rings with 10 subunits of N because the reconstruc-
tions of the rings with 9 and 11 subunits were of lower quality
than would be expected from the number of images that were

used. This is perhaps because the rings with 10 subunits are
intrinsically more stable or less flexible or because the encap-
sidated insect cellular RNA leads to more stable rings with 10
subunits (too short for 11 or too long for 9; see also below). It
is also possible that the rings with 9 or 11 monomers are less
symmetrical than the rings with 10 monomers.

Figure 4 shows various tilted views of both models as well as
a superposition of the two models in which it can be seen that
trypsin treatment removes the inner part of the ring at its top
end. Since P does not bind to trypsinized nucleocapsids, it is
inferred that this inner part of the ring constitutes the binding
site for P. The dimensions of the N subunits in the rings are
given in Table 1, where they are compared with previously
published dimensions derived from negatively stained nucleo-
capsids and rings. The values for N-N spacing and the axial
width and height of N agree well among all methods, but the
value for the length of N is higher by cryo-EM than by negative
stain EM. This is related to the fact that in cryo-EM the density
of the protein is observed directly, whereas in negative staining
EM the stain-excluding imprint of the molecule is seen, which
may be shorter than the actual molecule itself. However, the
principal conclusions on the effect of tryptic digestion of N in
N-RNA derived from negative-staining EM are confirmed by
the model derived from cryo-EM: the length does not change
but the N molecules have become thinner at one end (17)
(Table 1). Another difference between the intact and digested
rings is that the top part of digested N moves to the outside of
the ring by 15 Å.

Each N monomer has two sites of interaction with each of its
neighbor N molecules in both the intact and digested rings.
This has consequences for designing site-directed mutagenesis
experiments on N with the purpose of obtaining a recombinant
molecule that is soluble for crystallization experiments. It also

FIG. 1. Rabies virus P binds to intact but not to trypsin-treated nucleocapsids. The SDS–12% polyacrylamide gel shows supernatant (lanes 1,
3, and 5) and pellet fractions (lanes 2, 4, and 6) from centrifugation through sucrose cushions of P protein alone (lanes 1 and 2), P mixed with intact
nucleocapsids (lanes 3 and 4), and P mixed with trypsin-treated nucleocapsids (lanes 5 and 6). Lane Mw, size markers (in kilodaltons). The gel was
stained with Coomassie blue.
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has consequences for ideas on how N° is kept soluble by P,
since both N-N interaction sites need to be protected by P. This
could be one of the reasons why rabies virus P has two binding
sites for N° (6, 13, 37). Furthermore, paramyxovirus P binds to
two sites on N° (1). It is also possible that there is a confor-
mational difference between N° bound to P and mature N
bound to RNA, as suggested by Kawai et al. (20). However,
our results indicate that the C-terminal part of N is the only
binding site for P on N-RNA.

Visualization of P bound to N-RNA rings. If P binds to the
tip of the N-RNA rings, then P may be visible in negatively
stained N-RNA-P complexes when the rings lie with their top
end on the carbon support film. We coinfected insect cells with
two baculoviruses containing the coding sequences for N or for
P. Préhaud et al. (33) have shown that in these coinfections,
soluble N°-P complexes are formed. We reproduced these re-
sults but also found a small percentage of N-RNA rings com-
plexed with P (see Materials and Methods). Figure 5 shows a
comparison of negatively stained N-RNA rings alone with N-
RNA rings that have P attached and also a gel showing the

bands for both proteins, there being more N than P in these
complexes (Fig. 5d). Figure 5a shows an averaged image of
negatively stained N-RNA rings without P, and Fig. 5b and c
show averaged N-RNA rings that have P bound. In the aver-
aged image in Fig. 5b, there is a light spot inside the ring and
also a spot outside the ring that is attached to the ring of N by
a thin connection. This suggests that this class average repre-
sents N-RNA rings that have two P oligomers bound. In the
actual micrographs, thin connections between the spot inside
these rings and N can be seen, but since the images were
aligned on the spot outside the ring, these inside connections
were averaged out. In the average image in Fig. 5c, there is
only a spot in the inside of the ring that also shows a connec-
tion to the ring.

The staining agent that was used for these images outlines
only those parts of microscopic objects that are in direct con-
tact with the carbon support film (for example, helical fila-
ments are only stained on the carbon-near side, as judged from
optical diffraction of micrographs [DiCapua and Ruigrok, un-
published results]). The cartoons in Fig. 5e to g indicate how

FIG. 2. Comparison of negative staining with ammonium molybdate (a) and cryo-EM (b) images of recombinant rabies virus N-RNA rings. The
heterogeneity of the ring size in the top views of the rings can be observed, with rings of 9 to 11 subunits of N. The circles show side views or tilted
views of rings. Bar, 300 Å.
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we interpret the images in Fig. 5a to c, respectively. P is prob-
ably bound to the top of the rings (shown upside down in Fig.
5e) in a flexible manner, as indicated by the curved arrows.
When this N-RNA-P complex binds with its tip to the carbon
support film, the flexibly linked P molecules have to bend away
so that the rings can touch the carbon film. P can bend either
towards the outside of the rings or towards the inside, as shown
in Fig. 5f and g. This implies that we assume that the P mol-
ecules seen inside the rings are attached to the same site on N
as the P molecules seen outside of the rings, but are bent in
another direction. The length of P measured from these im-
ages is 85 Å for P inside the rings (going from the end of P to
the middle of N) and 75 Å for P on the outside. This probably
means that P binds closer to the inside of the rings, in agree-
ment with the difference between the models for intact and
trypsin-digested N. The diameter of the blob is 40 Å.

The P protein of Sendai virus is a tetramer (38), and that of
rabies virus is a trimer or a tetramer (14). The density for P in
the averaged images in Fig. 5b and c would seem too low for an
oligomeric form of P. However, if P is flexibly linked to N, then
the images represent an average of P in different positions and
thus with a lower occupation than the N molecules in the rings.
A similar case of averaged-out density was reported for the
polymerase complex on the ellipsoid RNP complexes de-
scribed by Ortega et al. (30). These authors have explained the
absence of density for the polymerase complex in averaged
ellipsoids by the fact that the weight of the N monomers in the
ellipsoids was higher than that of the polymerase complex that
was attached at various positions compared to the ellipsoid
axes.

The N-RNA rings that were used for the averages in Fig. 5
had 11 monomers of N rather than the 10 in the rings that gave
the best reconstructions of intact and digested rings. We did
observe rings with 10 monomers that had a light spot inside,
but there the connection between P and N was not so clear.
This is possibly due to a slightly smaller inside of the rings with
10 subunits, leading to differences in stain accumulation. Note

that these rings with 11 monomers in the averaged image (Fig.
5a) are less regular than those with 10 monomers (averaged
image in Fig. 3) and that one side of the rings is better defined
than the opposite side. This absence of symmetry may be why
the reconstruction of the rings with 11 monomers was poor
(see Materials and Methods).

Model of the rabies virus nucleocapsid. Inside the rabies
virus particle, the nucleocapsid forms a tightly wound helix
with a small pitch but a large diameter. When the nucleocapsid
is released, the helical parameters change drastically, and the
nucleocapsid can be found as a loosely coiled helix with a
variable pitch and a smaller diameter (17). This difference in
pitch and diameter between free and virus-incorporated nu-
cleocapsids has been more extensively studied for vesicular
stomatitis virus (VSV). The condensation of the free VSV
nucleocapsid into the tightly coiled structure inside the virus is
caused by the interaction of the M protein with the nucleocap-
sid (27, 28, 29). In order to show the relationship between the
structure of the recombinant N-RNA rings and the morphol-
ogies of the viral nucleocapsids, we have modeled the free
nucleocapsid and the coil inside the virus using the structure of
the recombinant N-RNA rings, the morphology of negatively
stained, CsCl-isolated viral N-RNA, and cryo-EM images of
rabies virus (Fig. 6). Although the details in this new model are
different, the principles are the same as those of the model
described for VSV by Nakai and Howatson (27).

In the recombinant rings with 10 monomers, the angle be-
tween the lines connecting three N monomers is 144° (Fig. 4).
The numbers of monomers in each helical turn of both viral
structures were determined by the diameters of the helices and
by the size of the N monomer determined in the model for the
recombinant rings of intact N-RNA. In order to go from the
ring to the free nucleocapsid (Fig. 6a), the diameter had to
increase from 160 to 240 Å (Fig. 6d), leading to an increase
from 10 to 15 monomers per turn, corresponding to an in-
crease in the angle between two N monomers from 144° to
156°. We also included a translation of two N heights per turn,

FIG. 3. Side views of the 3D models of intact and digested N-RNA rings containing 10 subunits of N: (a) intact in yellow and (b) digested in
orange. Next to the reconstructions are the averaged views (lower panel) and corresponding reprojections of each model (upper panel). The top
view orientations are shown on the left, with the views progressively tilted, and ending with the side views on the right. There is excellent agreement
between averaged views (actual data) and reprojections of the 3D structures (model). The protein density is in white.
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as was inferred from the negative-stain images, in order to turn
the rings into a helix. The tilt angles between N and the sym-
metry axis in the rings or the helical axis in the nucleocapsid
were the same, 32°, as indicated (Fig. 6e). The external diam-
eter of the helical coil in the virus was measured from the
cryomicrographs (Fig. 6c) to be about 750 Å (Fig. 6d), leading
to about 53.5 N monomers per turn. The angle between two N
monomers was increased to 173°. The tilt angle of N inside the
virus is 50° compared to the helix axis, a value that was mea-
sured from the cryomicrographs of the virus skeletons as
shown (Fig. 6c). This introduces a tilt increase of 18° compared
to N in the N-RNA rings (Fig. 6e and f). However, apart from
the tilt angle, the contacts between the N monomers did not
have to be modified. If this model were true, then the major
effect of the interaction of the M protein with the nucleocap-
sid, compacting it from the free nucleocapsid to the tight coil

inside the virus, would be an increase in this tilt angle. A
consequence of this model would be that the part of N that is
removed by trypsin and that probably constitutes the binding
site for P would be positioned at the inside of the coil inside the
virus. As mentioned above, the changes needed to go from the
rings through the free nucleocapsid to the nucleocapsid coil
inside the virus are only minimal in this model. The changes
that would be needed in order to position the binding site for
P to the outside of the coil in the virus would be much more
drastic.

The geometry of the contacts between the N subunits in the
rings and in the helical free nucleocapsids cannot be identical.
The same holds for the contacts between the N subunits in the
free and virion nucleocapsids. Along the same lines, the N-N
contacts in the various helical states of the Sendai virus nu-
cleocapsid cannot be identical, as discussed by Egelman et al.

FIG. 4. 3D reconstructions of native (yellow) and digested (orange) N-RNA rings. The maps are shown in side views (a and e), tilted views (b
and f), and end views from the bottom (c and g) and from the top (d and h). The lower panel shows a superposition of the native and digested
rings in side view (i), tilted view (j), with the front half cut off (k), and in axial slice (l). The two structures are very similar except at the top end,
where the inner part of the circle is missing for the digested rings. The angle between N-N-N shown in panels d and h measures 144°.
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(10). For icosahedral viruses, the term quasi-equivalence is
used to describe the differences between subunit contacts at
fivefold vertices and those at sixfold symmetry axes (5). The
same term could be applied for the interactions between the N
subunits in negative-strand RNA virus nucleocapsids. Re-
cently, Canady et al. (4) and Zhang et al. (40) have described
quite extensive conformational changes in coat protein sub-
units and in the angles between the subunits when the mor-
phology of icosahedral procapsids was compared with that of
the mature capsids. These procapsids were stabilized by scaf-
folding proteins. It would be an interesting parallel to compare
the effect of the rhabdovirus matrix protein on the helical
parameters of the nucleocapsid and tilting angles of N with the
effect of a scaffolding protein on an icosahedral capsid.

Position of the RNA in the N-RNA rings. At the resolution
obtained, 28 Å for the intact rings and 29 Å for the digested
rings, the RNA in the rings is not visible. Although N binds
to the RNA backbone and exposes the nucleotide bases (in
the case of VSV [18]), we do not know the path of the
single-stranded RNA in N-RNA. Rhabdoviral N-RNA con-
tains 9 nucleotides per monomer of N (17, 39). The inside
perimeter of the N-RNA rings at mid-height in the groove
between the two lobes measures 315 Å, and the outside
perimeter of the rings is 525 Å long (following the outside
surface). A stretched-out nucleotide is about 5.5 Å long, so
a stretched-out oligonucleotide of 90 residues, bound to 10
N monomers, would be about 495 Å long, which seems to
exclude positioning at the outside of the rings. Another

FIG. 5. Visualization of P bound to N-RNA rings by negative staining with sodium silicotungstate. (a to c) Galleries in the left parts of selected
top views of N-RNA rings with 11 monomers of N and in the right parts at the top the averages of 10 raw images. The lower right parts show the
same averages but with contour levels in order to outline the connection between P and the N-RNA rings. (a) N-RNA rings without P. (b) N-RNA
rings with P sticking out from the rings (but also with some density inside). (c) Rings with one P oligomer inside the ring. Calibration bars indicate
the sizes of the raw images (smaller bar) and of the averaged images (larger bar). (d) SDS-PAGE (stained with Coomassie blue) of the complexes,
showing that they contain more N than P. Panels e to g represent cartoons of our interpretation of the images in panels a to c. (e) N-RNA-P
complex in solution (shown upside down). (f) Side view of the N-RNA-P complex bound to carbon film and embedded in a stain drop. (g) Top
view of the situation in panel f.
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localization of the RNA could be at the top of the rings,
close to the proposed binding site of P. This position would
make sense, since P is supposed to place L onto the nucle-
otide sequence of the vRNA. The top of the digested rings

forms a circle with a perimeter of 325 Å. In the nucleocapsid
inside the virus, this position would also place the vRNA at
the interior side of the coil, like the RNA in Tobacco Mosaic
Virus (19, 36).

FIG. 6. Models of free nucleocapsid and nucleocapsid inside virus. Negatively stained images of viral nucleocapsids isolated with CsCl gradient
centrifugation (a) and cryo-EM images of rabies virus skeletons that were present in an untreated virus preparation (c) were used to determine
the diameter of the two helical structures shown in panels b and d. (b) Tilted view of the recombinant rings, the free nucleocapsid, and nucleocapsid
inside virus; (d) side views with an indication of the diameters. (e) Tilt angles between N and the symmetry axis of the rings or the helical axes
in the two types of nucleocapsids. The difference of 18° between the tilt angles of N in rings or free nucleocapsids and N in virus is also shown (f).
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32. Préhaud, C., K. Nel, and D. H. Bishop. 1992. Baculovirus-expressed rabies
virus M1 protein is not phosphorylated: it forms multiple complexes with
expressed rabies N protein. Virology 189:766–770.

33. Préhaud, C., R. D. Harris, V. Fulop, C. L. Koh, J. Wong, A. Flamand, and
D. H. Bishop. 1990. Expression, characterization, and purification of a phos-
phorylated rabies nucleoprotein synthesized in insect cells by baculovirus
vectors. Virology 178:486–497.

34. Roseman, A. M., S. Chen, H. White, K. Braig, and H. R. Saibil. 1996. The
chaperonin ATPase cycle: mechanism of allosteric switching and movements
of substrate-binding domains in GroEL. Cell 87:241–251.

35. Schoehn, G., E. Quaite-Randall, J. L. Jiménez, A. Joachimiak, and H. Saibil.
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