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Abstract 
Monoclinic crystals of nodamura virus (NOV) have two 
virus molecules per asymmetric unit. Packing analysis 
reveals a pseudo-rhombohedral (pseudo-C2 monoclinic) 
arrangement of particles in the actual P21 space group 
(a = 562.1, b = 354.1, c = 612.8 ]k,/3 = 110.9'~). The R32 
symmetry is broken rotationally and translationally. The 
pseudo-symmetry of the unit cell results in three possible 
monoclinic origins and also restrains the four particles in 
the unit cell to similar orientations. NOV particles deviate 
by less than 3 from the ideal orientations, causing 
overlap of peaks in the rotation function and the 
generation of peaks that were not interpretable as particle 
symmetry elements. The space-group ambiguity was 
resolved by analysing the relationship between the 
particle orientations determined by high-resolution rota- 
tion functions and the attenuation of peak heights in 
native Patterson maps. Particles were centered less than 
1A from the R32 special positions. Three different 
approaches were required to identify the correct particle 
center. Following the solutions of the rotation and 
translation problems, phases were computed using the 
coordinates of flock house virus (FHV), another member 
of this virus family. The phases were improved by real- 
space molecular averaging with a 120-fold non-crystal- 
lographic symmetry and by solvent flattening with a 
spherical mask. The final model for the NOV structure 
was built using the 3.3 A averaged map. While the 
overall subunit structure was very similar to that of other 
nodaviruses, FHV and black beetle virus, NOV showed 
distinct structural features near particle threefold and 
quasi-threefold axes and at the protein-RNA interfaces 
that are consistent with phenotype differences among the 
related viruses. 

1. Introduction 
Nodamura virus (NOV) is the type member of the 
nodavirus family. Its natural hosts are insects, though it 
can also infect and kill neonatal mice (for reviews see: 
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Kaesberg, 1987; Hendry, 1991). The capsid of NOV is 
constructed of 180 copies of the coat protein ~ in three 
different, but quasi-equivalent, environments correspond- 
ing to a T = 3 surface lattice (Caspar & Klug, 1962). In 
vivo the virus coat protein co-assembles with the bipartite 
RNA genome to form a provirion. The provirion matures 
to the more stable infectious form by autoproteolysis of or 
protein to /3 protein and y peptide (Hosur et al., 1987; 
Gallagher & Rueckert, 1988). A mechanism has been 
proposed for this cleavage (Zlotnick et al., 1994) based 
on the structures of two closely related viruses: black 
beetle virus (BBV; Hosur et al.,1987; Wery, Reddy, 
Hosur & Johnson, 1994) and flock house virus (FHV; 
Fisher & Johnson, 1993). 

Our preliminary results of crystallographic studies on 
NOV reported by Zlotnick et al. (1993) are summarized 
as follows. NOV crystallized in a primitive monoclinic 
form with four 8 MDa virus particles per unit cell 
(a = 562.1, b = 352.1, c = 612.8 A,/3 = 110.9"). Pseudo- 
C2 symmetry was manifested at low resolution by 
systematically weak h + k odd reflections. Pseudo-face 
centering was also seen in the A and B faces but was not 
as strong as the C centering. This suggested a 
rhombohedral (R32) packing arrangement with particles 
located at pseudo-special positions in a monoclinic cell 

b 

Fig. 1. Packing diagram showing the pseudo-R32 symmetry observed in 
the monoclinic NOV crystals. The virus particles are positioned in 
the monoclinic unit cell with axes a, b and c. The packing is pseudo- 
face-centered. An icosahedral twofold axis of each of the four virus 
particles is almost parallel to the monoclinic h axis. An icosahedral 
threefold axis is nearly parallel to the monoclinic 101 axis, which 
defines the body diagonal of the rhombohedral unit cell with axes a', 
h', c'. (For clarity, the icosahedra representing the virus particles in 
this diagram are shown as T = 1 icosahedral cages with reduced 
diameter compared with virus diameter.) 
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Table 1. Post-refinement results and  data statistics 

Diffraction patterns were collected on 12 × 12 cm films and 25 × 21 cm Fuji image plates using oscillation photography at the Cornell High Energy 
Synchrotron Source (CHESS) F-1 station. An oscillation angle of 0.Y and a crystal-to-detector distance of 210 mm for films and 360 mm for image 
plates was used to minimize the number of overlapped reflections (the larger distance tbr image plates was required because of their reduced spatial 
resolution compared to film). The data were processed and refined with the Purdue University suite of programs (Rossmann, 1979; Rossmann, 
Leslie, Abdel-Meguid & Tsukihara, 1979). 

(a) Post-refinement results 

Film d a t a  Image-plate data Combined data+ 

Number of films/image plates 206 
R factor [I/a(l) cut-off = 4.0] ~ 0.1400 
Vertical mosaicity (') 0.1376 
Horizontal mosaicity (*) 0.1971 
)~ (A) for data processing 0.910 
Post-refinement cell parameters (A, :~) 

82 206 films + 81 image plates 
0.1232 0.1410 
0.1853 0.1253 (films), 0.1961 (image plates) 
0.1554 0.1961 (films), 0.1792 (image plates) 
0.913 § 

a = 562.1, b = 354.1, c = 612.8,/4 = 110.9 

(b) Data statistics for the combined data set 

Resolution (A) of data (for films and image plates) 3.3 
No. of unique reflections 1714600 
No. of independent observations 2030082 
No. of possible reflections 3326074 

Resolution bins (A) 25.0 20.0 20.0-15.0 15.0-11.0 l l.0-9.0 9.0-7.5 7.5-6.2 6.2-5.5 5.5 4.7 4.7-4.1 4.1-3.7 3.7-3.3 
% Data 78 60 57 66 65 59 59 60 57 50 39 

t The mosaicity parameters were  refined separately for film and image-plate data in the f inal  combined data 
set. ~. R = {[~h~-~,(lh - lhi)]/(~_~h~_~ilh,)}, where lh is the mean of the lj, i observation tbr reflection h. § The wavelength 0.913 A was 
determined by comparison of post-refinement unit-cell dimensions from image-plate data with those obtained previously fi'om film data. 

(Fig. 1). The R32 orientation for the particles was 
confirmed by low-resolution self- and locked-rotation 
functions. The corresponding packing arrangement was 
confirmed by the face-centered peaks observed in a 
native Patterson map. At that time, the rotation function 
could not be interpreted, the choice of  three possible 
origins could not be resolved and, therefore, it was 
impossible to determine if there was any translational 
deviation from the pseudo-special positions. This paper 
describes how these issues were resolved as well as the 
phase determination that produced the NOV structure at 
3.3 A. 

The structure determination of  coxsackie virus B3 
(CVB3) (Muckelbauer et al., 1995) was complicated by a 
nearly identical form of  pseudo-symmetry. The simulta- 
neous analysis of  the pseudo-symmetry in NOV and 
CVB3 was of  mutual benefit to the two projects. 

2. Data collection and processing 

Preparation of  material, crystallization and a preliminary 
analysis of  a partial data set collected on film have been 
reported by Zlotnick et al. (1993). Table 1 gives the 
details of  the later refinement and statistics for the final 
3.3 A data set. The post-refinement unit-cell dimensions 
were a = 562.1, b = 354.1, c = 612.8/~,  f l=  110.9 .  The 
final data set was compiled from 206 films (39 crystals) 
and 81 image plates (also 39 crystals) resulting in 
1 714 600 unique reflections with I/cr(1) > 4.0, from 
2 030082  independent observations (800 812 whole 

reflections and 1 229 270 partial reflections with calcu- 
lated partiality > 0.5). 

3. Rotation-function solution 

Self-rotation functions, computed with reflections in the 
resolution range 3.9-3.7 A from the partial data set 
reported by Zlotnick et al. (1993) yielded a constellation 
of  peaks consistent with the orientation of  a single 
icosahedron for the four particles in the unit cell. This 
showed that the particles were in nearly identical 
orientations with an icosahedral twofold axis of  the 
independent particles in the asymmetric unit being nearly 
parallel to the crystallographic twofold axis (b axis). 
Since the pseudo-systematic absences in the data and the 
different Patterson peak heights observed for the A, B and 
C faces (described below) did not correspond to the 
higher symmetry space group, more than one icosahedral 
constellation of  peaks in the rotation function was 
expected. The pseudo-symmetry was so close to perfect 
at this resolution, however, that the assignment of  more 
accurate orientations for the individual particles was 
impossible. 

The self-rotation functions with the more complete 
current data set showed splitting for each of  the two-, 
three- and fivefold peaks (Fig. 2). Since each peak split 
into four or more peaks, it was clear that the independent 
particles in the asymmetric unit not only differed in 
orientation with respect to the crystallographic screw 
axis, but also were rotated with respect to one another. 
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Fig. 2. Stereographic projections of  the self-rotation functions for NOV. (a) Distribution of icosahedral axial positions resulting, from the four 
particles in the unit cell. Assignments of  the axial positions here are based on the interpretation of the high-resolution (3 .9-3.7  A) self-rotation 
function peaks and the interpreted orientations of the two panicles in the asymmetric unit are: panicle 1, q0~ = 247.0, ~pt = 2.60, h:~ = 23.0 °' 
panicle 2, 92 = 240.0, ~P2 = 2.22, K 2 - 19.4 °. The two-, three- and fivefold axial positions are shown. (b) Peak splitting seen in the high- 
resolution self-rotation functions. Peaks observed for five- (K = 72°), two- (K = 180 °) and threefold (K = 120 °) symmetry operators marked 1, 
2, 3 and 4 in (a) correspondingly decompose into .several maxima shown here. Identification of the additional peaks, possibly arising from the 
special packing arrangement of the panicles in the NOV unit cell, was critical in obtaining the particle orientations. Peak splitting for the 
observed data (on the left) match well with those for the model structure factors (on the right), confirming the particle orientations. 
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The rotation function should yield four maxima for 
each peak, corresponding to the individual orientations of 
the four particles in the unit cell. Yet, some peaks 
resolved into clusters of five or more (up to 16) discrete 
maxima (Fig. 2b). It was necessary, therefore, to identify 
the peaks arising from the independent particle orienta- 
tions. We noticed that in every cluster there was a subset 
of flanking peaks that could always be divided into peaks 
that split horizontally and vertically about a central 
position expected for the R32 peak. An icosahedron in an 
R32 orientation would have a value of x of 20.9~.t The 
horizontal peak splitting results from the deviations in x 
from 20.9 ~, corresponding to the differences in orienta- 
tions of the independent particles. Thus, the independent 
particles were assigned tc values of 23 and 19.4,  
respectively. The ~0 and ~ angles were estimated based 
on the vertical spacing of maxima around the mirror 
plane at ~p=90 ~ (xz plane in Fig. 2a). The initial 
estimates for ~0 and (z angles were 350 and 1.5, 
respectively, for both the independent particles. 

Refinement (Rossmann & Argos, 1976) of the 
observed and idealized direction cosines resulted in the 
following orientations for the two particles (Fig. 2): 
particle 1, ~0~ = 247.0, ~1 = 2.60, ~cl--23.0; particle 2, 
~02 = 240.0, 7z2 = 2.22, x2 = 19.4 ~:. 

The final orientation of the particles shifts any point at 
a radial distance of 140 A by '~7 A from the locations 
dictated by R32 symmetry. The final r.m.s, deviations 
between the observed and calculated self-rotation peak 
positions were 0.19 and 0.28 A at a radius of 140 A, 
corresponding to a maximum deviation of less than 0.2 . 
The twofold-related particles have ~p orientations of 67 
and 60 ° due to the crystallographic symmetry. 

Since the observed rotation-function peaks were 
resolved into more component peaks than would arise 
from individual symmetry elements of the icosahedra, an 
experiment was performed with calculated data to see if  
the additional peaks could be reproduced. The atomic 
coordinates of FHV (Fisher & Johnson, 1993) were 
oriented precisely as described for particles 1 and 2 
above. Data were computed between 3.9 and 3.7 A 
resolution and rotation functions calculated. This rotation 
function was compared with that obtained for the 
observed data and it was clear that the complex 
decomposition of the peaks was nearly identical for 
observed and calculated data (Fig. 2). Although the 
calculated data demonstrate identical distribution of 

t Particle orientations described here follow the spherical polar- 
coordinate convention defined by Rossmann & Blow (1962). The 
angles Jc. ¢ and ~p describe the particle orientation with respect to a 
standard orientation. The three mutually perpendicular icosahedral 
twofold axes coincide with x, y and z of the reference coordinate system 
in the standard orientation (K = 0, ~ = 0 and ~0 = 0°). ~p and ~0 define the 
direction of the rotation axis and x is the rotation about this axis. ~/, is 
measured as the tilt angle from the x axis to the rotation axis and ~ is the 
angle made with the x axis by the projection vector of this rotation axis 
onto the xz plane. 

peaks, the rationale for these peaks in terms of particle 
packing (Akervall et al., 1972) is not obvious. 

4. Patterson analysis of pseudo-symmetry 

The near-parallel directional coincidence of an icosahe- 
dral twofold axis of each of the independent particles in 
the asymmetric unit with the crystallographic screw axis 
should give the particle positions from the peak positions 
in the Harker sections of the Patterson function (Zlotnick 
et al., 1993). Unfortunately, these peaks were coincident 
with the 'origin peaks' generated by the pseudo-face- 
centered symmetry present in the unit cell (Fig. 3a). 
However, the relative peak heights of the pseudo-origin 
peaks helped in choosing the correct particle arrange- 
ment. The observed peak height ratio of 1:3:6 for the 
A:B:C faces (Zlotnick et al., 1993) deviated from the 
identical peak height that would result from an ideal R32 
arrangement of particles. The ratio also indicated that the 
degree of similarity in orientation between the pairs of 
particles related by face centering increased from the 
pseudo-A-centered pairs to the pseudo-B-centered pairs, 
to pseudo-C-centered pairs. 

Various particle arrangements were considered, ac- 
counting for the three unique crystallographic origins in 
the monoclinic system (Fig. 3c). Twelve unique arrange- 
ments are possible when no constraints are placed on the 
two independent particles. Six are possible when 
particles are placed at the R32 positions in the 
monoclinic setting. Since the similarity of orientations 
among the independent particles and symmetry-related 
particles in each of these arrangements dictate the relative 
heights of the Patterson peaks, the possible arrangements 
reduced to two primitive monoclinic space groups that 
were in agreement with the relatively weak peak for the A 
face: P2 and a nearly ('-centered monoclinic P21 space 
group represented here as C-P2~ (see 1 and 3 of Fig. 3c, 
respectively). 

The space group P2~ identified as C-P2~ was 
consistent with the observed pseudo-systematic absences 
and was confirmed by the correlation between observed 
data and the data calculated with the FHV model 
(Table 2). 

The orientations and idealized positions of the two 
independent particles in the asymmetric unit for C-P2~ 
resulting from rotation-function and Patterson analyses 
were, particle 1: ~p~ = 67.0, ~ = 2.60, K~ = 23.0 and 
xl = ¼, y~ = 0, z~ = 0; particle 2:<p2 = 240.0 , 42 = 2.22 , 
x 2 = 1 9 . 4  a n d x 2 = ~ , y 2 = ~ , z 2 - ~ .  

The 180 change of ~0~ was required for the C-P2~ 
packing arrangement (Fig. 3c). 

5. Refinement of particle positions from their initial 
R32 positions 

The refinement of  particle positions employed an 
approach similar to that used to solve the ~vX174 
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Fig. 3. Analysis of the native Patterson for identification of particle 
arrangement. (a), (b) The Harker planes in the 20-10 A NOV native 
Patterson showed a relative peak height of 1:3:6 for the peaks on the 
A:B:C faces. The differential peak heights seen here are due to the 
small deviations in the particle orientations with respect to the 
crystallographic twofold axis. This is exploited in identifying the 
correct arrangement of particles among several possible choices in 
the monoclinic cell of NOV shown in (c): the six possible particle 
arrangements (numbered I to 6) in the monoclinic space-group 
setting for NOV by placing the particles at the R32 positions. As 
observed in the native Patterson map, both P2 and C-P21 
arrangements (1 and 3) lead to a minimum relative height for the 
A-face peak because of maximum dissimilarity in orientations of 
particles on this face. Evidence for C-P21 being the correct 
arrangement comes from the better figures of merit (R factor and 
correlation coefficient) between the observed and calculated structure 
factors for C-P21 compared with those for P2. In addition, the 
systematic absences observed for the 0 kodd 0 reflections confirmed 
the presence of a 21 screw axis along the b axis. [Particles are shown 
as circles. The arrows represent x rotation of particles with respect to 
the twofold axis of the standard icosahedral particle oriented along 
the crystallographic b axis (in the monoclinic system) and the radial 
distance of the arrow from particle center is representative of the 1p- 
angle deviation of the particle from the crystallographic b axis 
(~p = 0.0°). The prefixes A- and C- for the space group P2t represent 
centering symmetry on these faces.] 

structure (McKenna, Xia, Will ingmann, Ilag & Ross- 
mann, 1992). Translation searches were performed with 
data from slightly different low-resolution ranges. The 
R32 special positions listed above were the starting points 
for all the searches. Three different procedures were used, 
as described below. 

In the TRANSF procedure (Argos & Rossmann, 1980; 
Tong & Rossmann, 1993), calculated structure factors 
based on an atomic model or density are compared with 
all the observed structure factors above specified o" and 
amplitude thresholds. The program performs a systematic 
R-factor or correlation-coefficient search for the best 
possible position for a particle in the given translation 
space. For NOV, the initial R32 positions for the two 
independent particles of  the asymmetric unit were refined 
one particle at a time using the procedure. In each search, 
the contribution to structure factors from one particle was 
fixed (immobile) while the other particle was allowed to 
move in the specified translation range until convergence 
was reached. 

RIGID (Arnold & Rossmann, 1988) is a rigid-body 
least-squares minimization procedure requiring an atomic 
model as input. In the RIGID search, R factors are 
calculated using a small subset o f  the structure factors 
which exceed a very high amplitude threshold. The 
choice of  observed structure factors used in the 
calculation is varied with each cycle to minimize the bias. 

CLIMB (Muckelbauer et al., 1995) is a real-space 
averaging procedure that minimizes or(p), the r.m.s. 
deviation from the mean density for the icosahedrally 
related points in the unaveraged density map. From the 
initial best NOV positions and orientations, a systematic 
search or 'c l imb'  was performed in x, y, z (fractional 
coordinates) and 01, 02, 03 (Eulerian angles) to locate the 
positions and orientations that resulted in minimum o(p). 

A consensus was developed from the very similar 
particle centers (0.2501, 0, -0 .0001 ;  0.2499, 0.5002, 
0.4998) obtained from the three search procedures (Table 
2) and a map was calculated with data from 20 to 7.3/~ 
with phases based on an FHV polyalanine model. After 
eight rounds of  molecular averaging with the program 
ENVELOPE (Rossmann et al., 1992; Cornea-Hasegan et 
al., 1995) with a spherical envelope (inner radius 80/~, 
outer radius 175 A, based loosely on the dimensions of  
FHV) the correlation coefficients and R factor converged 
(Table 2). The structure factors obtained from this 
averaged map were used for the subsequent round of  
translation searches with TRANSF and the unaveraged 
map computed with phases from the revised model at this 
stage was used in the CLIMB procedure. 

The 7.3 A map was displayed with the FHV model 
using the program O (Jones, Zou, Cowan & Kjeldgaard, 
1991). The model fits the overall features of  the map. 
Two specific differences between the model and the map 
gave confidence that the phase bias towards the model 
was broken by the 120-fold non-crystallographic aver- 
aging. First, the quasi-threefold protrusion of  the map 
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Space groupt 

Table 2. D e t e r m i n a t i o n  o f  the correc t  m o n o c l i n i c  s p a c e  g r o u p  

Resolution (A) Particle positions Correlation coefficient/R factor:~ 
Model Average (cycles) 

C-P21 20-10.2 1/4, 0, 0 0.638/0.394 - 
1/4, 1/2, 1/2 

A-P2, 20-10.2 0, 0, 1/4 0.185/0.608 - 
1/2, 1/2, 1/4 

C-P2~ 20-7.3 0.2501, 0, -0.0001 0.572/0.400 0.854/0.217 (8) 
0.2500, 0.5002, 0.4998 

C-P2~ 20-4.55 0.2503, 0, 0 0.358/0.461 0.807/0.279 (9) 
0.2499, 0.5005, 0.4995 

C-P21 20-4.2 0.2503, 0, 0 0.372/0.443 0.755/0.265 (12) 
0.2499, 0.5005, 0.4995 

t The prefix A- or C- to the monoclinic space-group representation corresponds to particles being nearly A or C centered (see also 
Fig. 3c). ~. Figures of merit: the correlation coefficient (CC) and R factor are defined as follows: 
CC = y~((Fo) - Fo)((Fc) - Fc)/[y~((Fo) - F,,)2((Fc) - Fc)2] ~/2 and R = [)--~hl(IFol - k[Fcl)l]/Y~hlFol. Better figures of merit were observed for 
the correct particle arrangement in the monoclinic space group C-P2~(see Fig. 3c). A polyalanine model of FHV for the first three cases and an NOV 
polyalanine model for the later two cases were used for calculating the structure factors. 

was considerably larger than that of  the model (Fig. 4a), 
consistent with the insertions in the NOV coat-protein 
sequence in this region with respect to the other 
nodaviruses (Kaesberg et al.,  1990). Second, no y 
peptide for the B subunit was included in the phasing 
model since this density in FHV is very weak. In the 
NOV map, density corresponding to the B-subunit y 
peptide was at least as strong as that of the other two y 
peptides. 

Another iterative series of  translation functions using 
T R A N S F  were calculated using the averaged electron- 
density map, described above, as a search model. The 
results of  the translation function from the correlation- 
coefficient and R-factor searches yielded the same 
solution for the particle centers: 0.2503, 0, 0 for particle 
1 and 0.2499, 0.5005, 0.4995 for particle 2. Searches 
were run in narrow shells from 7.4 to 7.8/k and from 8.3 
to 9.0/~, in both cases using "--23 000 large terms out of 
30 000 reflections ( I>  0-3Iaverage)- C L I M B  results based 
on a 7.3 ~ map were identical with those obtained using 
T R A N S F ,  reported above. We had greater confidence in 
these results because the new search model more closely 
resembled NOV. 

Phase refinement at 4.55/k was initiated with phases 
based on the FHV model, using the T R A N S F  positions 
(Table 2). The map was readily interpretable after nine 
cycles of molecular averaging and phase refinement. The 
FHV polyalanine model was extensively modified to 
correspond to the new electron density map using the 
program O (Jones et al., 1991). Density was readily 
interpretable for only 17 large side chains; thus, most of 
the amino acids were modeled as alanine in the model 
based on a 4.55 A resolution map. 

This NOV model was used to calculate phases to 
4.2 A. Even before averaging, the improvement in the 
statistics was evident (Table 2). Previously, maps were 
averaged to the maximum extent of  their resolution, 
without extending phases. In the case of the 4.2 A map, 

six cycles of  averaging were performed on a map 
calculated from 20 to 6 A with initial phases computed 
from the atomic model. These phases were combined 
with model phases to 4.2 A followed by six additional 
rounds of averaging. The final correlation coefficient and 
R factor are 0.755 and 0.265, respectively. The resulting 
map was superior to its predecessor in its detail and in the 
continuity of weak density. After re-modeling at this 
stage, new structure factors were calculated to 3.3 A. 
This time, the 120-fold averaging and solvent flattening 
were performed to 3.3 A in three phase-extension steps 
(4.2, 3.9 and 3.3 A resolution), starting with 20-6.0 A 
data and following the same procedure as explained 
above. Most of the residues (55-383 for A, 58-380 for B, 
and 13-29 and 58-380 for C subunits) were visible with 
their side-chain density in the 3.3 A averaged map; the 
model was re-built using the graphics program O (Jones 
et al.,  1991). 

6. Refinement of the NOV model using X-PLOR 

The NOV atomic coordinates were refined using X - P L O R  
(Brfinger, 1992) to obtain reasonable geometry and avoid 
unacceptable non-bonded atomic contacts. A total of  180 
cycles of energy minimization were carried out with a 
fixed B value of 18.0 A 2 using all reflections (1 377 412) 
in the resolution range 8.0-3.5 A with no modeled water 
molecules; the R factor converged to 0.344. When all the 
reflections (1 708 847) in the resolution range 20.0- 
3.3 A were considered, the R factor dropped from an 
initial value of 0.399 to 0.362.94.0% of the amino acids 
(excluding glycines and prolines) were in the most 
favored or allowed regions of the Ramachandran plot 
( P R O C H E C K ;  Laskowski, MacArthur, Moss & Thorn- 
ton, 1993). The new model was inspected for main-chain 
errors and for amino acids with disallowed q9 and ~p 
angles, and corrected. A new map with phases calculated 
from the adjusted model was subjected to molecular 
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averaging fo l lowed by energy  min imiza t ion  and visual 
ad jus tments  o f  the mode l  us ing a graphics  interface. This 
mode l  was subjected to s imulated annea l ing  (T = 3 0 0 0 -  
300 K, t ime step = 0.5 fs, T-coupling temperature  decre-  
men t  o f  50 K every 12.5 fs, A f = 0 . 2  A), us ing all 

reflections be tween  8.0 and 3.5 A resolut ion and wi th  no 
m o d e l e d  water  molecules .  This was fo l lowed by 20 
cycles o f  posi t ional  re f inement  (A f = 0 . 0  A) and 12 
cycles  o f  unrest ra ined individual  B-factor ref inement .  
The R factor for the mode l  was 0.296 and r.m.s. 

(a) 

(b) 

(c) 

Fig. 4. Details of the 120-fold averaged 
electron-density map at 3.3A and the 
NOV model. (a) Electron density for the 
protrusions related by the quasi-threefold 
axis at the surface of NOV (in a view 
approximately perpendicular to the quasi- 
threefold axis). The protrusions are 
clearly much longer that the correspond- 
ing ones in the FHV model (Ca backbone 
shown here), demonstrating the absence 
of model bias in the averaged NOV map. 
(b) NOV model fit to the 3.3A electron- 
density map. The short stretch of residues 
123-127 show here are from the B 
subunit of NOV (thick line). The FHV 
model, although structurally very close to 
NOV in this region (shown as Cot back- 
bone; thin line) has a very different 
sequence (residues Y, W, S, A and S, 
respectively for the stretch 123-127). (c) 
Density for the peptide in the groove 
(residues 13-29 of N terminus of the C 
subunit in NOV). The peptide folds into a 
helix close to the icosahedral threefold 
axes. The unique helix is followed by the 
extended structure (residues 20-30) seen 
in corresponding peptides of FHV (solid 
lines) and BBV (not shown). 



A. ZLOTNICK, P. NATARAJAN, S. MUNSHI AND J. JOHNSON 745 

deviations in bond distances and bond angles were 
0.009 A and 1.64&, respectively. 

The quality of the final electron-density map, com- 
puted with molecular repJacement followed by phase 
refinement using real-space molecular averaging with 
120-fold non-crystallographic symmetry, was very good 
(Fig. 4), despite the rather high crystallographic R factor. 
The high R factor can be attributed to the large unit cell 
and its effect on scaling statistics. At resolution beyond 
6 A there is significant overlap of reflections along the c* 
direction. Deconvolution corrections were applied, but 
the scaling statistics suggest that they were only partially 
successful. A second factor affecting the overall R factor 
was the collection of data with two different detectors. 
While these data scaled reasonable well, the overall 
scaling R factor was high (14.1%). Despite these 
problems with the data, which was only 39% complete 
in the highest resolution shell (Table 1), the quality of the 
electron-density map was superb. This was undoubtedly 
due to the 120-fold redundancy used in the phase 
refinement. 

The 3.3 A map was used to build the final NOV 
structure. The overall fold of NOV was very close to 
those of FHV and BBV. There were several unique 
features that were present in NOV. The capsid protein 
cleaves into a 363-residue/3 protein and short y peptide, 
about 44 residues long. The /3 protein which forms the 
contiguous capsid folds into an eight-stranded/3-barrel, 
commonly found in non-enveloped icosahedral viruses 
(Rossmann & Johnson, 1989). The y peptide located in 
the particle interior forms an amphipathic helix. The 
symmetry-related y peptides at the icosahedral fivefold 
axes form a helical bundle. At particle twofold axes, ~, 
peptides are in close proximity to a partially ordered 
RNA duplex (Fisher & Johnson, 1993). 

Most of  the unique features of NOV were seen in non- 
homologous regions, in loops connecting the strands in 
the/3-barrel and in N and C terminal regions (Kaesberg et 
al., 1990). The protrusions at quasi-threefold axes on the 
viral surface were longer in NOV than in FHV and BBV 
(Fig. 4a) as expected from insertions in the NOV 
sequence. In NOV, the peptide in the groove [residues 
13-29 at the N terminus of the C subunit; Fig. 4(c)] folds 
into a helix close to the icosahedral threefold axes. The 
unique helix is followed by the extended structure seen in 
the corresponding peptides of BBV and FHV. 

A detailed comparison is being made between 
structures of different members of the nodavirus family 
of viruses and will be related to their distinct biological 
and physico-chemical properties (Natarajan, Zlotnick & 
Johnson, 1997). 
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