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Abstract 

Belladonna mottle virus, a spherical plant virus 
belonging to the tymovirus group, was crystallized by 
precipitation with polyethylene glycol 6000 in sodium 
citrate buffer (pH 5.6). The crystals belong to rhom- 
bohedral space group R3 (a-~ 300 ,~, a = 60 °) with 
one molecule in the unit cell, and diffract X-rays to 
3.5/~ resolution. Owing to the special interaxial angle 
o f -60° ,  the lattice can also be described in terms of 
a pseudo-face-centred cubic cell. The face-centring 
vectors of the pseudo cell form the cell edges of the 
rhombohedral cell. The three-dimensional X-ray 
diffraction data on these crystals were collected using 
screenless oscillation photography to a resolution of 
6/~. 37 842 independent reflections with I/cr(I) >- 2-0 
were measured on 51 filn ^pairs. The cell parameters 
were refined to a = 295 .4Aand  a = 59.86 ° by a post- 
refinement procedure. A rotation function was calcu- 
lated using data between 11 and 13/~ resolution. The 
function unambiguously reveals the particle icosahe- 
dral symmetry and orientation in the unit cell. The 
body diagonals of the pseudo-cubic cell are nearly 
tetrahedral. The icosahedral particle also has a set of 
tetrahedrally related threefold axes. The particle 
orientation is such that these two sets can be made 
coincident by a rotation of -180  ° about the rhom- 
bohedral [ 111] direction. 
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Introduction 

Belladonna mottle virus (BDMV) is a spherical plant 
virus consisting of a single-stranded, positive-sense 
RNA genome. Some of the biophysical properties of 
BDMV and its crystallization have been reported 
(Virudachalam, Heuss, Argos & Markley, 1983; 
Heuss, Mohana Rao & Argos, 1981). The related 
turnip-yellow mosaic virus (TYMV) has been exten- 
sively studied with respect to its biophysical and 
biochemical properties (Nixon & Gibbs, 1960; Klug, 
Longley & Leberman, 1966; Kaper, 1975; Jacrot, 
Chauvin & Witz, 1977; Katouzian-Safadi & Haenni, 
1986). These studies reveal that the particles of TYMV 
are stabilized predominantly by the hydrophobic 
association of protein subunits (Kaper, 1975). Low- 
angle neturon scattering studies indicate that there is 
little, if any, penetration of the nucleic acid into 
the tightly packed protein coat (Jacrot et al., 1977). 
In electron micrographs, TYMV appears to be con- 
structed of 32 morphological units (Finch & 
Klug, 1966) consistent with T =  3 icosahedral sym- 
metry (Caspar & Klug, 1962). In this paper we report 
crystallization of BDMV, collection and processing 
of X-ray diffraction data, and rotation function 
studies. The studies reveal the icosahedral symmetry 
of the virus particle and its orientation in the unit 
cell. 

© 1987 International Union of Crystallography 



SANJEEV K. MUNSHI et al. 377 

Virus purification 

Leaves of N. glutinosa plants were harvested 10 days 
after inoculation and homogenized in 0.05 M sodium 
citrate buffer (pH 5.6) containing 0.2% sodium thio- 
glycolate and 8% n-butanol. The virus was precipi- 
tated from the supernatant obtained by centrifugation 
at 10 000 r.p.m, for 30min by the addition of 
10% (w /v )  polyethylene glycol 6000. The precipitate 
was resuspended in 0-05 M sodium citrate buffer at 
pH 5.6, and subjected to three cycles of differential 
centrifugation. The final pellet was suspended in 
0.01 M sodium citrate buffer at pH 5.6. The virus at 
this stage of purification contained 10-20% empty 
capsids produced in vivo that are devoid of RNA. 
During the initial stages of this investigation, no 
attempt was made to separate the empty capsids from 
intact particles. In the later stages, the empty particles 
were separated from the intact particles by sucrose- 
density-gradient [ lO-40%(w/v)  sucrose in 0.05 M 
sodium citrate buffer, pH 5.6] centrifugation. This 
virus preparation was found to be serologically iden- 
tical to the BDMV kindly supplied by Dr P. Argos. 

Crystal l ization and characterization of  the crystals  

The crystallization was achieved by vapour diffusion 
in depression slides (McPherson, 1982). 30- 
40 mg ml- ~ of the virus in 0.1 M sodium citrate buffer 
at pH 5.6, was precipitated with 2.5% polyethylene 
glycol 6000 in the inner well and 10% in the outer 
well. The crystals approached 1-1.5 mm in size in 3-7 
days and then degenerated into powdery fragments. 
However, the crystal degradation could be prevented 
by the addition of 2 m M  dithiothreitol during crystal- 
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Fig. 1. A 2°-precession photograph of the hexagonal hO! zone of 

BDMV crystals recorded on an Elliott rotating-anode X-ray 
generator with a crystal-to-film distance of 100 mm. 

lization. Dithiothreitol prevents crystal degradation 
probably by preventing oxidation of sulfhydryl 
groups on the coat protein. The crystals were 
examined using the X-ray beam from an Elliot rotat- 
ing-anode X-ray generator equipped with a 200 I~m 
focal cup and operating at 36 kV and 45 mA. X-rays 
were focused using two perpendicular mirrors (Har- 
rison, 1968). The X-ray diffraction patterns obtained 
from crystals of full particles and those obtained from 
a mixture of full and empty particles were visually 
indistinguishable. The crystals diffracted usually to 
3.5/~ resolution and were stable in the X-ray beam 
for 60-80 h. Examination of 2°-precession photo- 
graphs revealed that the crystals belong to the rhom- 
bohedral space group R3 with cell edges of---300/~, 
and interaxial angles of --60 °. A 2°-precession photo- 
graph of the hexagonal hOl zone is shown in Fig. 1. 
The volume of the unit cell is consistent with only 
one virus particle. Hence, the particle is situated on 
the crystal threefold axis. 

Data  collection 

Three-dimensional X-ray diffraction data were 
collected by screenless oscillation photography. The 
rhombohedral cell with an interaxial angle of 60 ° is 
equivalent to a pseudo-face-centred cubic cell with 
the three face-centring vectors forming the cell edges 
of the rhombohedron. Similarly, the [100], [010], 
[001] and [111] directions of the reciprocal rhom- 
bohedral cell form the tetrahedral body diagonals of 
the reciprocal pseudo-cubic cell. Perhaps for this 
reason, it was nearly impossible to distinguish 
between the [100], [010], [001] and [111] directions 
of the reciprocal cell. In the rhombohedral cell, [ 111] 
is the crystallographic threefold axis while [100], 
[010] and [001] are onefold axes. For rhombohedral 
R3, data is acquired most efficiently by oscillating 
the crystal about the threefold axis (Fig. 2; Munshi 
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Fig. 2. Percentage of unique data recorded as a function of oscilla- 
tion range when a crystal belonging to rhombohedral R3 is 
oscillated about (a) [111] (threefold axis, @), (b) [100] (onefold 
axis, 0).  
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& Murthy, 1986). It is necessary to collect 45 ° of 
oscillation data to record a complete asymmetric unit 
when a threefold axis of the crystal is aligned parallel 
to the camera rotation axis. However, a much larger 
oscillation (75 °) is necessary about onefold axes (Fig. 
2). Hence, it was decided to collect data about the 
threefold axis. In order to avoid indexing errors, it is 
necessary to identify the axis along the spindle and 
to distinguish positive from negative mounts. There- 
fore, a series of 'standard' l°-oscillation photographs 
were recorded when the onefold ([100], [010], or 
[001]) or threefold ([111] or [111]) axis was co- 
incident with the spindle axis. For each crystal used 
for data collection, a l°-oscillation (12-20 h) picture 
was recorded about a major zone and compared with 
the standards. This procedure ensured unambiguous 
identification of the axis along the spindle and the 
spindle setting angle. The spindle setting angle was 
defined as 0 ° when the hexagonal hOl zone was per- 
pendicular to the X-ray beam. A total of 70 crystals 
were examined out of which 35 were found with their 
threefold axis parallel to the spindle. The oscillation 
angle was set to 1 ° and the crystal-to-film distance to 
100mm. This resulted in a 5.5,~, photograph with 
10-15% overlap of reflection spots at higher resol- 
ution. 55 A / B  pairs of photographs were recorded 
from these crystals covering a total of 38.6 ° oscilla- 
tion. A new spot on the crystal or a new crystal was 
used for each photograph. 8 ° of data were collected 
in INDU (Hindustan Photo Films) X-ray films while 
the remaining data were collected on Kodak DEF-5 
and CEA Reflex-25 films. The exposure time for each 
photograph with INDU films was 40 h, while on the 
latter films it was 15-20 h. 

The photographs were processed using the program 
originally written by M. G. Rossmann and sub- 
sequently modified by I. Rayment for a VAX com- 
puter (personal communication). These programs 
were adapted for a PDP 11/44 computer. The films 
were digitized at 50 ~m intervals on a Joyce Loebl 
film scanner and processed on the PDP system. The 
notation developed by Rossmann (1979) and Ross- 
mann, Leslie, Abdel-Meguid & Tsukihara (1979) is 
used in the following discussions. 

The unit cell has two independent parameters, cell 
edge a and interaxial angle a. A value of 297 ,~ 
obtained from still and low-angle precession photo- 
graphs was used for a. The dependence of the predic- 
ted oscillation pattern on this parameter is reciprocal 
to that of the crystal-to-film distance. The processing 
program compensates for isotropic errors in cell edges 
by refinement of the Q matrix (Rossmann, 1979). 
However, the program uses the value of a supplied 
without further modifications for the predicition of 
reflection positions. To determine the interaxial angle 
more precisely, a few films were processed with a 
varying a few degrees on either side of 60 °. The r.m.s. 
difference between the predicted and observed spot 

positions was a minimum for a = 59.85 °. Hence, this 
value was used for all further processing. 

The crystal setting error (Rossmann, 1979), deter- 
mined independently for the A and B films, agreed 
within narrow limits (usually <0.05 ° for ~Oy). 
However, there were two cases where the differences 
were large. These films did not scale well with the 
rest of the films and were omitted from final scaling. 
Similarly two other films with large background 
intensities were also omitted. 

The reflection intensities were estimated by integra- 
tion and not by profile fitting (Rossmann, 1979). In 
a 15 x 15 box placed at the predicted reflection posi- 
tion, 119 points in the central region were used for 
integration while 66 points in the periphery were used 
for the determination of the background. The 
measured optical densitie~ were corrected for non- 
linearity of film response of CEA and Kodak films 
(Phillips & Phillips, 1985). Data for INDU films were 
not corrected for non-linearity as these films exhibit 
a fairly linear response up to an optical density of 
2.0 (Mohan Bhadbhade, personal communication). 
The integrated intensities were corrected for Lorentz 
and polarization factors. The reflections were 
measured to a resolution of 5.5 A. Many INDU films 
were limited to a lower resolution of 6-7 A due to 
their slow response to X-rays. These films were pro- 
cessed to a lower resolution. 

Scaling and post refinement of oscillation data 

The A / B  pairs were scaled together using the 
modified version of M. G. Rossmann's program (I. 
Rayment, personal communication). The reflection 
intensities on B films were corrected for an obliquity 
factor with Kf=0.18  for INDU and Ks=0.426 for 
Kodak DEF and CEA films (for a definition of Kf 
and an expression for the correction, see Wonacott, 
1977). The R factor (Rossmann et al., 1979) between 
A and B films varied between 5-5 and 11.5% with a 
mean value of 9-5%. The resulting 51 films were 
scaled together for six cycles, refining a scale and a 
temperature factor (Rossmann et al., 1979). This was 
followed by five cycles of post refinement (Schutt & 
Winkler, 1977; Rossmann et al., 1979). The post- 
refined cell edge was 295.4 A and interaxial angle 
was 59.86 ° . The crystal setting errors obtained through 
the post-refinement procedure were in general agree- 
ment with those determined by the processing pro- 
gram. The difference in the crystal setting error about 
the spindle as determined by the two procedures 
averaged to 0.03 ° while larger differences were found 
for the setting error about the camera x axis (0-2- 
0.3°). This is presumably because the predicted 
oscillation pattern is more sensitive to errors in rota- 
tion about the spindle. The post refinement was fol- 
lowed by two cycles of scaling. A total of 114 447 
intensities were used for scaling of which 62 227 were 
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Table 1. Percentage of  observed data as a function of  
resolution shells 

Resolution Data with Data with 
angle (/~) % Recorded I/tr(l)>-I l/tr(l)>-2 

oo-15 78.2 65.9 62.3 
15-14 81.9 70.7 64.0 
14-13 84.0 71-9 66.4 
13-12 83.5 69-6 64.4 
12-11 83.6 69.6 64.8 
11-10 86-1 71.0 64-9 
10-9 85.2 68.0 60.9 
9-8 86.8 66.0 56.5 
8-7 88.1 58.1 45.9 
7-6 85.6 48.5 34.1 
6-5 27.3 14.3 9.4 

unique. 37 842 of these with I / t r ( I )  >_ 2.0 were accep- 
ted in the final list. The interfilm R factor (Rossmann 
et al., 1979) was 12.5. The percentage of reflections 
recorded in different resolution shells is shown in 
Table 1. 

Rotation function calculations 

A rotation function (Rossmann & Blow, 1962) was 
computed to determine the symmetry and orientation 
of the particle in the unit cell. Data between 11 and 
13 A were used for the calculations with a radius of 
integration of 50/~. The second Patterson function 
was represented by 277 large terms. The Patterson 
origin of the first function was removed. There were 
348 reflections for which only overloaded measure- 
ments were available. The largest intensity of non- 
overloaded reflections on an arbitrary scale was 2660. 
The overloaded reflections were set to a value of 3000 
on the same scale. The orthogonal coordinate system 
defined by Rossmann & Blow (1962) is not the most 
convenient to depict the rotation function in the 
present case since the crystal threefold axis is oriented 

Fig. 3. Definition of the Cartesian coordinate system used for 
rotation function calculations. The rhombohedral [111] (three- 
fold axis) was defined as Cartesian Y and an axis perpendicular 
to Y, and c as Cartesian X. The definition of ~ and ~p follow 
that of Rossmann & Blow (1962). 

in an arbitrary direction in this system. Hence, an 
orthogonal coordinate system with the Y axis parallel 
to the crystal threefold (hexagonal l) axis, and the Z 
axis in the plane containing the crystal c and threefold 
axes was used for computations (Fig. 3). However, 
the definition of the polar angles 0 and ¢ follow 
Rossmann & Blow (1962). The crystal-to-Cartesian- 
coordinate transformation matrix fl (Rossmann & 
Blow, 1962) is as follows: 

X ~ a sin ~ ~ a sin 

1/2 [ or\ 1/2 1/ 
= 1-~-sin a l l -~-  sin22) a 1-~ sin 2 

\ as in~ - a s i a  2 0 

where x, y, z are the crystal fractional coordinates and 
X, Y, Z are the Cartesian coordinates in/~.  

In this coordinate system, the limits for 0 and 
are 0-180 ° and 0-120 °, respectively. The rotation func- 
tions for K =72, 144, 120 and 180 ° are shown in Fig. 
4. The rotation function as it appears down the three- 
fold axis is shown in Fig. 5. The function is contoured 
at intervals of 2o-, starting from 2tr above the mean 
background. The origin peak is at the 24tr level, while 
the other peaks are at 6tr-8cr levels. The distribution 
of the five-, three- and twofold peaks is clearly 
icosahedral, confirming the anticipated symmetry of 
the virus particles. The peaks on the equator (~ -- 90 °) 
for the K = 180 ° hemisphere are double-weight peaks 
and hence are about twice as strong. Icosahedral 
symmetry imposes restrictions on the possible angles 
between a threefold axis and other symmetry axes. 
For example, fivefold symmetry axes are found at 
angles of 37.4, 79.2, 100.8 and 142.6 ° from the three- 
fold axis. The choice of the coordinate system with 
the orthogonal Y along the crystal threefold axis used 
in these studies allows treatment of the rotation func- 
tion as a one-dimensional problem. At ~ = 37.4 °, the 
rotation function is anticipated to reveal a single peak 
corresponding to the fivefold axis in the limit 0-< ~ -< 
120 ° . In order to locate the polar coordinates of the 
symmetry axes of the icosahedral particle more pre- 
cisely, rotation functions were computed at ~ values 
corresponding to angles between threefold and other 
rotation symmetry axes of the icosahedron at 4 ° inter- 
vals. Some of these plots are shown in Fig. 6. The 
positions of the five-, three- and twofold axes thus 
obtained were fitted to ideal icosahedral symmetry 
elements with a mean discrepancy of 0.24 °. The 
orientations of some crystallographic axes of interest 
in the orthogonal cell are shown in Fig. 7. 

Discussion 

BDMV crystals and their diffraction patterns have 
been reported earlier (Heuss et al., 1981). The present 
X-ray diffraction patterns, although isomorphous 
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Fig. 4. Stereographic projection of the rotation function of  BDMV 
corresponding to (a) K = 72 °, (b) K = 144 °, (c) K = 120 ° and 
(d) K = 180 °. The function was computed using data between 
11 and 13/~ resolution and a radius of  integration of 50/~,. The 
contours are drawn at 2tr intervals beginning at 2or above the 
mean background. 

(a) x 

K:72 ~ 0  t 

(b) 4 ,x 
ol 

(c) K--180 . , ,~  ol x 

120 ~ 2 4 0  

Fig. 5. Stereographic projection of the rotation function of  BDMV 
viewed down the threefold axis. The parameters used are 
identical to those described for Fig. 4. (a) K = 72 °, (b) K = 120 °, 
(c) K = 180 °. 
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Fig. 6. The Cartesian Y, with respect to which ~ is defined, is 
parallel to the particle threefold axis ([111]). Hence at @ values 
corresponding to the angle between a threefold axis and other 
symmetry axes of  an icosahedron, the rotation function was 
computed as a function of  tp and appropriate K: (a)  K = 7 2  °, 
@ =37 .38  and  79.19°; (b) K = 120 °, @ = 109.47 and  138-19°; (c) 
K = 180 °, @ = 20-91 and 54.70 °. 

with earlier patterns, show prominent intensity 
differences. BDMV contains polyamines which are 
replaced by caesium ions when subjected to 
caesium chloride density-gradient centrifugation 
(unpublished observations). The intensity differences 
probably result from the replacement of intrinsic 
polyamines by caesium ions. 

The interaxial angle of the rhombohedral cell of 
BDMV crystals is very close to the angle between the 
face diagonals originating from the corners of a cube. 
Hence, the crystal packing of the virus particles can 
also be described in terms of a pseudo-face-centred 
cubic cell. However, only one body diagonal of this 
pseudo cell is a true threefold axis. The morphology 
of the crystals or the appearance of still patterns of 
major zones does not permit recognition of the three- 
fold axis. This was the major obstacle in data collec- 
tion. The procedure employed for data collection 
ensured that indexing errors do not occur. Since the 
particle threefold axis is coincident with the crystal 
threefold axis, it is necessary to specify any one of, 
the other symmetry axes of the icosahedral particle" 
for complete specification of the orientation in the 
unit cell. The four body diagonals of the pseudo-cubic 
cell are tetrahedral within experimental error. These 
body diagonals of the pseudo-cubic cell are along the 
[311 ], [ 131 ] and [ 113 ] directions of the rhombohedral 
cell. As is evident from Fig. 7, they are related to the 
icosahedral threefold peaks by a twofold rotation 
about the [ 111 ] direction. 

X-ray crystallographic investigations have resulted 
in the elucidation of the three-dimensional structure 
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\, \,oo 

8 ° / / I r 3 T :  \ : i ,  \ ~-=o 

,oox 

~ , o  ,5o 16"~...~o ~ , - r " -  zoo 
170 180 190 

Fig. 7. Stereographic projection of  the symmetry axes of  the 
icosahedral particle of  BDMV depicting the relationship of  the 
particle orientation with respect to the cell edges of  the rhom- 
bohedral unit cell and the body diagonals of the pseudo-face- 
centred cubic cell. [311], [131], and [113] are the body diagonals 
of  the pseudo-cubic cell tetrahedral to the crystallographic three- 
fold axis [ 111 ]. 
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of several viruses (Harrison, Olson, Schutt, Winkler 
& Bricogne, 1978; Abad-Zapatero et al., 1980; Liljas 
et al., 1982; Rossmann et al., 1985; Hogle, Chow & 
Filman, 1985). The recent determination of the struc- 
tures of human rhino virus (Rossmann et al., 1985), 
polio virus (Hogle et al., 1985), black beetle virus (J. 
E. Johnson, personal communication) and cowpea 
mosaic virus (J. E. Johnson, personal communica- 
tion) have demonstrated the power of the technique 
of molecular replacement for ab initio phasing X-ray 
reflections from crystals of biological macromolecules 
consisting of several copies of identical structural 
units. The BDMV unit cell has 20 chemically identical 
units within the rhombohedral asymmetric unit. The 
constraints that are imposed on the phases due to the 
chemical equivalence of these units will undoubtedly 
prove to be crucial in the structure determination of 
this virus. 

We thank M. G. Rossmann, J. E. Johnson, R. Usha, 
S. Ramaseshan, M. Vijayan, R. Chandrasekharan and 
K. K. Kannan for support and encouragement. 
Thanks are due to M. G. Rossmann and J. E. Johnson 
for the gift of  two nickel-coated mirrors. We are 
grateful to I. Rayment for providing his versions of 
M. G. Rossmann's programs. We thank Mohan 
Bhadbhade for evaluating the dose-response charac- 
teristics of INDU films. The computations were made 
possible by the generous cooperation of H. Krish- 
namurthy and V. Rajaraman of the IISc Computer 
Centre. T. U. Sahana provided excellent technical 
assistance. This project was supported by the Depart- 
ment of Science and Technology, India. 

References 

ABAD-ZAPATERO, C., ABDEL-MEQUID, S. S., JOHNSON, J. E., 
LESLIE, A. G. W., RAYMENT, I., ROSSMANN, M. (3., SUCK, 
D. & TSUKIHARA, T. (1980). Nature (London), 286, 33-39. 

CASPAR, D. & KLUG, A. (1962). Cold Spring Harbor Symp. Quant. 
BioL 27, 1-24. 

FINCH, J. T. & KLUG, A. (1966). J. MoL Biol. 15, 344-364. 
HARRISON, S. C. (1968). J. AppL Cryst. 1, 84-90. 
HARRISON, S. C., OLSON, A. J., SCHUTT, C. E., WINKLER, 

F. K. & BRICOGNE, G. (1978). Nature (London), 276, 368-373. 
HEUSS, K. L., MOHANA RAO, J. K. & ARGOS, P. (1981). J. MoL 

Biol. 146, 629-634. 
HOGLE, J. M., CHOW, M. & FILMAN, D. J. (1985). Science, 229, 

1358-1365. 
JACROT, B., CHAUVIN, C. & WITZ, B. (1977). Nature (London), 

266, 417-421. 
KAPER, J. M. (1975). Frontiers of Biology, Vol. 39, The Chemical 

Basis of Virus Structure, Dissociation and Reassembly, edited by 
A. NEUBERGER & E. L. TAT1EM, pp. 331-352. Amster- 
dam/NewYork: North-Holland/American Elsevier. 

KATOUZlAN-SAFADI, M. & HAENNI, A. L. (1986). J. Gen. ViroL 
67, 565-577. 

KLUG, A., LONGLEY, W. & LEBERMAN, R. (1966). J. Mol. BioL 
15, 315-343. 

LILJAS, L., UNGE, T., JONES, T. A., FRIDBORG, K., LOVGREN, 
S., SKOGLUND, V. & STRANSBERG, B. (1982). J. MoL BioL 159, 
93-108. 

MCPHERSON, A. (1982). Preparation and Analysis of Protein Crys- 
tals. New York: John Wiley. 

MUNSHI, S. K. & MURTHY, M. R. N. (1986). J. Appl. Cryst. 19, 
61-62. 

NIXON, H. L. & Gmas,  A. J. (1960). J. Mol. Biot 2, 197-200. 
PHILLIPS, W. C. & PHILLIPS, G. N. JR (1985). J. AppL Cryst. 18, 

3-7. 
ROSSMANN, M. G. (1979). J. AppL Cryst. 12, 225-238. 
ROSSMANN, M. G., ARNOLD, E., ERICKSON, J. W., FRANKEN- 

BERGER, E. A., GRIFFITH, J. P., HECHT, H. J., JOHNSON, 
J. 'E.,  KAMER, G., LUO, M., MOSSER, A. G., RUECKERT, 
R. R., SHERRY, B. & VRIEND, G. (1985). Nature (London), 
317, 145-153. 

ROSSMANN, M. G. & BLOW, D. M. (1962). Acta Cryst. 15, 24-31. 
ROSSMANN, M. G., LESLIE, A. G. W., ABDEL-MEGUID, S. S. & 

TSUKIHARA, T. (1979). J. Appl. Cryst. 12, 570-581. 
SCHUTr, C. E. & WlNKLER, F. K. (1977). In The Rotation Method 

in Crystallography, edited by U. W. ARNDT & A. J. WONACOTT, 
pp. 173-186. Amsterdam: North-Holland. 

VIRUDACHALAM, R., HEUSS, K. L., ARGOS, P. & MARKLEY, 
J. L. (1983). Virology, 130, 360-371. 

WONACOTT, A. J. (1977). In The Rotation Method in Crystallogra- 
phy, edited by U. W. ARNDT & A. J. WONACOTT, p. 84. Amster- 
dam: North-Holland. 


