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Crystallization of Cauliflower Mosaic Virus 
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Cauliflower mosaic virus has been crystallized in hanging and sitting drops. The hexagonal and octahedrally shaped 
crystals are up to 0.5 mm in mean diameter. The octahedrally shaped crystals diffract to about 27 A resolution. The 
results are discussed in relation to the lability and aggregation of the virions. Q 1990 Academic press. IIIC. 

Caulimoviruses (I) were the first reported plant vi- 
ruses with a double-stranded DNA genome. The parti- 
cles have a diameter of around 500 A and, at least in 
the case of the type member of the group cauliflower 
mosaic virus (CaMV), are composed primarily of about 
420 copies of a protein with a molecular weight of 
around 40,000 (2-4). The CaMV coat protein is derived 
from open reading frame (ORF) IV of the genome (5) 
which encodes a 57-kDa precursor protein. This is pro- 
cessed to several products, the major ones having ap- 
parent molecular weights of about 42 and 37 kDa (2, 3, 
6). In vitro translation products of transcripts from ORF 
IV migrate in gels much more slowly than expected for 
their molecular weight (7) with the precursor protein 
having an apparent molecular weight of about 80 kDa; 
molecules of these apparent sizes are also found in 
viva (8). It was suggested (7) that the anomalous mi- 
gration was due to the uneven distribution of acidic and 
basic amino acids and that the processed molecules 
might be even smaller than was first thought. To com- 
plicate the issue even further, CaMV coat protein may 
have a “very low level of glycosylation” (2, 9) and some 
of the processed polypeptides are phosphorylated 
( IO- 12). Some of the observed proteolysis is within the 
cell (13) and some probably occurs during purification. 
This proteolysis is undoubtedly detrimental for obtain- 
ing a homogeneous population of virions which is nec- 
essaryfor crystallization. Hence, we have attempted to 
block proteolysis by using protease inhibitors during 
the lengthy crystallization trials. 

Little is known about the architecture of CaMV and 
the exact number of structural proteins is still not fully 
resolved (8, 14, 15). The distribution of protein and nu- 
cleic acid within particles has been determined by neu- 

1 Present address: Shanghai lnstltute of Biochemistry, Academia 
Slnlca. 320 Yue-Yang Road, Shanghai 200031, People’s Republic of 
Chlna. 

’ To whom requests for reprints should be addressed. 

tron diffraction and neutron small-angle scattering 
studies (4, 16). However, three-dimensional atomic res- 
olution information is best obtained from crystallogra- 
phy. We report here our preliminary results on the crys- 
tallization of CaMV. 

CaMV, strain CM 1841, was propagated in turnips 
(Brassica rapa, Just Right). Infected leaves were har- 
vested 2 to 4 weeks after inoculation and used for virus 
purification immediately. The virus was purified by a 
modified procedure of that used by Hull et al. (17). In- 
fected leaves were homogenized (1 g of leaf material 
per 3 ml of Tris-HCI, 0.1 M, pH 7.5, buffer with 40 mM 
EDTA and 1.5 M urea) in a Waring blender. The extract 
was then mixed with Triton X-l 00 and P-mercaptoeth- 
anol. The solution was stirred for at least 30 min at 4” 
and centrifuged at low speed. The supernatant was 
filtered through four layers of miracloth. The centrifuga- 
tion and filtration were repeated twice, the roughlyclari- 
fied solution was ultracentrifuged at 40,000 rpm for 60 
min, and the supernatant was discarded. The pellets 
were resuspended in buffer (pH 7.5, 0.1 M Tris-HCI 
buffer containing 10 mM EDTA and 1.25 M urea) and 
stirred overnight at 4”. After low-speed centrifugation, 
the supernatant was layered on 1 O-40% (w/v) sucrose 
density gradients and centrifuged at 25,000 rpm for 3 
hr. The virus bands were recovered and diluted at least 
fivefold with cold double-distilled water or pH 7.5, 10 
mM Tris-HCI buffer. The solution was concentrated by 
ultracentrifugation at 40,000 rpm for 60 min. The virus 
was then centrifuged through a density gradient using 
either 10-400/o sucrose, 1 O-40% CsCI, lo-40% 
Cs,SO,, or 30-60% Nycodenz to improve the purity of 
the virus preparation. Finally, the virus was dialyzed 
against pH 7.5, 10 mM Tris-HCI buffer to remove the 
sucrose or CsCl gradient materials. 

The purity of the virus preparation was checked by 
the ratio of uv absorbance at 260 and 280 nm, by 
SDS-polyacrylamide gel electrophoresis (SDS-PAGE) 
and by electron microscopy. The SDS-PAGE was per- 
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formed on a vertical slab gel (18). The gels were 
stained with Coomassie brilliant blue. The virus con- 
centration was determined by uv absorbance at 260 
nm assuming an extinction coefficient of E&$0 = 44 for 
CaMV (although in the absence of a correction for light 
scattering a value of 7 would have been more appro- 
priate (17)). 

Specimens for electron microscopy were “frozen 
and hydrated” (19) or negatively stained with uranyl 
acetate. The carbon-platinum replica method (20, 2 1) 
was applied for observation of the CaMV crystal sur- 
face. 

Crystallization of CaMV was attempted in both sit- 
ting and hanging drop vapor diffusion cells. Some 
drops were seeded with small CaMV crystals in an at- 
tempt to grow larger crystals. 

Volumes of 10 ~1 of 10 mM leupeptin (Sigma Co.) and 
2 ~1 of 50 mM dithiothreitol (DTT) were added to 90 ~1 
of freshly purified CaMV (1 mg/ml). As a control, 12 ~1 
of double-distilled water was added to another 90 ~1 of 
virus. The mixture was divided into small portions ei- 
ther immediately or after storing at room temperature 
for 3 days, 1 week, or 2 weeks. Lots of 22 ~1 of virus 
solution from each sample were mixed with an equal 
volume of SDS-PAGE sample buffer (20% glycerol 
(w/v), 10% @-mercaptoethanol (w/v), 4.6% SDS 
(w/v), 0.2% bromphenol blue (w/v), 0.125 mhllTris-HCI, 
pH 6.8). The mixtures were boiled for 5 min and stored 
at -20” for SDS-PAGE analysis. 

To determine whether the protease in the CaMV 
preparation is a virion-associated component or a host 
contaminant, leupeptin was added to 8 ~1 of fresh virus 
sample (at a concentration of 1.8 mg/ml) to give final 
leupeptin concentrations of 20, 0.2, 0.02, or 0.002 PAY. 
In a control experiment, 2 ~1 of double-distilled water 
was added to a virus sample and stored at 4’ for 2 
weeks. All samples were analyzed in SDS-PAGE after 
incubation at room temperature for 2 weeks. 

The yield of CaMV was 1 O-l 5 mg/kg of infected 
leaves. The ratio of 260 to 280 nm uv absorbance, 
used as an index of the purity of the virus preparation, 
was usually higher than 1.5. The SDS-PAGE pattern of 
purified virus had one major band with an apparent 
molecular weight of about 37 kDa and several minor 
bands of 39, 42, and 80 kDa. In addition, there was a 
faint 55-kDa band as well as several lower molecular 
weight bands, but, as mentioned above, the basic 
amino-terminal domain is likely to give erroneous mea- 
surements for some of the molecular weights. The lack 
of a single band was presumed to be due to degrada- 
tion products as the result of partial proteolysis of viral 
structural proteins (2, 3, 6). This electrophoresis profile 
was consistent with many previous results (3, 12, 15, 
22). Both negatively stained and frozen hydrated elec- 
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FIG. 1. Partial proteolysis of the CaMV structural proteins and its 
inhibition by leupeptin. Electrophoretic analysis on an 11.5% poly- 
acrylamide gel containing SDS of (M) molecular weight standards; 
(a, b) fresh virus samples, with SDS sample buffer, boiled for 5 min 
and stored at -20” before SDS-PAGE analysis; (c, d, e, f, g, h) the 
samples treated twice with SDS sample buffer and then allowed to 
sit at room temperature (c, d) for 3 days, (e, f) for 1 week, and (g, h) for 
2 weeks and then boiled for 5 min (they were stored at -20”); (a, c, e, 
g) virus preparations without leupeptin and DDT; and (b, d, f, h) virus 
preparations with 1 mM leupeptin and 1 mM DDT. 

tron micrographs showed many of the CaMV virions to 
be of irregular shape although all were of roughly 500 A 
diameter. Similar electron micrographs were obtained 
from preparations after the initial sucrose gradient cen- 
trifugation or after the final sucrose, CsCI, or Nycodenz 
gradient. The least proteolysis was observed when us- 
ing CsCl gradients; however, sucrose gradients gave 
the best crystals. 

The SDS-PAGE analysis of purified CaMV demon- 
strated that partial proteolysis had occurred in the virus 
preparation at room temperature within 3 days (Fig. 1). 
Almost all of the viral peptides with higher molecular 
weight converted into small peptides in 2 weeks. This 
result indicated that considerable degradation of the 
virion had occurred. However, addition of leupeptin in- 
hibited the activity of the protease, which greatly re- 
duced the degradation of the virions (Fig. 1). The 
amount of leupeptin needed to inhibit virus degrada- 
tion was small (0.002 PM for 0.08 PAYvirus concentra- 
tion). 

Crystals were obtained in hanging as well as in sit- 
ting drops. Two solutions were prepared for setting up 
crystallization trials. For the preparation of sitting 
drops, the reservoir solution contained 4% PEG 3350 
(w/v) and 1 mM CaCI, at pH 6.9 in 100 mM Tris-HCI 
buffer. The virus suspension contained CaMV at 15 
mg/ml in double-distilled water and 0.1 mM leupeptin. 
Equal volumes of the reservoir and virus solutions (15 
PI of each) were mixed and equilibrated against 0.5 ml 
of reservoir solution. Hexagonal crystals of 0.3-0.5 
mm mean diameter appeared in 2 to 3 months at room 
temperature (Fig. 2a). However, the crystallization 
could be speeded up by adding 0.1% n-octyl-&o-glu- 
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FIG. 2. Crystals of CaMV obtained by the setting drop vapor diffusion method. (a) Crystals obtained without adding n-octyl-g-o-glucopyranoside 
after about 3 months. (Mean diameter of the hexagonal crystals is about 0.4 mm.)(b) Crystals obtained by the addition of 0.1% n-octyl-p-o-gluco- 
pyranoside after about 20 days. (Mean diameter of the octahedrally shaped crystals is about 0.3 mm.) 
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copyranoside to the virus solution (23). In this case, 
octahedrally shaped crystals, about 0.3 mm mean di- 
ameter, could be found in 3 to 4 weeks (Fig. 2b). 

For the preparation of hanging drops, the reservoir 
solution contained 2% ammonium sulfate (w/v) plus 
2% PEG 400 (w/v) at pH 6.8 in 100 mM Tris-HCI buffer 
with either 0.2 mM CaCI, or 1.5 mM MgCI,. The virus 
solution contained 10 mg/ml CaMV and 1 mM leupep- 
tin. Equal volumes (5 ~1) of reservoir and virus solutions 
were mixed to form hanging drops. They were equili- 
brated against 0.5 ml of reservoir solution. Crystals of 
CaMV with hexagonal morphology of about 0.2 mm 
mean diameter were grown at 22” in 10 days. Further 
growth occurred at 4’ over a 2-month period. These 
crystals were similar in morphology to, but less perfect 
in shape as, those shown in Fig. 2a. 

Hanging drops could also be used for producing 
seed crystals. In this case, 5 ~1 of virus solution (10 
mg/ml) was mixed with 5 ~1 of reservoir buffer contain- 
ing 5% PEG 3350 (w/v) at pH 5.9 in 100 mM phosphate 
buffer. Microcrystals could usually be found in 10 days 
at room temperature. A volume of 10 ~1 of microcrys- 
talline solution was diluted to 100 ~1 with reservoir so- 
lution (containing 3.5 mM MgCI,), of which 2 ~1 was 
added as seeds to a sitting drop. Crystals with a mean 
size of 0.15-0.2 mm appeared in 2 months. 

Carbon-platinum replicas of hexagonal CaMV crys- 
tals revealed arrays of virions on the crystal surface. 
The diameter of each virion was about 500 A. Diffrac- 
tion experiments using the Cornell High Energy 
Synchrotron Source showed Bragg reflections for oc- 
tahedrally shaped crystals (Fig. 2b) to a resolution of 27 
A (Fig. 3). The spacing between Bragg reflections ob- 
tained on a 2” oscillation photograph, an exposure of 4 
min, and crystal-to-film distance of 300 mm indicates a 
unit cell with dimensions of around 690 and 930 A in 
two orthogonal directions. Although these axial 
lengths differ, this does not exclude the possibility of 
these crystals being cubic as is suggested by their mor- 
phology. The crystals do not show birefringence, but 
neither do other virus crystals (independent of their 
system) on account of the approximate cubic packing 
of isometric particles. While the crystals were of insuffi- 
cient quality to permit determination of their space 
group, the possibility of obtaining any kind of diffraction 
from CaMV crystals gives encouragement for further 
intensive effort. 

CaMV has a larger diameter than most of the virus 
structures determined to date (24). The absence of 
high-resolution diffraction of the available crystals may 
be due to proteolysis of the viral coat protein, perhaps 
to the size of the virion, or to deviation from systematic 
assembly. Another possibility is that, due to the close 
association of CaMV particles to the inclusion bodies 

FIG. 3. X-ray diffraction photograph (taken at the Cornell High En- 
ergy Synchrotron Source) of a CaMV crystal. The crystal form is 
shown in Fig. 2b. Crystal-to-film distance was 300 mm, oscillation 
angle was 2”, and exposure time was 4 min. 

(25), very small quantities of the inclusion body protein 
may remain attached to the outside of the virions, unde- 
tectable in gels but sufficient to cause lattice disorders. 

Although the methods and conditions for CaMV 
crystallization are similar to those used in other smaller 
icosahedral viruses, the crystallization of CaMV re- 
quired rather longer periods of crystallization, perhaps 
to permit the larger virions to pack properly in the ctys- 
tal array. It is, therefore, necessary to prevent the par- 
tial proteolysis at room temperature over the long pe- 
riod of crystallization. Several gradient materials have 
been tried in the purification procedure to enhance the 
stability of the CaMV particle. Leupeptin could inhibit, 
in part, the activity of protease existing in CaMV prepa- 
rations. The possibility of obtaining any crystals is prob- 
ably attributable to a considerable slow down of pro- 
teolysis during the long periods of crystallization. It 
may, therefore, be useful to consider the origin of the 
proteolysis. Since very small amounts of leupeptin can 
inhibit the partial proteolysis of rather large amounts of 
virus preparation, the protease might perhaps origi- 
nate in the exogenous host rather than be inherent in 
the virion itself. This is supported by the reduction of 
proteolysis when using CsCl gradients. 

Electron microscopic observations of purified CaMV 
revealed that the virions had a strong tendency to ag- 
gregate in solutions with low concentrations of salt, 
especially in double-distilled water. The detergent n- 
octyl-@-D-glucopyranoside helped to disperse the viri- 
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ons as a preliminary to crystal formation. Moreover, the 
addition of some divalent cations, such as Ca’+ and 
Mg2+, may also be essential for the crystallization of 
CaMV. 
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