J. Biochem. 125, 916-922 (1999)

Two Concentric Protein Shell Structure with Spikes of Silkworm
Bombyx mori Cytoplasmic Polyhedrosis Virus Revealed by
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The overall and internal structures of the silkworm Bombyx mori cytoplasmic polyhe-
drosis virus was investigated by small-angle neutron scattering using the contrast
variation method. Data were collected in aqueous buffer solutions containing 0, 50, 75, and
100% D,O in the g range of 0.002 to 0.0774 A~ at 5°C. The radius of gyration at infinite
contrast was estimated to be 336 A. The contrast matching point of the virus was deter-
mined to correspond to about 50% D.O level, evidence that the virus is composed of protein
and nucleic acid. The virus was basically spherical and had a diameter of about 700 A. The
main feature of its structure is the clustering of protein into two concentric shells separated
by about 100 A. Most of the RNA moieties are located in the central core and between these
two protein shells. However, the distance distribution function P(r) showed a minor
distribution beyond a distance of r=700 A, with a maximum particle distance of the virus
of 1350 A. This is indicative of an external structure region with very low scattering
density, in addition to the basic spherical structure. This external region is thought to
correspond to twelve pyramidal protruding spikes shown by electron microscopic studies.
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Cytoplasmic polyhedrosis viruses (CPV), a family of the
Reoviridae, are characterized by the formation of large
intracytoplasmic occlusion bodies (1) and the possession of
ten double-stranded RNA (dsRNA) segments as a genome
(2). The insect occlusion bodies, which have been reported
in more than 100 insect species, frequently form in the
midgut epithelium after virus infection (I, 3) and are
considered to be a mode of virion protection during the
transfer between host cells. The protein that forms the
occlusion bodies is called polyhedrin and is encoded by the
viral genome, segment 10. In most cases, the polyhedrin
has a molecular weight of between 25,000 and 31,000 (4,
5). The occlusion bodies are formed by the crystallization of
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the viral polyhedrin polypeptide around infectious viral
particles.

The shape of the occlusion body is characteristic of the
particular virus. Electron microscopic studies have shown
that Bombyx mori cytoplasmic polyhedrosis virus (Bm-
CPV) is classified into nine strains (I, H, P, A, B, B1, B2,
C1, and C2) (1). The polyhedrins that form the regular
hexahedral (H strain) and regular icosahedral (I strain)
polyhedra are both composed of 248 amino acids with a
deduced molecular weight of 28,500, and their amino acid
sequences differ from each other at four positions (6, 7).
Lately, nucleotide sequences of segments 8 and 9 of
BmCPV strains H and I have been determined (8, 9) and its
genome analyses are swiftly proceeding.

BmCPYV consists of dsRNA and protein, and forms a very
large particle of a biological supramolecular complex with a
molecular weight of about 10®. Its inner structure was
originally shown by Miura et al. (10, 11). Further elucida-
tion of the structure-function relationship of the virus
particle and the distribution of protein and dsRNA moieties
within the particle awaits the analyses of not only the
overall structure but also the internal structure of the
BmCPV particle in solution. We therefore performed
small-angle neutron scattering (SANS) analysis of the
BmCPV particle in solution using the contrast variation
method.
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MATERIALS AND METHODS

Purification and Sample Preparation for SANS Mea-
surement—BmCPV was purified as reported before (9),
except that occlusion bodies including BmCPV particles
were treated in the presence of 0.2 M NaHCO;-Na,CO;,
pH 10.8, at 4°C for 60 min with gentle agitation, instead of
vortexing, in order to recover BmCPV particles as a fully
intact form. Two stock solutions were prepared from the
purified virus solution with 10 mM Tris-HCI buffer, pH 8,
containing 1 mM EDTA with different D,0/H,0 contents,
one containing 100% H,O and the other 100% D.0. Each
solution was concentrated to 6.5-7.0 mg/ml in a Centricon-
30 concentrator (Amicon Division, W.R. Grace & Co.,
USA), and dialyzed against 10 mM Tris-HCI buffer, pH 8,
containing 1 mM EDTA and four levels of D,O contents: O,
50, 75, and 100%. These virus solutions were transferred
with their corresponding buffer solvents to standard quartz
cells of 1 mm path length for the 0% D,O solution, 2 mm
path length for the 50% D, 0 solution, and 3 mm path length
for the 75 and 100% D,O solutions. The final virus concen-
trations of the solutions were determined as described by
Lowry et al. (12) with bovine serum albumin as a standard.

SANS Measurement—The SANS-U instrument, in-
stalled at the C1-2 beam port of the JRR-3M reactor of the
Japan Atomic Energy Research Institute, Tokai, was used
to measure the low-angle neutron scattering intensity as a
function of momentum transfer, ¢ (g=4=sind/A, 26:
scattering angle, A : wavelength of neutron). Details of the
data collection method and the design of the equipment
have been reported elsewhere (13). Neutrons with a
wavelength, A, of 7.0 A were chosen, with sample-to-
detector distances of 4 and 12 m, to cover the ¢ range of
0.002 to 0.0774 A-'. The beam size at the sample position
was about 8 mm¢. A wavelength bandwidth, 4A /A, of
about 10% was obtained with a velocity selector (Dornier,
Germany) operated at 16,300 rpm. Scattered neutrons
were detected with a helium-filled two-dimensional posi-
tion-sensitive detector (Ordela, USA). The sample solu-
tions in the quartz cells were placed in an automatic sample
changer and maintained in helium gas at 5°C with a Peltier
device.

Data Reduction and Analysis—The raw SANS datasets
were normalized for a common monitor count and for the
same sample cell thickness, and then corrected for trans-
mission. Each data array was divided pixel-by-pixel by
means of an isotropic incoherent scattering array measured
with H;O, to correct for differences in the sensitivities of
different parts of the detector. A circular average was then
made to obtain a one-dimensional intensity profile as a
function of q. The intensity profile did not change signifi-
cantly on desmearing for the effects of beam divergence and
wavelength spread; therefore, these corrections were not
applied. The data thus treated were finally corrected for the
background scattering from the corresponding buffer solu-
tion. The SANS datasets collected at different sample-to-
detector distances (0, 75, and 100% D,0O datasets) were
merged together and then subjected to the structural
analysis. The reliability factors for merging the datasets,
Rierge, were 0.059, 0.042, and 0.029 for 0, 75, and 100%
D,0 datasets, respectively. The effect of the particle
concentration on the scattering profile was examined using
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the datasets obtained in 100% D, O solutions with differen
virus concentrations. .

THEORETICAL BACKGROUND

Contrast Variation Method—In “single particle” scatter-
ing, the excess scattering density, 4o (7,ps) that gives the
neutron scattering from the particle can be formulated as:

dp(t,ps)=2p(7,p)+(p —ps)- u(F) (1)
where 7 is the real space vector and 5 the mean scattering
density of the particle. v( #) gives the shape of the particle,
and is defined as unity within the particle and zero else-
where. ps is the scattering density of the solvent and is
constant throughout the solution. 4o (7#,5) expresses varia-
tion in the scattering density to 5 within the particle and
therefore provides information on the internal structure of
the particle.

In a dilute solution, where the interparticle interference
effect is neglected to the extent that the “single particle”
scattering is approved, the scattering intensity, I(g), from
one particle is given by the spherical average of the square
of the Fourier transform of Ap(#,0s). This is expressed by
three basic functions, Iz(q), Iv{(q), and L (q), called the
characteristic functions (14):

1(g)=I:(q)— (g~ ps) Iev (@) + (P — ps)* Iv(q) (2)
where I,(q) is the shape function of the particle obtained
from the spherical average of the square of the Fourier
transform of v(#); I-(q) the scattering intensity from the
variation of scattering density within the particle, dp( 7,
f); and Iv(q) the cross term of % (q) and I,(q). For the
very small g range, Eq. 2 can be expanded as to the first two
terms as follows:

I(g)=v*-(p—ps)*-(1-Rg*-q*/3+ ) 3
=v*+(p —ps)"-exp(—Rg*-q*/3) (4)
=1(0)-exp(—Rg*-q*/3) (5)

where v is Sv( 7)du, and defines the total excluded volume

of the particle, and Rg and I(0) the radius of gyration of
Adp(#,ps) and scattering intensity at ¢=0, respectively. Rg
and I(0) can be obtained from the initial slope and ¢g=0
intercept of the best-fit straight line of the InI(q) vs. ¢* plot
(the Guinier plot (15)], which shows linear relationship for
the mono-dispersed solute particles. Rg depends on the
contrast, (5 —ps), and is expressed (14, 16, 17) as:

Rg*=Rv*+ta-(p—ps)' —p-(p—ps)? (6)
where

szzv“gr’-v( #)dv,
a:v"grz-dp(i',ﬁ)dv,

2
B=v?’- S?-Ap(i',ﬁ)dvr

Ru is Rg at infinite contrast [(g—ps)~'=0] and corre-
sponds to the Rg of the particle shape, v(*). The coefli-
cients, a and 8, are values that depend on the distribution
of the scattering density within the particle and are infor-
mative for the internal structure analysis. By definition, &
shows the relative distribution of the high and low scatter-
ing density regions within the particle, and 8 is a function
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of the symmetry of the internal structure: that is, 8-(5 —
ps)? corresponds to the distance between the centers of
masses of Jp(7,ps) and v( 7).

The Distance Distribution Function—The distance distri-
bution function, P(r) (18), is given by the Fourier trans-
form of I(q), as follows:

P(r) =45\ -1(q)-sin(g-r)dg ()

The P(r) function multiplied by 47 represents the number
of vectors with the distance, r, found in the combination of
any small volume element, i, with any other volume
element, j. The profile of P(r) is sensitive to both the
overall structure (shape) and internal distribution of the
scattering density of the particle. The P(r) is a good test of
the quality of I(g) data, and is expected to vanish for the
distance, r, equal to the maximum particle dimension,
Dnax, which corresponds to the diameter for spherical
particle.

The Radial Scattering Density Distribution Function—
The radial scattering density distribution function, p(r),
can be obtained for a particle with spherically symmetric
structure in solution by the Fourier transform of the
structure factor, F(q), as follows:

p(r)—ps =5\ g+ F(g)-sin(g- r)dg (®)

where F(q) is related to I(q) by I(q)=|F(q)|*>. In the
absence of instrumental effects, I(g) would vanish at
several g values (zero-minima), and give F(q) of alternat-
ing sign at each zero-minimum (19, 20). However, such
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Fig. 1. SANS intensity profiles, I(g), of BmCPV solutions con-
taining 0% D.O (@), 75% D,0 (m), and 100% D,O (a). BnCPV
concentration of each solution is 5 mg/ml. Note that the ¢ range less
than ¢=0.002 A~! was covered by a beam stopper in order to protect
the neutron detector.
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zero-minima of I{q) profile can not be observed in experi-
mental practice with macromolecular structures (Fig. 1)
because of a minor degree of size heterogeneity, time
dependent deformation of the flexible structure, and so on.
All these effects smear the experimental I(g) profile and
result in the filling up of the zero-minima. The problem of
zero-minima was solved by decomposing I(g) into two
terms, one ascribed to the spherical average and the other
to the deviation from sphericity (21).

RESULTS AND DISCUSSION

Smali-Angle Neutron Scattering Profile—The effect of
the interparticle interference on the SANS profile was first
examined by using the datasets for the 100% DO solutions
with virus concentrations of 1, 3, and 5 mg/ml. The SANS
profiles showed no variation of the radius of gyration, Rg,
estimated from the Guinier plots (data not shown), with
these concentrations, indicating that a virus concentration
less than 5 mg/ml permitted interparticle interference
effects to be safely neglected.

Figure 1 shows the SANS intensity profiles, I(q) of
BmCPV obtained in 0, 75, and 100% D,0 with a concentra-
tion of 5 mg/ml. All these profiles had a central maximum
at ¢=0 and four subsidiary maxima that reflect the typical
behavior of scattering from a spherical particle. In the 50%
D0 dataset, however, scattering intensities from BmCPV
solution almost equalled those from the corresponding
buffer solution containing 50% D,0, and resulted in net
scattering intensities with very weak and noisy signals (Fig.
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Fig. 2. SANS intensity profiles of (¢) BmCPV solution con-
taining 50% D,0, I(q)s, (w) buffer solution containing 50% D,0,
I(q)s and (®) I(q)s—I(q)s. 1(q)s and I(g); are intensity datasets
just after circular averaging (see text). BmCPV concentration is 5 mg/
ml. Note that the g range less than ¢=0.002 A-! was covered by a
beam stopper in order to protect the neutron detector.
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2). This indicates that the mean scattering density, 5, of
BmCPV particle is close to 50% D;O level. The SANS
profiles of 0, 75, and 100% D, 0O datasets were characteristic
in that the four subsidiary maxima of 75 and 100% D,0
datasets had almost the same g values but they significantly
deviated from those of 0% D,0 dataset. This is strongly
indicative of a lack of homogeneity of the scattering density
within the particle.

Guinier Plot and Radius of Gyration—Figure 3 shows
Guinier plots of the 0, 75, and 100% D, 0O datasets, together
with best-fit straight lines determined by the least-squares
procedure. All the plots showed excellent linearity in the ¢
range of 0.0028 to 0.0043 A-', indicating that BnCPV is a
monodispersed solute particle and free from such second-
ary effects as the formation of particle aggregates and
experimental artifacts in 0, 75, and 100% D,O. The Rgs
were estimated to be 317, 373, and 351 A for 0, 75, and
100% D.O datasets, respectively. The fact that the Rg
changed depending on the D, O content is further indication
of a lack of homogeneity of the scattering density within the
particle.

Stuhrmann Plot—The fact that the Rg changed depend-
ing on the D, 0 content, that is, the contrast, (5 — ps), means
that the BmCPV particle consists of different regions in
terms of the scattering density distribution within the
particle. We therefore investigated the scattering density
distribution within the particle from the analysis of the
contrast dependency of Rg [Stuhrmann plot (17)] accord-
ing to Eq. 6.

To examine the contrast dependency of Rg, we first
evaluated the mean scattering density of the particle, g,
from Eqgs. 4 and 5 as the zero-crossing point (the contrast
matching point) with which the square-root of I(0), VI(0),
when plotted as a function of the D,0 content gives a
best-fit straight line as shown in Fig. 4. The excellent linear
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Fig. 3. Guinier plots of BmCPV solutions containing 0% D,0
(®), 756% DO (m), and 100% D,0 (a). BmCPV concentration of each
solution is 5 mg/ml. Superimposed are best.-fit straight lines, deter-
mined by the least-squares procedure, which were used to estimate
the values of Rg and 1(0) (scattering intensity at g=0). The ordinates
are shifted vertically by an arbitrary amount for clarity.
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relationship of vI(0) with D,O content is evidence that the
BmCPYV particle is monodispersed in solution and therefore
suitable for SANS analysis using the contrast variation
method. From the contrast matching point, the mesn
scattering density, g, of the particle was estimated to
correspond to about 50% D,0O level. This is supported
experimentally by the result that SANS intensities from
BmCPV solution in 50% D,0 were close to those of the
corresponding buffer solution containing 50% D,O (Fig. 2).
The mean scattering density of the particle is reasonable as

1(0)"?

D,0 (%)

Fig. 4. Variation of /1(0) with the D,0 content (%) for BmCPV.
I(0) is scattering intensity at ¢=0 and was determined by the least-
squares fitting procedure of the Guinier plot. Superimposed is the
best-fit straight line determined by the least-squares procedure.
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Fig. 5. Stuhrmann plot of BmCPV. The data points were best-
fittted with a straight line according to the equation, Rg*=Rv*+ «r +
(8 —ps)~* by the least-squares procedure.
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a complex of dsRNA and protein, because the typical
scattering densities of RNA and protein moieties corre-
spond to about 70 and 40% D,O levels, respectively.

The Stuhrmann plot obtained using the g value of the
particle is given in Fig. 5. The almost linear relationship
(=0 in Eq. 6) indicates that the center of mass of dp(F,
ps) coincides with that of the particle shape, v(#). Further-
more, the relationship with & <0 accounts for the scatter-
ing density of the peripheral region of the particle being
lower than that of the core region, The Rg of the particle
shape, Ru, was deduced to be 336 A from the (5 —ps)~'=
intercept of the best.fit straight line superimposed on the
Stuhrmann plot. This Rv value corresponds to that of a
spherical particle with a diameter of 870 A and homogene-
ous scattering density [Rv=a-y/3/5, where 2a is a diame-
ter of the spherical particle (22)].

The Radial Scattering Density Distribution Function—
The Stuhrmann plot indicated that BmCPV is a quasi-
spherical particle with radially symmetric distribution of
scattering density from the center of mass of the particle.
This allows further analysis of the scattering intensity data
and has the potential to evaluate the radial distribution of
scattering density within the particle using Eq. 8. The sign
of F(q) in Eq. 8 was assigned alternately, and that of F(0)
was positive for the D,0 content below the contrast
matching point of the particle and negative above it.
Because of a minor degree of size heterogeneity and
time-dependent deformation of the flexible structure and
also of deviation from spherical symmetry of scattering
density and accuracy of I(q) data, we have used I(q) data
up to ¢=0.065 A~! for 0, 75, and 100% D.O datasets. This
q value corresponds to Bragg spacing, d, of 95 A, and
provides a sufficient amount of I{q) data to calculate the
p(r) function of the particle.

The p(r) functions thus calculated for the various D,0O

02

01

p(r)

01

100% D,0

r (A)

Fig. 6. Radial scattering density distribution functions of
BmCPV in 0, 75, and 100% D.O contents. The D,0 contents are
indicated near the functions, respectively. The radial scattering
density is a relative value and is the difference between that of
BmCPV and that of solvent {p(r)—ps].
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contents are shown in Fig. 6. These p(r) functions were
characterized by two peaks, as local maxima, at radii of r=
110 and 225 A for 0% D,0 and two peaks, as local minima,
at radii of =150 and 275 A for 75 and 100% D,0. Because
the theoretical D,0 levels that correspond to scattering
densities of RNA and protein moieties are 68 and 41%,
respectively, the p(r) function of 75% D.O strongly reflects
the radial distribution of the scattering density of the
protein moiety within the particle. Furthermore, the fact
that the scattering density of 756% D,O was higher than 5 of
the particle means that the protein moiety has negative
scattering density and thus gives negative radial distribu-
tion. This shows that protein moieties are present mostly at
the two peak positions observed as local minima and form
a two-concentric-shell structure.

By contrast, the scattering density of 0% D,0 was lower
than j of the particle, and resulted in the two peaks
observed as local maxima in the p(r) function of 0% D,O.
The profile of the p(r) function (0% D,0) differed from that
of 75 or 100% D,0 in terms of the peak positions, and had
the two peaks around at radii of r=110 and 225 A. These
two peaks were both significantly shifted to shorter radial
positions as compared with those of 75 or 100% D,O.
Because the scattering density of 0% D, 0 is closer to that of
protein than that of RNA, the p(r) function of 0% D,0
dominantly reflects the radial scattering density distribu-
tion of RNA moiety. The significant shift to the shorter
peak positions is accounted for by the presence of dsRNA
inside the two concentric shells occupied by protein. These
results suggest that protein exists in two concentric shells,
one at a radius of r=150 A, the other at a radius of r=275
A, and the latter protein shell occupies the peripheral
region of the particle. The remaining core and intermediate
regions of the particle are filled up by dsRNA.

The Distance Distribution Function— Although, as shown
in Fig. 6, the main radial distributions of the scattering
density within the particle disappear beyond a radius of r=

0% D0
—~
L 100% D0
a,
75% D0
[} 200 400 600 00 1000 1200 1400

r (A)

Fig. 7. Distance distribution functions of BmCPV in 0, 75, and
100% D,0 contents. The D,0 contents are indicated near the
functions.
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P s

370 A, small but significant distributions were observed for
all D, O contents. This suggests the presence of a structural
region beyond a radius of r=370 A. In fact, the theoretical
Ruv value of a spherical particle with a radius of r=370 A
was estimated to be 287 A from the equation Rv=r+,/3/5,
and was much smaller than the experimental value (Rv=
336 A). To examine this extended structural region, we
calculated the distance distribution functions, P(r), for
various D,O contents according to Eq. 7, where I(q) data
for 0<¢=<0.002 A~ were extrapolated from the Guinier
plot.

Figure 7 shows the P(r) functions calculated from 0, 75,
and 100% D,O datasets. All the profiles of the P(r) func-
tions showed a characteristic feature of minor distributions
beyond a distance of r =700 A, followed by main distribu-
tions with different profiles depending on D,0O content.
Because the main distance distribution up to the distance of
r=700 A corresponds to the radial distribution up to the
radius of r=350 A in the p(r) functions (Fig. 6), the
presence of the minor distributions beyond a distance of r =
700 A shows that BmCPV has an external structural region
with a very low scattering density outside the spherical
surface of the particle. The D, of the whole particle,
including the external region, was estimated to be 1350 A,
and did not change with the D,O content.

Structural Model of the BmCPV Particle ‘The struc-
tural analysis by the distance distribution functions, P(r)
clearly showed the presence of an external region with a
very low scattering density. This means that the whole
structure of the BmCPV particle is composed of the
spherical region with the two concentric protein shell
structure and the external region with a very low scattering
density. However, such a low scattering density region
cannot be assigned as the region for the protein or the RNA
moiety, or a mixture of these moieties.

Electron microscopic study has showed that BmCPV is a
icosahedral particle with twelve pyramidal protruding
spikes (23, 24), which is characteristic of CPVs belonging to
the Reoviridae. This structural characteristic accounts for
the presence of the external region with a low scattering
density, because the scattering density that corresponds to
the spikes is calculated to be very low for small-angle
scattering analysis of a dilute solution system because of
the spherical average of the square of the Fourier trans-
form of 4p(#,ps), that is, the spherical average of the virus
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Fig. 8. Models for the overall
structure (left) and the internal
structure (right) enlarged from
the spherical portion of the over-
all structure of BmCPV. The pro-
tein molecules in the internal struc-
ture are depicted with spheres and
ellipsoids, in which the shapes and
sizes are shown schematically. Ten
segments of dsRNA moieties are
present in the core and between the
two protein shells. Dy,1 and Dy, 2
are maximum dimensions of the
spherical portion of the particle and
the whole BmCPV particle, respec-
tively. The model for the overall
structure (left) was drawn on the
basis of that of Ref. 23.

structure. In these points of view, we propose the models
for overall and internal structures of BmCPV particle
shown in Fig. 8 from the present SANS analysis using the
contrast variation method. Our model for overall structure
provides 700 and 1350 A as the maximum dimension for
the spherical portion of the particle, D,,.,1, and that for the
whole particle, D,..2, respectively, which are both in good
agreement with the results obtained from the electron
microscopic analysis (23).

Because of the limited availability of samples and
difficulty in concentrating the virus solution, I(q) datasets
of 40-50% D,0 solutions, where the protein components
are matched out, revealing only the remaining RNA distri-
bution in the particle, could not be obtained in the present
study. In spite of these problems, the present results
explain well the overall and internal structures of BmCPV
particles, and much can be learned from the architecture of
the proposed model. Details of the virus structure will be
obtained by the X-ray crystallographic analysis, in which
the present results will also be very useful for ab initio
phasing for the structural solution (25) as a starting
electron density distribution of the virus, which is in
progress.
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