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Abstract. The reconstitution of Brome Mosaic Virus
(BMV) has been studied using neutron scattering. Ex-
periments were performed on disassembled virus with-
out subsequent separation of components. Phase dia-
grams of the disassembly and subsequent reassembly
of BMV were established as a function of pH and LiCl
molarity by analytical centrifugation and quasi-elastic
light scattering. Disassembly occurs at a pH above 6.5
and above 0.8 M LiCl. On reassembly, if the pH is
lowered first, capsids are formed without subsequent
incorporation of RNA. Neutron scattering was used to
investigate the formation of virus particles, when the
ionic strength was lowered from 1.4 to 0.1 M LiCl at
pH 7.8. The reconstitution was followed continuously.
As it was driven by a lowering of the ionic strength the
kinetics of the process cannot be studied for short
times. However the fact that at any given ionic
strength no evolution of the scattering was observed
with time implies that the reconstitution is complete
within a few minutes. The observations in buffers with
various amounts of D,0O lead to the conclusion that
the reassembly is achieved by co-condensation of the
RNA and of the capsid proteins.

Key words: Plant virus, neutron scattering, self-
assembly

Introduction

Self-assembly is believed to be one of the key steps in
the morphogenesis of small plant viruses. In the case of
the simple icosahedral plant viruses much is known on
the structure of the assembled particle. Indeed the
structures of three of these viruses, Tomato bushy
stunt virus (TBSV) (Harrison et al. 1978), Southern
bean mosaic virus (SBMV) (Abad-Zapatero et al.
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1980) and Satellite tobacco necrosis virus (STNV) (Lil-
jas et al. 1982) have been determined by X-ray crystal-
lography to better than 3 A resolution at least for the
major part of the protein coat. Despite this detailed
knowledge, the pathway (or pathways) of assembly are
very poorly understood. It is clear, however, that the
assembly process must be mediated by a variety of
interactions, in particular protein-protein and protein-
RNA. The importance of these two types of interaction
is not the same for all the spherical viruses. Turnip
Yellow Mosaic Virus (TYMYV), is a virus having strong
protein-protein interactions, whereas in Cucumber
Mosaic Virus (CMYV), protein-RNA interactions are
predominant. Moreover Jacrot et al. (1977) have noted
that there appears to be a correlation between the
strength of protein-RNA interaction and the depth of
interpenetration of protein into the RNA core.
Brome mosaic virus (BMV) is an example of an
icosahedral plant virus having strong enough protein-
protein interactions to form, under certain conditions,
empty capsids in the absence of RNA (Pfeiffer and
Hirth 1974) but with sufficiently strong protein-RNA
interactions to stabilise the virus under conditions
where the empty capsids would be dissociated. BMV is
composed of 180 subunits of molecular weight 20,300,
arranged on a T= 3 icosahedral surface lattice, sur-
rounding a divided genome. The four pieces of RNA
(Mr 1.09; 0.99; 0.70; 0.28 x 10°) are encapsidated in
three virions with an RNA content of about 10° dal-
tons in each. The RNA-protein interactions in the
virus have been studied in some detail using nuclear
magnetic resonance spectroscopy (Vriend et al. 1982)
and cross-linking techniques (Sgro et al. 1986). In
order to better understand the self-assembly process,
we have studied by X-ray scattering the reassembly of
BMYV protein into empty capsids in the absence of
RNA (see companion paper: Berthet-Colominas et al.
1987). This study showed that the capsids were con-
structed by the sequential addition of oligomeric pro-
tein subunits and that at any particular stage of the
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process a wide range of aggregates was present. Here
we report a similar study using neutron scattering to
investigate the reassembly of virus from protein and
RNA by change of ionic strength. Neutron scattering
is particularly well adapted to this problem as by using
the D,0/H,O contrast variation technique (Jacrot
1976) we can follow the evolution in size and mass of
either the RNA or protein moiety in the presence of the
other. In our case experiments at 68% D,O were par-
ticularly useful, as at this contrast contributions from
RNA scattering are minimized and the complexity of
the system is reduced. It has been known for a long
time (Kelly 1962 a; Yamazaki and Kaesberg 1963 a, b;
Kaper et al. 1965) that some spherical plant viruses
can be easily dissociated in the presence of high con-
centrations of monovalent or divalent salts. This is the
case for BMV at least at high pH. Whereas divalent
salts often precipitate the RNA, monovalent salts yield
solutions in which disassembled protein subunits and
RNA coexist. The most efficient salt that we have
tested i.e. the salt which achieves dissociation at the
lowest concentration, is LiCl. Using this salt, phase
diagrams of the disassembly and reassembly processes
were first established by analytical sedimentation and
quasi-elastic light scattering studies, in order to define
precisely the pH and ionic strength conditions for well
defined pathways of these processes. Reassociation
was carried out on dissociated products of the virus
without separation or purification of the components.
A reassembly pathway with high yield of complete
virions was then chosen and the condensation of pro-
tein onto RNA was characterized by neutron scatter-
ing experiments performed while the assembly pro-
ceeded spontaneously.

Material and methods

BMYV was multiplied on barley and purified as de-
scribed by Pfeiffer and Hirth (1974).

Virus dissociation was obtained by 2 procedures:
(1) change of pH at constant ionic strength by adding
to the virus suspensions (4 mg/ml; 0.01 M sodium ace-
tate; 0.001 M EDTA; 1.6 M LiCl; pH 4.7) a super-
ceding titrant (0.2 M Tris-HCI; 1.6 M LiCl; pH 8.8) to
define the final pH. (2) Change of ionic strength at
constant pH by adding to virus suspensions (4 mg/ml;
0.05 M sodium cacodylate; 0.05 M LiCl at a given pH),
a high LiCl titrant (0.05 M sodium cacodylate; 6 M
LiCl). Reconstitution was carried out as follows:
a virus solution was first. dissociated as described
above by bringing it to a final pH 7.8 and 1.6 M LiCl,
and then dialysed into a solution containing 0.005 M
MgCl, at the desired pH and ionic strength. The ionic
strength, expressed as LiCl molarity, was estimated
from a measurement of the conductivity. Mixing ex-

periments performed in the presence or absence of
virus revealed that in no case did the viral constituents
affect the solution conductivity in an appreciable way
as long as the LiCl concentration exceeded 0.1 M.

For the radioactivity assays BMV was 1*C labelled
by reductive protein methylation with *C formalde-
hyde at pH 6 as described by Sgro et al. (1986). Disso-
ciated virus solutions were analysed on sucrose gra-
dients as follows: 4 mg of dissociated virus was loaded
on a 11 ml 10-35% sucrose gradient in Tiis buffer
(0.01 M Tris, 1.6 M LiCl, 0.005 M MgCl,, pH 7.8) and
centrifuged in a SW41 Spinco rotor for 19h at
39,000 rpm. The gradient was fractionated from the
top with a Buchler Auto Densi Flow II. The optical
density at 260 nm and the radioactivity for each frac-
tion were plotted against the fraction number.

Hydrodynamic measurements

The analytical centrifuge used was a MSE Cen-
triscan 75 equipped with Schiieren optics. The sedi-
mentation coefficients are reported in reduced form as
S50.ws 1.€. corresponding to 20°C and the viscosity of
water. Photon correlation experiments were per-
formed using an argon laser (Spectra Physics) and a 96
channel digital auto correlator (Malvern Precision In-
struments) in a set-up and with procedures as de-
scribed previously (Cuillel et al. 1983 b). The measured
diffusion coefficients are also quoted in their reduced
form.

Electron micrographs were taken on a Jeol
100 CX. Samples were negatively stained with 1% ura-
nyl acetate.

Neutron scattering

Dissociated virus solutions at pH 7.8, 6 M LiCl (ob-
tained as described above) were first dialysed into a
buffer of the same salt concentration and the same pH
containing different amounts of D,O (0%, 20%, 68%,
90%). Samples were then dialysed into a unique recon-
stitution buffer having the same amount of D,0O
(0.01 M Tiis, 0.005 M MgCl,, 0.01 M LiCl, pD 7.40)
for the time necessary to reach the required ionic
strength. The pH of the deuterated buffer was cor-
rected and corresponded to pD = pH + 0.3314n
+ 0.0766 n%; n = D,O mole fraction in the solvent.
This was achieved by pumping the measuring solution
and the dialysate through an exchange cell in which
the two liquids remained separated by a dialysis mem-
brane. The membrane area was about 10 cm?. The
set-up is shown schematically in Fig. 1. The conduc-
timetry cell allowed the ionic strength of the solution
to be monitored continuously. The cell was previously
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Fig. 1. Schematic view of the set-up used in neutron scattering
experiments allowing investigation of a single sample at various
stages of dialysis towards low ionic strength. Two closed circuits
containing sample and dialysate buffer are pumped through the
dialysis cell where they remain separated by dialysis tubing. A
conductimetry cell in the sample circuit allows measurement of
the ionic strength reached after pumping for a given time. Pump-
ing is then discontinued (under computer control) and the scat-
tering experiment performed on the sample aliquot in the mea-
suring cell. After exposure pumping is resumed to obtain a new
value of ionic strength

calibrated with solutions containing LiCl between
1.5 M and 0.01 M, allowing the monitoring of the pro-
gress of dialysis as well as the stability of the ionic
strength during the neutron measurements.

The sequence for neutron scattering measurements
was the following:

A first scattering curve was recorded at an ionic
strength such that the virus was dissociated (1.4 M
LiCl, pD = 7.40). The measurement time was around
10 min.

This was followed by either the start of a second
data acquisition in order to check a possible evolution
of the scattering curve with time, or the start of the
peristaltic pump P initiating a dialysis against the
0.01 M LiCl pD = 7.40 buffer. When the conductime-
try cell reached the required value the dialysis was
stopped, simultaneously starting the next neutron
measurement. The dialysis time varied between 3 min
at high ionic strength and 9—10 min at the final ionic
strength. Measurements were performed on the small-
angle scattering instrument D11 (Ibel 1976) at the In-
stitut Laue-Langevin, with a sample-detector distance
of 5 m and a wavelength of 6 A. With these conditions
the range of the scattering vector (Q = (4x/A)sin@;
20 = scattering  angle) attainable was from
0.01-0.055A 1.

Data analysis

The spectra were analyzed by modelling the virus as a
spherical particle consisting of two concentric shells
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with different scattering densities corresponding to
RNA and protein (Zulauf et al. 1981). Dissociated ma-
terial was roughly approximated by a flat background.
This analysis served to assess for changes of the viral
geometry in response to changes of the ionic strength,
and also to obtain estimates of I (0) the intensity scat-
tered at zero angle. The intensity I (0) per unit concen-
tration, corrected as usual for sample transmission
and cell thickness, is directly proportional to the
square of the scattering length of the scatterers. If
these are completely assembled virions comprising
90 dimers and RNA, then

Iassembled (O) =0 [90 (Zb —¢ V)dimer + (Zb -0 I/)RNA]2
=u [90 Mdimer épmtein + MRNA Q_RNA]2 .

Here T b is the sum of the scattering lengths of all
nuclei of the constituent moiety, ¥ the corresponding
“dry” volume and ¢ the scattering length density of the
buffer. The reduced excess densities g are defined by

0=Eb—eV)/M

and have characteristic values for the two moieties,
rather independent of the particular amino acid or
base composition (Jacrot 1976):

Oprotein = (2.95 — 7.11 x) 10~ ** cm/dalton where
Q—RNA = (374 —5.18 X) 10_14 Cm/dalton
__D:0]

[H,0]

Similarly, if the virions are completely dissociated into
90 free dimers and the 4 species of RNA with weights
My ... M,, we have

Idissociated (0) = o 90 Mc%imer éimtein
+aGM?+IM3+LIMZ +LM2) Gina -
Using the values of ¢ given above we obtain

Iassembled (0) =« (1436 - 3078 X)Z 18&_2 N
Idissociated (0) = (441 —7.26 X)2 Afz .

Suppose the intensity of a native virus solution has
been measured in one single contrast. The scale factor
« in the above expressions can then be calculated, and
we can predict I(0) in all other contrasts, both for
disassembled and assembled virus. In our reconstitu-
tion experiments we assume that our solutions con-
tain predominantly assembled and completely disas-
embled virions, but no intermediates or other states of
aggregation. The observed intensity can then be ex-
pressed as

Iobserved (0) =y Iassembled (O) + (1 - y) Idissociated (O)

and the fraction y of intensity due to reassembled par-
ticles can thus be calculated.
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Results

Disassembly phase diagram

The dissociation states of BMV as a function of pH
and LiCl ionic strength (the LiCl molarity will be des-
ignated by I below) were investigated in the following
way: Native BMV was dissolved in a solution in which
it remained undissociated. I or pH were then changed
by mixing a titrant into the solution such as to obtain
the desired final values of I and pH (see Material and
methods). After equilibration the solutions were ana-
lysed by measuring sedimentation velocities (analyt-
ical centrifugation) and in some instances their diffu-
sion constants (quasi elastic light scattering). No
attempt was made to estimate, from the height of the
sedimentation peaks, the amount of aggregates mi-
grating with a particular velocity.

In the phase diagram obtained in this way we can
distinguish three different regions limited by a range of
pH and ionic strength. Inside each region we found the
protein and RNA in a particular and well-defined state
allowing the establishment of well-defined boundaries
to delimit these zones, as shown in Fig. 2 a. Pathways
of dissociation are shown by arrows, with the initial
reassembly condition indicated by an asterisk. In
zone 1 the virus is undissociated and may be compact
(S =84, D =1.57 x 10”7 cm?/s), or slightly swollen
(upto S = 78,D = 1.46 x 10”7 cm?/s). This phenome-
non of swelling has been studied extensively in the past
(Incardona et al. 1964; Pfeiffer and Durham 1977; Zu-
lauf 1977) and is not further considered here. Although
zone 2 is somewhat heterogeneous, it contains essen-
tially free RNA and empty capsids. The capsids have
S=50+1, D=130x10""7 (M = 3.6 x10% and
lead to well defined sedimenting peaks and almost
unperturbed single exponentials in quasielastic light
scattering experiments. These capsids do not exist for
pH > 6.5and I < 1.0. In zone 3, the virus is dissociated
into RNA and low molecular weight protein
(monomers, dimers, and some oligomers; Cuillel et al.
1983 b). In analytical centrifugation the fast migrating
peak due to the capsids has disappeared. Due to the
polydispersity of the sample the light scattering leads
to correlation functions comprising several exponen-
tials.

The efficiency of the dissociation in zone 3 was
further investigated using virus with 1*C-labelled pro-
tein (Material and methods). The viral components
were separated on a sucrose gradient; radioactivity
was found essentially with the protein fraction as
shown in Fig. 3.

Phase diagram of reassembly

Figure 2a shows that complete dissociation of BMV
into its components can be obtained at elevated values
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Fig. 3. Fractionation of dissociated BMV radioactively labelled
at pH 7.4, 1.6 M LiCl obtained in a sucrose gradient. The full
curve shows OD at 260 nm of the fractions collected, and the
broken curve the corresponding radioactivity

of ionic strength and pH. We have chosen an arbitrary
point well inside zone 3 of Fig. 2a as a starting point
for our reassembly experiments, viz. I = 1.6, pH 7.8
(see Material and methods). A solution containing vi-
rus at 4 mg/ml in these conditions was then dialysed
into buffers of various final values of I and pH, and the
dialysed solutions were characterized by sedimen-
tation and diffusion as before. Thus a reassembly
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Fig. 4a and b. Electron micrographs of native (a) and reconsituted (b) BMV both at pH 7.4 and 0.1 M LiCl. Samples are negatively

stained. The bar length correspond to 100 nm

phase diagram could be established. Figure 2 b shows
this diagram. Three zones can be distinguished, ob-
tained by pathways in which the starting point (aster-
isk) 1s connected directly with each point in the dia-
gram. Zone 3 is characterized by no reassociation
between RNA and protein. The corresponding solu-
tions show features similar to those discussed for
zone 3 of the dissociation phase diagram. Zone 2 is an
intermediate zone. At higher pH (right hand branch),
coexistence of virions (~ 75 §) with dissociated mate-
rial is observed, whereas at low pH, capsids may form
(525). Once formed, these capsids are incapable of
RNA uptake when [ is further reduced below 0.8.
Zone 1 is characterized by well-defined sedimenta-
tion peaks and single exponentials in quasi-elastic
light scattering experiments. The virions formed at
pH > 6.5 correspond more closely to the native virus
in its swollen form in the presence of Mg?* (Zulauf
1977). This is corroborated by the following findings:
(i) electron micrographs of reassembled and native
virus in this domain are indistinguishable (Fig. 4);
(ii) from S,q,, = 80 and D,,,, = 1.51 x 10~ 7 a molec-
ular weight of 4.6 x 10° is obtained; (7ii) when the
reconstitutions at pH 7.5 I =01 are dialysed to
pH 5.0, a slight contraction of the virions to S,,,, = 84,
D,,,, = 1.57 x 10~ 7 is observed, as found in the corre-
sponding swelling experiments on BMV performed
without dissociation of the virus (Zulauf 1977).

Neutron scattering

Neutron scattering experiments were designed to de-
tect the onset of virus formation and to follow its ionic
strength dependence. To this end, a solution at pH 7.8,
was examined at different values of the ionic strength
between 1.4 and 0.1 M LiCl as described in Material
and methods. The scattering curves were corrected for

Molarity in LiCl

Fig. 5. Neutron intensity at Q =0 as a function of the ionic
strength. I (0) is corrected for the transmission (7') and thickness
(e) of the sample and normalised to the incoherent scattering of
water. The ionic strength is given in LiCl molarity

solvent and background scattering and normalised to
the incoherent scattering of water. The intensity at
0 = 0,(I(0)), was determined by Guinier analysis. The
variation of I (0) as a function of the final ionic strength
for different percentages of D,0O/H,O is shown in
Fig. 5. The values of I{0) vary as expected with con-
trast and the efficiency of the reconstitution as well as
the value of the ionic strength at which the process
starts are similar. The increase of the intensity with
decreasing ionic strength could be due either to the
increase in the size of the particles (addition of protein
subunits to the RNA) or to the increase in the number
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of high molecular weight particles (e. g. virus particles).
The third possibility would be the formation of empty
capsids followed by incorporation of RNA.

The qualitative evolution of the scattering curves
corresponding to different contrasts can help us to
distinguish between these possibilities. Figure 6 shows
this evolution for 68% D,0/H,0 and 0% D,0O/H,O0.
At 68% D,0, the RNA is “invisible” for neutrons and
the scattering is dominated by the protein. If all the
protein were present as dimers, the scattered intensity
would decay only very slowly and monotonically in
the Q-range shown. However, the data for I =14
show a distinct peak centred around Q = 0.035A7!
indicating that the dissociation was not complete
(96% dissociation) i.¢. there remained a small propor-
tion of virions in the solution at the beginning of the
reconstitution (the 4% of undissociated virus is con-
sistent with the sedimentation results which would not
be able to detect this amount of virus). Upon lowering
the ionic strength, this peak becomes more and more
prominent; at the same time the intensity at low angles
increases, whereas the asymptotic intensity towards
high Q-values decreases. The position of the minimum
does not change indicating that during the process the
diameter of the spherical particles does not vary ap-
preciably. The 68%D,0/H,O curve does not enable
us to distinguish between virions or empty capsids as
at this contrast the RNA contributes very little to the
scattering,.
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A set of curves at another contrast is then neces-
sary. The variation (with the ionic strength) of the 0%
D,0/H,0 curves is similar to that in 68% D,O.
The differences are in the values of the intensities
(larger in 0% D,0) and in the position of the first
minimum (Q,;,). The values of Q,;, observed are
3.11 x 1072 A1 for 0% and 2.75 x 1072 A~ for 68%
D,0. The set of curves corresponding to 90% D,0O
has a Qp;, = 3.0 x 107 2A ™1, whereas the low signal
at 20% D,O prevents the determination of a precise
value of Q,;,. Furthermore the values of Q,;, ob-
served correspond to a spherical particle with the di-
mensions corresponding to those found for the BMV
in a swollen state (Zulauf 1977; Incardona et al. 1973).
It is precisely this difference in the Q,,;, which shows
that the particles in the solution are virions rather than
empty capsids. If the reconstituted particles were emp-
ty capsids the curves obtained in 68% and 0% would
be identical. This finding together with the fact that
within a set of curves the Q,;, remains unchanged
leads us to conclude that the increase in the I (0) values
(Fig. 6) corresponds to the number of virions increas-
ing concommittantly with a decrease in the amount of
dissociated virus.

Therefore, we can assume that at any point in the
experiment the solution was composed of dissociated
protein, nucleic acid and virions, the relative amount
of these particles changing with the ionic strength. At
high ionic strength only a very small amount of virions
was present, most of the material was dissociated; on
lowering the ionic strength more and more virions
were reconstituted. The scattering of the swollen na-
tive virus alone can be measured, and by procedures
which have been explained previously (see, ¢. g. Zulauf
et al. 1981), it can be modelled in the Q-range consid-
ered, by a single homogeneous protein shell with inner
and outer radii of 95 and 143 A, respectively (Sch-
neider et al. 1978; Zulauf et al. 1981). The scattering of
dissociated protein has been measured previously
(Cuillel et al. 1983b); in the Q-range considered here,
the intensity varies little and can be reasonably well
approximated by a constant. Thus, the observed scat-
tering can be modelled by a shell structure superposed
on a flat background, by varying uniquely the model
scale factor and the background. Fits are shown for 2
cases in Fig. 7, and it is seen that they describe the data
satisfactorily. It follows a posteriori that our hypothe-
sis is valid, viz. that viral geometry is independent of
ionic strength, and also that no other intermediates or
aggregates are present. In order to estimate the num-
ber of newly formed virions as a function of ionic
strength, we can use the calculated extrapolations for
1(0) from the model fits and compare them with ex-
pected values for completely dissociated and com-
pletely assembled virus. The latter can be calculated
from intensity measurements of native virus in any
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contrast, as explained in Material and methods and
shown by the arrows in Fig. 7. We can then calculate,
for each ionic strength, the percentage of virus assem-
bly, expressed as a percentage of the intensity scattered
by the viruses present in the solutions. The results are
shown in the insert of Fig. 7. At high ionic strength,
roughly 20% of the scattered intensity is due to un-
dissociated virus. On a weight basis, this corresponds
to only about 4% of the total material which is still
organized as viruses, and thus cannot be detected by
analytical ultracentrifugation. At low ionic strength,
over 80% of the scattered intensity stems from viruses.
The reconstitution yield is therefore around 40% w/w.
The curve in the inset is of sigmoidal shape, but its
asymptotic branch towards low I is not well measured.
The reconstitution yield is therefore only a crude es-
timate. However, the midpoint of the curve lies around
0.6 M LiCl, as expected from the phase diagram.

Discussion

Both the dissociation and the reassembly phase dia-
gram of BMV (Fig. 2a and b) show that a transition
from virus to disassembled constituents or vice versa
can be obtained at pH above 6.5 by changing the ionic
strength, which is produced in these in vitro experi-
ments by the concentration of LiCl. Evidently these
ions interfere with the protein/RNA interactions. Pro-
vided the pH is kept higher than 6 any decrease of the
ionic strength results in a reconstitution of the virus
(zone 1). At high ionic strength the phosphate groups
of the RNA and the protein charges are strongly
shielded by counterions and the protein subunits rare-
ly “see” the RNA. Upon lowering the ionic strength
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this shielding decreases enabling electrostatic interac-
tions between the two types of molecules. These strong
interactions could create a centre of attraction of the
protein around the RNA, facilitating the interactions
between the subunits. This process can be viewed as a
protein condensation on the RNA. The precise control
of the number of subunits required to form an empty
capsid revealed by the study of the capsid self-
assembly phenomenon (Cuillel et al. 1983 a; Berthet-
Colominas et al. 1986) leads to the assumption that the
interactions between proteins also regulates this pa-
rameter in the virus reconstitution. Even if the pH is
near neutrality and consequently the carboxyl-
carboxylate interactions are reduced by the ionisation
of the carboxyl groups the number of monomers in a
reconstituted virus is precisely regulated.

The condensation of the dimers around the RNA
was further corroborated by the neutron scattering
results. As shown in Fig. 6 at each ionic strength value
the first and second minima and the second maximum
of the scattering curve occur at the same Q values. The
positions of these features are known to indicate that
the geometry of the scattering particles e.g. their
radius and internal structure, remains unchanged.

Due to the experimental protocol (change of ionic
strength during several minutes followed by recording
of the scattering curve for some ten minutes) we can
follow the reconstitution as a function of the time only
if it takes place on a time scale longer than several
minutes. We can thus deduce from the fact that once
the ionic strength is fixed the scattering curve does not
change with time, that the formation of virions is com-
pleted in less than 10 min at all ionic strengths.

The major conclusion of our work is that a change
in the ionic strength is followed by an increase of the
number of reconstituted virions rather than in the
completion of incomplete particles. Alternatively, if
this latter process occurred at all, one would have to
conclude that it happens much faster than we can de-
tect. These results argue against a model in which emp-
ty capsids are formed, followed by the uptake of RNA.

The self-assembly of protein subunits by pH-jump
could indicate that the reconstitution of the virus is
performed through a previous formation of empty
capsids which subsequently take up RNA. The fact
that in some circumstances the RNA escapes from the
virus without disruption of the capsid (Herzog 1976)
could lead to the same idea. In fact, both, analytical
centrifugation, and neutron scattering prove that this
is not the case. The capability of the BMV protein to
assemble into capsids in response to pH changes ap-
pears to have no major relevance for the BMV mor-
phogenesis. It seems that the protein-protein interac-
tions play a role in the finishing of the virus formation,
the protein-RNA interactions being the factor initiat-
ing the process.
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