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Abstract 

The reconstitution process of tobacco mosaic virus (TMV) was investigated by the solution X-ray scattering measure- 
ments with the synchrotron radiation source using low-temperature quenching. TMV assembly in an aqueous solution is 
completely stopped below 5” C. The TMV assembly was traced by the small-angle X-ray scattering (SAXS) measurements 
at 5” C on a series of solutions prepared by low-temperature quenching after incubation either at 15, 20 or 3S” C for an 
appropriate interval between 0 and 60 min. The SAXS results were analyzed by the Guinier plot, the Kratky plot and the 
distance distribution function. In order to account the time course of SAXS profiles in terms of the elongation of TMV 
assembly, a model calculation was performed to simulate the Guinier plot, the Kratky plot and the distance distribution 
function by applying Glatter’s multibody method using models that were constituted of the spheres representing a column of 
piled two-layer disks of TMV-protein. The three simulated functions thus obtained support the conclusion derived from the 
three functions calculated from the experimental results that the incubation of the RNA and protein of TMV began to 
reconstitute TMV instantly after mixing, proceeded steeply to a long rod, and then extended asymptotic to the full length of 
the TMV particle. This process is in good agreement with that obtained from electron microscopic studies. 
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1. Introduction 

Tobacco mosaic virus (TMV) is one of the well- 
characterized plant viruses, and consists of single- 
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stranded RNA of ca. 6400 nucleotides long sur- 
rounded by a single type of coat protein of ca. 2100 
subunits [!,2]. It forms a hollow cylinder of a length 
of 3000 A, inner diameter of 40 A, and an outer 
diameter of 180 A. The TMV particle can be recon- 
stituted in vitro from its constituents under physio- 
logical conditions in two steps of nucleation and 
elongation [3-51. TMV-RNA has a specific region at 
about 900 nucleotides from the 3’-end that is capable 
of forming a weakly base-paired stem with a loop 
[6]. First, nucleation is considered to take place by 
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the insertion of this hairpin loop into the central hole 
of the nucleating two-layer disk of which two rings 
are opened apart onto the hole. We use the term 20s 
disk to refer to the two-layer, 17 subunits per layer, 
cylindrical structure sedimenting at about 20s. Elon- 
gation then follows in the two directions. The longer 
5’-tail is fold back down the central hole of the rod 
and forms a special structure, a travelling loop, 
which is essential for the most rapid elongation in 
this direction. As long as this structure is maintained, 
elongation towards the S-end appears to proceed 
from subunits in disks or some smaller aggregates. 
After the 5’-tail is encapsidated with the coat protein, 
a protein composed of small aggregates, collectively 
known as A-protein, appears to add along the 3’-tail 
of the RNA, which protrudes directly from one end 
of the growing rod. The formation of nucleation 
between the hairpin loop of the RNA and the 
double-layered disk is instantaneous, whereas the 
elongation process is in the range of minutes and has 
two steps. While elongation toward the 5’-tail takes 
about 5-7 min, that toward the 3’-tail is completed in 
20-40 min. The time course of TMV assembly was 
measured mainly by electron microscopy, turbidime- 
try, pulse-chase measurements etc. [7-121. It is not 
possible to perform a real-time observation of the 
elongation process of the assembly, in particular, the 
helix formation of RNA with coat proteins by these 
methods. This may be attainable by using both two 
methods of time-resolved small-angle neutron 
(SANS) and X-ray scattering (SAXS) measurements. 
Both methods can offer information about the ter- 
tiary structures of the virus in solutiorzs, i.e., in 
physiological conditions. Neutron scattering is now 
firmly established as an invaluable complement to 
X-ray scattering for structural and dynamic studies in 
the fields of biology and polymer science. Small-an- 
gle neutron scattering measurement enables us to 
determine the internal conformational relationship 
between RNA and protein in virus particles using the 
contrast variation method [13]. Therefore, if we ap- 
ply both methods to follow the TMV assembly reac- 
tion, we can, elucidate the self-assembling kinetics, 
i.e., the elongation speed of TMV particles and its 
components, RNA and protein, separately. 

At present the time-resolved SAXS method is 
available at, for example, the Photon Factory in the 
National Laboratory for High Energy Physics (KEK), 

Japan [ 141, but the time-resolved SANS method can- 
not be applied for the TMV assembly because of the 
relatively fast assembly reaction and insufficient neu- 
tron intensity to follow it. However, the TMV as- 
sembly in an aqueous solution can be stopped below 
5” C [ 15,161. If a reaction mixture of TMV-RNA and 
TMV-protein kept at 25” C is quenched into ice 
water, for instance, at 10 min after mixing, this 
quenched mixture maintains the assembly state at 10 
min as long as it is kept at 5” C. Therefore, we can 
trace the TMV reconstitution process by carrying out 
SAXS or SANS measurements on a series of reac- 
tion solutions quenched at 5” C with appropriate time 
intervals. We refer this method as a low-temperature 
quenching. The present paper will describe measure- 
ments of SAXS with the synchrotron radiation X-ray 
source on TMV assembly process using low-temper- 
ature quenching. 

2. Materials and methods 

2.1. Preparation of TMV and its components, RNA 
and protein 

Tobacco mosaic virus, Japanese common strain 
OM [17] was propagated in inoculated leaves of 
Nicotiana tabacum L. cv. Xanthi. Leaves harvested 
7-10 days after inoculation were homogenized with 
100 mM phosphate buffer (pH 7.0) containing 0.1% 
(v/v) thioglycolic acid. The virus was collected by 
polyethylene glycol precipitation [18] and purified by 
two cycles of differential centrifugation. RNA was 
isolated from the purified virus by phenol/bentonite 
extraction [19]; coat protein was isolated by the 
acetic acid method [20]. Coat proteins were dialysed 
against the experimental buffer (100 mM sodium 
phosphate, pH 7.2) at 4” C and used immediately. 
The concentration of the protein used was adjusted 
to 20.0 mg . ml-‘, and that of RNA was to 1.0 
mg . ml-‘, because the weight ratio of RNA to 
protein in TMV is 1:20. The concentrations of TMV, 
RNA and protein were determined spectrophotomet- 
rically by using an absorptivity value of 3.0 ml . 
cm-’ rng-’ at 260 nm for the virus, 20.0 ml . cm-’ 

mg-’ at 258 nm for the RNA [21], and 1.27 
ml. cm-’ , rng-’ at 282 nm for the protein [22]. 
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2.2. Low-temperature quenching method 

After mixing each 5 ml of RNA and protein 
solution in a tube at S”‘C, the tube was immersed 
into a thermostat at either temperature of 15, 20, or 
25” C. At an appropriate time interval between 0 and 
60 min, each 0.5 ml of the reaction solution was 
subtracted from the tube and was quenched in ice 
water below 5” C as quick as possible. The elonga- 
tion reaction was completely stopped by quenching 
at 5” C [ 15,161. We have performed SAXS measure- 
ments at 5” C on each of the quenched solutions to 
determine the degree of elongation. 

2.3. Smull-angle X-ray scattering measurements 

SAXS experiments were carried out at 5” C with 
the optics and detector system of SAXES (small-an- 
gle X-ray scattering equipment for solution) [23] 
installed on the 2.5 GeV storage ring in the Photon 
Factory, KEK, Tsukuba, Japan. Scattering intensities 
were registered at 512 different angles with a wave- 
length,Oh, of 1.49 A in the range 0.013 A-’ < Q < 
0.335 A- ‘, where Q denotes the amplitude of the 
scattering vector equal to 4rr sin0/h and 28 is the 
scattering angle. The SAXS experimental procedure 
was described in details elsewhere [24]. The impor- 
tant condition was to keep the specimen chamber at 
5” C throughout the experiments in order to prevent 
the elongation reaction. The SAXS intensity was 
measured for 300 s for all the solutions and buffers, 
and the net scattering intensities were calculated by 
subtracting the scattering intensities of a blank buffer 
solution from those of the assembly solutions. 

3. Results 

3. I. Guinier plots 

The radius of gyrations, R,, is a useful parameter 
to observe the growth of a rod-shaped particle. When 
the logarithms of the X-ray scattering intensity at Q, 
J(Q) are plotted against the square of Q (the Guinier 
plot [25]), a linear line is usually drawn in the range 
of Q . R, f 1, and its slope gives a value of R,. The 
TMV assembly solutions observed contain different 
degrees of elongation, and thus the R, evaluated 
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Fig. 1. Guinier plots derived from the TMV asxemhly process at 

20” C. The TMVP solution was quenched at (a) 0 min (tr OO), 01) 

2 min (tr 02), (c) 8 min (tr 08). and (d) 25 min (tr 2.5) after mixing 
RNA at 20” C. 

from SAXS measurements corresponds to the z-aver- 
age radius of gyration, R,, [24]. Fig. 1 shows the 
Guinier plots of a series of TMV assembly samples 
as an example, quenched at 0, 2, 8 and 25 min after 
mixing at 20” C. In a low Q range a straight line was 
depicted in each Guinier plot, and its slope yields 
R,,,. An initial slope increases with incubation tjme 
at 20” C, and a peak at around Q’ = 0.003 A-’ 
becomes steeper. The time courses of the radius of 
gyration is shown in Fig. 2 for TMV assembly 
solutions being incubated at 15. 20 and 25” C. 
R,(TMVP) and R,(TMVP + RNA) denote the ra- 
dius of gyration in the solutions containing only the 
coat protein and the protein plus RNA, respectively. 
The value of the radius of gyration R,(TMVP + 
RNA) increases more rapidly at 20” C with the incu- 
bation time, compared to that at either 15” C or 
25” C, while the value of R,(TMVP) hardly changes 
with time. 

3.2. Kratky plot 

In synthetic polymer chemistry the Kratky plot is 
usually employed to evaluate the shape and the order 
of extension of a linear or branched-chain polymer 
[26]. Even if polymers have the same R, value in 
solution, Kratky plots reveal the difference according 



242 Y. Sane et al. / Biophysical Chemistry 55 (I 9951 239-245 

o< 
‘. 
N 

rr 

90 

. 
Em- 

. 
. 

. 
70- I 

I 
(IblP.4. b . 

60- 

50. 1 I I 
0 20 40 60 

ttme/mln 

(h) 

tlme/mln 

Fig. 2. Time course of the radius of gyration, R,, during TMV 
assembly at (a) 15” C, (b) 20” C, and (c) 25” C. (A ) R, (TMVP) 
and ( ??) R, (TMVP + RNA) denote the radius of gyration in the 
solutions containing only the protein and the protein plus RNA of 
TMV, respectively. 
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Fig. 3. Time variation of the Kratky plots during TMV assembly 
at 20°C. (A) 1 min, (+) 5 min. (0) 11 min. and (0) 25 min 
incubation times, respectively. 

to their shape and chain extension (e.g., a spherical 
shape yields a sharp peak, a Gaussian chain a hori- 
zontal line and a rigid rod a straight line with a slope 
one). The Kratky plot is obtained by plotting the 
X-ray scattering intensity J(Q) times the square of 
Q against Q, and is more sensitive than the Guinier 
plot to the changes in polymer chain configuration. 
Fig. 3 depicts the time variation of Kratky plots 
during TMV assembly at 20” C, where the SAXS 
data are obtained from the solutions quenched at 1 
min (tr Ol), 5 min (tr 05), 11 min (tr 11) and 25 min 
(tr 25). A pronounced inc!ease is observed in the 
first peak at around 0.02 A-‘, where$s the second 
peak is almost invariant at about 0.07 A- ’ . A similar 
time variation in the Kratky plots was obtained for 
the TMV assembly at 15” C and at 25” C (data not 
shown). 

3.3. Distance distribution function 

Another index of polymer chain conformation is a 
distance distribution function, p(r), defined by Eq. 
(1). 

p(r) = (l/2~2)[jzJ(Q)(Qr) sin(Qr)dQ (1) 

This function is obtained by Fourier-transforming the 
X-ray scattering intensity function, J(Q), multiplied 
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Fig. 4. Time variation of the distance distribution function during 
TMV assembly at 20” C. ( A ) 1 min, ( + ) 5 min, (0) 11 min. and 
(0) 25 min incubation times. respectively. 

with Q I’ [27], and represents a statistical distribu- 
tion function o,f a pair of points being separated by a 
distance of r A within a polymer molecule. 

The distance distribution function changes with 
the incubation time as shown in Fig. 4 during TMV 
assembly at 20” C for 1, 5, 11 and 25 min after 
mixing of TMV-RNA with the protein, where the 
symbols in Fig. 4 are the same as it Fig. 3. A 
relative rat@ of p(r) at around 100 A to that at 
around 60 A was found to increase gradually with 
the incubation time. A similar incubation-time de- 
pendence in the distance distribution function was 
observed during the TMV assembly at 15” C and 
25” C (data not shown), as expected from the Kratky 
plots. 

4. Discussion 

The results calculated from the SAXS measure- 
ments on TMV assembling solutions, (i.e., the time 
variations in the radius of gyration, the Kratky plot 
and the distance distribution function) indicate that at 
the incubation of TMV-RNA and TMV-protein at 
20” C the reconstitution of TMV starts immediately 
after mixing, and proceeds fast enough to form a 
long rod during the first 10 to 20 min. The full 
length of TMV particle seems to be formed in 40 to 
60 min in this condition. 

The effect of the incubation temperature on TMV 

assembly is qualitatively seen in Fig. 2. When no 
RNA was added, the radius of gyration of the protein 
R, (TMVP) exhibited almost no change during incu- 
bation at 15, 20 and 25” C. As already published in 
Fig. 3 ?f [14], the radius of gyration R, increased up 
to 65 A at 5 mg/ml protein concentration in 100 
mM phosphate buffer at the same condition in this 
paper within 1 s after bringing the protein solutions 
from 5” C to 20” C or 25” C, and its value gradually 
increased and almost saturated at about 30 s. The 
radius of gyration of 20s disk is calculated as 66.5 A 
with a suitable model as mentioned in [24], so that 
20s disk would have actually been formed at very 
early stage within a few seconds even at a 5 mg/ml 
concentration during the sample preparation prior to 
SAXS measurements. When RNA was added, the R, 
(TMVP + RNA) value was found to increase rapidly 
in the first 20 min and then gradually approached a 
finite value. A rise in the incubation temperature 
from 15” C to 20” C resulted in a steeper increase in 
fB at the first stage, and in a larger R, value (X7.1 
A) at an incubation time of 60 min, Oas compared 
with the maximum value of R, X2.6 A at 15” C. A 
further rise in the temperature to 25°C induced a 
rather slow increase in the R, value at the initial 
stage, and led to a lower value (82.6 A) at 60 min. 
As described in the Introduction, the TMV assembly 
is thought to be induced by a formation of the initial 
complex, which is composed of RNA entrapped in 
the hollow of a 20s disk. Since TMV-protein tends 
to aggregate to longer 2- and 3-layered 20s disks 
rather than single-layered 20s disk [24] at 25” C, the 
slower increase in R, at 25” C is attributed to less 
20s disks available for the nucleation (initial RNA- 
protein complex formation) to initiate the TMV as- 
sembly. 

Although a radius of gyration evaluated from the 
Guinier plot is a sensitive parameter to indicate a 
change in a molecular volume, this parameter is not 
suitable as a measure of elongation of a long rod. We 
have employed, therefore, the Kratky plot and the 
distance distribution function for this purpose. Both 
functions exhibited a growth in rod length of the 
assembly with the incubation time. as seen in Figs. 3 
and 4. It is observed that a ratio of the first peak to 
the second peak changes with the incubation time in 
the Kratky plot and p(r) function, and that the side 
peak of the &tinier plot at about 0.003 A ’ in Fig. 1 
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@/A-’ 
Fig. 5. Simulated Guinier plot for the model representing the 
multi-layered 20s disk of TMV protein. Symbols Id and 4d 
denote a 20s disk and 4-layered 20s disk, respectively. 

becomes steeper with the time. In order to correlate 
the time course of the three functions at least qualita- 
tively with the elongation of TMV assembly, we 
have simulated the time variation in the three func- 
tions using the Glatter’s multibody method [28]. 
First, w: construct a three-dimensional lattice space 
with 4 A spacing, and place a sphere of radius 2.48 
A at each lattice point according to a model to be 
calculated. Second, we calculate the scattering X-ray 
intensity, J(Q), from the model composed of spheres. 
Third, the Guinier plot, Kratky plot and distance 
distribution function all can be computed from J(Q). 
Four types of models were used in this case: single- 
layered 20s disks, 2-layered 20s disks, 3-layered 
20s disks, and 4-layered 20s disks of TMV-protein 
of which the dimension was described elsewhere 
[24]. The simulation by the Glatter’s multibody 
method yielded the Guinier plot, the Kratky plot and 
the distance distribution function, respectively, as 
shown in Figs. 5-7 for l- to 4-layered 20s disks. 
The simulated curves of the Guinier plot in Fig. 5 
indicate that a peak appears in the model of the 
4-layered 20s disk, and the peak intensity increases 
with the further growth of disks. Accordingly the 
ifcrease in the side peak intensity at about 0.003 
A-* in Fig. 1 confirms the elongation of the TMV 
assembly. 

The simulated Kratky plots for the multi-layered 
20s disks (Fig. 6) exhibit two peaks i? the small 
angle range at about 0.02 A- ’ and 0.07 A-‘, which 
were also observed experimentally (see Fig. 3). As 
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Fig. 6. Simulated Kratky plots for the model representing the 
multi-layered 20s disks of TMV protein. (a) Id, (a) 2d, ( ??) 3d 
and (0) 4d denote a 20s disk, 2-layered 20s disk, 3-layered 20s 
disk and 4-layered 20s disk, respectively. 

the calculated values of J(Q). Q* could not be 
compared directly with those observed, we take the 
ratio of height of the first peak to the second one as a 
measure of comparison. In the experimental results 
shown in Fig. 3 this ratio increases with the incuba- 
tion time in the same manner as the ratio in the 
simulated curves shown in Fig. 6 increases with the 
number of layers of 20s disks. 
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a 
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Fig. 7. Simulated distance distribution function for the model 
representing the multi-layered 20s disks. (NJ Id, (4) 2d, ( ??) 3d 
and (0) 4d denote a 20s disk, 2-layered 20s disk, 3-layered 20s 
disk and 4-layered 20s disk, respectively. 
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We examined the shape of curves rather than the 
absolute intensity in the case of the simulated p(r) 
function, as done in the case of Kratky plot. A 
singie-layered 20s disk exhibits a first peak at around 
SO A which is smeared by a small shoulder, adding 
2-layered 20s disks in the system, and disappears 
according to the growth to multi-layered 20s disks. 
These changes in the simulated p(r) function were 
observed in those calculated from the experimental 
results (compare Fig. 7 with Fig. 4). 

The simulated curves of the Guinier plot, the 
Kratky plot and the p( r 1 function from four types of 
models qualitatively reproduce the experimental 
curves. Here the profile changes during the simula- 
tion process from single-layered 20s disk to 4-layered 
20s disk account for the elongation of the TMV 
assembly. As a synchronized growth of the TMV 
assembly cannot take place in the present reaction 
solutions, many degrees of aggregates are involved 
at any time of the measurements and the X-ray 
scattering is observed as an average over an ensem- 
ble. However, the time course of the R, increase for 
the TMV assembly system at 20” C shown in Fig. 2. 
for example, is considerably similar to that obtained 
from the electron microscopic studies [8,9]. 

The present investigation proves that low-temper- 
ature quenching is a useful technique to trace biolog- 
ical phenomena in the order of minutes by SAXS or 
SANS. When the SANS measurement is combined 
with low-temperature quenching to observe TMV 
assembly, the mechanism of TMV assembly would 
be revealed more explicitly by the kinetics of the 
elongation of TMV assembly (SAXS) and that of the 
helical refolding of TMV-RNA (SANS). 
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