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Abstract—The structure of tobacco mosaic virus (TMYV) virions and stacked disk aggregates of TMV coat protein (CP) in
solution was analyzed by synchrotron-based small-angle X-ray scattering (SAXS) and negative contrast transmission elec-
tron microscopy (TEM). TMV CP aggregates had a unique stability but did not have helical symmetry. According to the
TEM data, they were stacked disks associated into transversely striated rod-shaped structures 300 to 800 A long. According
to modeling based on the crystallographic model of the 4-layer TMV CP aggregate (PDB: 1EI7), the stacked disks repre-
sented hollow cylinders. The calculated SAXS pattern for the disks was compared to the experimental one over the entire
measured range. The best correlation with the SAXS data was found for the model with the repeating central pair of discs;
the SAXS curves for the stacked disks were virtually identical irrespectively of the protein isolation method. The positions
of maxima on the scatter curves could be used as characteristic features of the studied samples; some of the peaks were
assigned to the existing elements of the quaternary structure (periodicity of aggregate structure, virion helix pitch). Low-res-
olution structural data for the repolymerized TMV CP aggregates in solution under conditions similar to natural were pro-
duced for the first time. Analysis of such nano-size objects is essential for their application in biomedicine and biotechnol-

ogy.
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Tobacco mosaic virus (TMV) is a well-characterized
plant virus consisting of 2130 identical coat protein (CP)
subunits arranged in a helical structure around a single-
stranded RNA molecule [1]. The TMV structure has been
investigated in detail by crystallography and electron
microscopy. Because of the availability and high stability
of TMV virions, their diameter and helix pitch (22.92 10\)
were measured with a high accuracy by the oriented fiber
X-ray diffraction method [2] and used as size standards in

Abbreviations: CP, coat protein; SAXS, small-angle X-ray scat-
tering; TEM, transmission electron microscopy; TMYV, tobacco
mosaic virus.

* To whom correspondence should be addressed.

elecron microscopy. The CP subunits form a hollow
cylinder with a length of 3000 A and diameter of 180 A.
Isolated TMV CP can form a large number of ordered
aggregates of different structure in solution. Depending
on pH, ionic strength, temperature, and concentration,
TMYV CP aggregates can exist in two major states: disk-
shaped and helical [3]. The examples of disk-shaped CP
aggregates are the two-layer 20S disks with the sedimen-
tation coefficient of 20S and stacked pairs of disks that
form during CP incubation in a solution with pH 7-9.
TMYV particles themselves and helical CP aggregates that
form at pH < 6.0, as well as the two-turn helix fragments,
are examples of helical aggregates [3]. The structure of
the two-layer 20S disk was solved by the X-ray diffraction
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analysis at a 2.8 A resolution [4]. The 20S disk consists of
34 protein subunits (17 subunits per layer). The two layers
form contacts at the greater radius, but not at the smaller
radius [4], so that the layers open apart onto the central
hole, which ensures RNA binding. These X-ray diffrac-
tion data have been used for developing a model of the
TMV self-assembly in vitro [5, 6], according to which
TMYV self-assembly is initiated by the binding of RNA
from the central hole side to the specific RNA-binding
site in the 20S disk, which causes transformation of the
cylindrical disk into the helix [6].

Unusual diffraction patterns of polymerized TMV
CP from infected plants produced by Franklin in 1955 [7]
were the first indication of the paired disk assembly into
stacks (stacked disks). For a long time, it had been
believed that stacked disks and helical aggregates are at
the equilibrium and can transform into each other. This
implied that stacked disks are polar, i.e., have all subunits
oriented in the same direction (similar to protein in the
viral particle) [8]. The proof of the bipolar nature of the
stacked disks was obtained using monoclonal antibodies
that bound only to one end of the TMV rod-like virion
but were able to associate with both ends of the repoly-
merized CP aggregates [9]. Further studies of the aggre-
gate structure at a 9-12 A resolution using cryoelectron
microscopy [10, 11] demonstrated that a larger portion of
the two-layer disks had the quaternary structure similar to
that of the central pair of rings in the crystallized four-
layer disk aggregates [12].

Here, we examined for the first time the structure of
TMYV rods and repolymerized TMV CP stacked disks in
solution using the method of small angle X-ray scattering
(SAXS). We also created a number of models of these
structures using atomic coordinates of the four-layer
aggregates [12] and compared their calculated scatter pat-
terns with the experimental ones generated by SAXS.

Repolymerized TMV CP stacked disk are intriguing
objects because of their amyloid-like stability: once
assembled, the aggregates can be dissociated only under
denaturing conditions [13, 14]. This type of nanoobjects
(nanofibers and nanorods) could be used in nanoelec-
tronics and various biomedical applications. Previously,
we used SAXS to characterize and study dissociation of
other virus-like particles, such as aggregates of the helical
potato virus A potyvirus CP [15, 16].

MATERIALS AND METHODS

TMYV CP isolation and repolymerization. TMV
(strain Ul) was kindly provided by V. V. Makarov.
Repolymerized TMV CP aggregates were produced using
two procedures: (i) dialysis of TMV CP isolated by the
lithium method [17] against 10 mM Tris-HCI buffer (pH
8.0) containing 0.1 M NaCl,; (ii) dialysis of TMV CP iso-
lated by the acetate method [18] against 10 mM phos-
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phate buffer (pH 8.0) containing 0.1 M NaCl. In both
cases, dialysis was conducted for 24 h at 8°C, and the
resulting protein preparations (1.5-5.0 mg/ml) were incu-
bated for 5-7 days at 8°C for the formation of stacked
disks followed by centrifugation for 10 min at 14,000 rpm
(Benchtop Microfuge 22R; Beckman Coulter, USA).
TMV CP yield was 50-70% of the calculated one.

Concentration of repolymerized CP aggregates and
TMYV particles was determined with a UV-2600 spec-
trophotometer (Hitachi, Japan) from the UV absorption
spectra at 240-340 nm. Because of the significant contri-
bution of scattering to the absorbance of repolymerized
aggregates (40-50%), true absorption spectra (E) of pro-
tein suspensions were calculated in the 320-338 nm range
using the extrapolation technique [19]. The absorption
coefficients of CP and viral preparations were E%.° = 1.3
and ES4% = 2.3, respectively. The purity of the obtained
samples was examined by Laemmli’s electrophoresis [20]
in 15% polyacrylamide gel in a Mini-PROTEAN 3 Cell
(Bio-Rad, USA). The gels were stained with 0.22%
Coomassie Blue G-250 (Serva, Germany).

Transmission electron microscopy (TEM). The sam-
ples were applied onto carbon coated grids, incubated for
1 min at 20°C, washed with distilled water for 30 s, con-
trasted with 2% uranyl acetate for 10-30 s, washed again
with distilled water, dried, and examined with a JEM-
1400 transmission electron microscope (JEOL, Japan) at
60,000x magnification.

SAXS and analysis of experimental data. The struc-
ture of TMV particles and repolymerized CP was ana-
lyzed by SAXS of synchrotron radiation on a Petralll
synchrotron (DESY, Germany) on the P12 line. The P12
line was equipped with a device for automated sample
change and a two-dimensional Pilatus 2M (DECTRIS,
Switzerland) detector. The scattering intensity /(s) was
recorded in the region of wave vector values 0.003 < s <
0.5A°", where s = (4nsin®)/A < 2m/d is scattering vector
modulus; 26 is scattering angle; A = 1.24 A is wavelength
[21]; d is the size of scattering particles, structure perio-
dicity. All measurements were carried out at 10°C; 20
individual scatter curves were recorded within 1 s for each
sample in order to monitor possible radiation-inflicted
damage. Initial data processing was carried out with the
PRIMUS program [22]. Viral and protein preparation
were examined at several concentrations (2-7 mg/ml) to
account for the concentration dependence. MASSHA
program [23] was used for modeling the structures of viral
particles and repolymerized CP aggregates; the CRYSOL
program [24] was used for the for calculation of scatter
curves of the atomic resolution models and determination
of gyration radii (R,).

The distances in the crystallographic model of the
four-layer disk aggregate (PDB: 1EI7) were measured
with the tools provided in the RasMol program
(http://www.rasmol.org/). The average value of relative
deviation (O) of the scattering intensity vector maxima s\,
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Fig. 1. Electron microscopy of repolymerized TMV CP aggregates (a) and particle size distribution (b). The length of ~250 particles was meas-
ured; the aggregates were produced from the TMV CP isolated by the lithium method [17] and contrasted with 2% uranyl acetate.

Magnification, x60,000 (a) and x150,000 (inset).

in the model from the experimental values séxp was used
for comparing the modeled structures of repolymerized
aggregates with the structures observed in solution: O
l/l’l X 2 ( |sxln - Séxp |/s;xp)'

RESULTS

Electron microscopy of CP aggregates. Under certain
conditions, purified TMV CP self-assembles into 20S
disks, which transform into stable repolymerized aggre-
gates (stacked disks) during further incubation [13, 14,
25]. First, we investigated the structure and length of the
formed particles by negative contrast TEM. The images
revealed the presence of transversely striated rod-shaped
particles of varying lengths in all preparation of repoly-
merized CP aggregates produced by different methods
(Fig. 1, a and b). The size distribution of the particles
(Fig. 1b) showed that the main volume fraction (~70%) in
the preparation were particles 300-800 Ain length. The
400 A—long aggregates contained ~15-16 rings in the stack
(15.5 +£0.5) (Fig. 1, inset), which is in agreement with the
previously reported TEM data [8, 9, 14]; the axial perio-
dicity of the repolymerized protein aggregates was 26.0 £
0.9 A. Hence, the stacks contained 6 to 16 20S disks. The

clusters of laterally connected repolymerized CP aggre-
gates were also observed in the samples.

Next, we characterized the structure of CP aggre-
gates in solution by synchrotron-based SAXS and mod-
eled the structure of virions and repolymerized TMV CP
aggregates.

Structure modeling of TMY virions in solution. The
scattering profiles of the TMV virions (3-6 mg/ml) were
first obtained. The PDB: 20M3 structure generated from
the cryoelectron microscopy data (resolution, 4.4 1&) that
contained a 3-turn fragment with the helical symmetry
[26] was used for virion modeling. To model the virion
structure (length, ~1200 A; 784 subunits), this fragment
was repeated 16 times along the helix axis. The calculated
scattering pattern of the virion model produced with
CRYSOL program [24] (Fig. 2, curve 2) was in a good
agreement with the experimental data, including all peaks
and minima of the scattering curve in the vector range
0.003 < 5 <0.35 A~' (Fig. 2, curve I).

For more accurate comparison, we used the values of
scattering vector s and the sizes of scattering particles d
for all seven peaks (s/-s7) on the experimental and model
curves (Table 1). Analysis of the data in Table 1 indicates
that some maxima of the scattering vector intensity s are
in good agreement with the known sizes in virions; e.g.,

Table 1. Comparison of the scattering parameters of TMYV virions in solution and model virion

TMV virion* sl dl s2 d2 s3 d3 s4 d4 s5 d5 56 dé s7 d7
Experiment 0.062 | 101 | 0.129 | 48.7 | 0.175 | 36.0 | 0.274 | 22.9 | 0.290 | 21.6 | 0.309 | 20.4 | 0.330 | 19.0
Model 0.062 | 101 | 0.129 | 48.7 | 0.175 | 36.0 | 0.271 | 23.2 | 0.288 | 21.9 | 0.306 | 20.6 | 0.330 | 19.0
Costa, 2016%* | 0.062 | 101 | 0.130 | 48.7 | 0.175 | 35.9 | 0.275| 23.2 | 0.294 | 21.8 | 0.311 | 20.5 [ 0.336 | 19.0

* PDB: 20M3 model; s (A™"), scattering vector module; d = 2n/s (A), structure periodicity, size of scattering particles.

** Experimental data by Costa et al. [29].
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Fig. 2. Experimental and calculated SAXS patterns (a) and struc-
ture model of TMYV virion (b): /) experimental data adjusted to
zero concentration; 2) scattering pattern of the model virion
structure calculated with the CRYSOL program and generated
with the MASSHA program.

d4 (linear size 22.9 A) corresponds to the spiral pitch size
of 22.9 A evaluated from the X-ray diffraction of the ori-
ented fibers [2].

Structure modeling of repolymerized TMV CP aggre-
gates in solution. According to the TEM data, repolymer-
ized TMV CP aggregates represented a mixture of parti-
cles of varying length composed of repeating structural
elements. The scatter profiles of the stacked disks consist-
ing of TMV CP isolated by different methods [17, 18]
were virtually identical (<0.2% deviation of the scattering
vectors maxima s/-s6) over the entire measured range
(Fig. 3, inset). For this reason, further in the paper, we
present SAXS data only for the repolymerized CP aggre-
gates produced by the lithium method.

Originally, we used the PDB: 1EI7 crystallographic
structure representing two attached paired rings (BA)
with 17 protein subunits in each [12] for the model con-
struction. The lower and the upper rings were denoted as
B rings, and the central rings were denoted as A rings. The
BAAB structural element was multiplied via spatial trans-
formation. However, the scatter profile for the (BAAB);
structure significantly differed from the experimentally
obtained one (Figs. 3a and 3b and Table 2).

Further in our work, we used the two other models
based on the pair of rings from the PDB: 1EI7 structure:
(i) lower pair of rings (BA; Fig. 3d) and (ii) central pair of
rings (AA; Fig. 3f) that contained 544 subunits and had the
axis length of ~820 A. The ring elements were multiplied
via spatial transformation with rotation of each element by
6.35° in accordance with the PDB: 1EI7 structure. The
resulting models of stacked disks were hollow cylinders
containing 16 two-layer disks each. Both models — (BA) 4
and (AA),¢ — provided adequate correlation between the
experimental I,,,(s) values and calculated scatter curves.
The positions of the intensity maxima on the scattering
curves (s/-s6) could be used as specific parameters of the
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samples. To quantitatively evaluate the similarity between
the generated models and repolymerized CP aggregates in
solution, we used the averaged values of relative deviations
of the scattering vector intensity maxima s., for the models
from the experimental values: O = 1/n x X ( |s,‘n -
Sexp | /skp)- The lowest O was found for the (AA),s model
(O =0.02 £ 0.01), which indicated the closest similarity
with the CP aggregate structure in solution in comparison
to the (BA),4 (O = 0.03 = 0.01) and (BAAB); (O = 0.04 £
0.01) models. However, none of the model curves com-
pletely coincided with the experimental one.

Effect of the repolymerized CP aggregate model
length on the calculated SAXS curves. To evaluate the
effect of the repolymerized CP aggregate length on the
scatter curves, we used the CRYSOL program to calculate

Log |, rel. units
o - N w s o

Log |, rel. units

Log I, rel. units

Log I, rel. units

Fig. 3. Experimentally obtained SAXS profile of repolymerized
TMYV CP stacked disks (a, c, ¢) and calculated SAXS data for the
corresponding model structures (b, d, f). Scattering was calculat-
ed with the CRYSOL program. The structures (BAAB); (b),
(BA) ¢ (d), and (AA) ¢ (f) were modeled with the MASSHA pro-
gram. Dots, experimental data; solid lines, calculated scattering
of model structures; arrows, scattering vector intensity maxima.
Inset, SAXS curves for the repolymerized CP aggregates pro-
duced by the lithium (/) and acetate (2) methods.
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Table 2. Comparison of scattering parameters of repolymerized TMV CP aggregates and scattering profiles of model
aggregates
sl dl s2 d2 s3 d3 s4 a4 s5 ds s6 dé
Sample
0.054 | 114 | 0.124 | 51.0 | 0.168 | 37.4 | 0.234 | 26.9 | 0.287 | 21.90 | 0.47 | 13.4
Model (BAAB)* 0.057 | 110 | 0.119 | 53.0 | 0.168 | 37.4 | 0.221 | 28.5 | 0.278 | 22.60 - -
Model (BA),4 0.058 | 108 | 0.130 | 48.0 | 0.177 | 35.6 | 0.236 | 26.7 | 0.290 | 21.60 | 0.47 | 13.4
Model (AA) ¢ 0.058 | 109 | 0.119 | 52.7 | 0.168 | 37.4 | 0.237 | 26.5 | 0.290 | 21.60 | 0.48 | 13.2

* PDB: 1EI7 crystal structure was used; values s (A") and d (A) are the same as in Table 1. Repolymerized CP aggregates was produced by the lithi-

um method.

Table 3. Comparison of invariants for model structures and repolymerized TMV CP aggregates

Stacked disk models* Sample
Invariants
A (AA), (AA), (AA), (AA); (AA) ¢ repolymerized aggregates
M, .., kDa 297.5 595 1190 2380 4760 9520 -
M, ¢y, kDa 297.0 594 1188 2376 4752 9505 8308
R,, A 64.2 65.5 70.8 88.7 138.4 253.4 244.1

* Molecular masses (M, c,,,) and gyration radii (R,) for the modeled structures A, (AA),, (AA),, (AA),, (AA)g, and (AA),¢ were calculated with the
CRYSOL program [24] using PDB: 1EI7 structure; M, ,, values were calculated from the protein amino acid sequences.

the scattering parameters for a series of model structures
[24]: A, (AA),, (AA),, (AA),, (AA)g, (AA) ¢ of the PDB:
1E17 crystal [12], where A is a ring consisting of 17 pro-
tein subunits (Fig. 4).

The Bragg’s scattering maxima were completely
absent in the scatter profiles of the ring A and disk (AA),
models (Fig. 4, curves I and 2); the scattering intensity

Log I, rel. units
- N W O O N O

Fig. 4. Model SAXS curves calculated with the CRYSOL program
[24] for a series of models (curves 7-6): A, (AA),, (AA),, (AA),,
(AA)g, and (AA) 4, respectively. Arrows indicate the scattering vec-
tor intensity maxima (see Fig. 3).

increased at the positions of angle vectors s/, s4, and s5
(curves 3 and 4) for the (AA), and (AA), aggregates. For
the (AA); and (AA),, models, the scattering intensity sig-
nificantly increased at the position of angle vectors s2, 54,
and 56 (curves 5 and 6), which corresponded to the follow-
ing scattering sizes of the repolymerized aggregates: d2 =
51A,d4=26.9A, and d6 = 13.4 A (Table 2). The d4 value
was close to the value of axial periodicity of the repolymer-
ized ring-shaped aggregates (26.0 = 0.9 10\) that was deter-
mined using TEM. The double value (52 10\) corresponded
to the periodicity of disks in the repolymerized aggregates
and was close to the scattering size d2, which was estimat-
ed as 53 A by Franklin and Commoner based on the data
of X-ray diffraction of oriented fibers [7]. The calculated
invariants (molecular mass M, and gyration radius R,) for
these models and repolymerized aggregates are shown in
Table 3. The R, values for the models of repolymerized
aggregates consisting of 1 to 32 rings were in the range of
64.2 to 253.4 A. The invariants for the (AA),, model were
the closest to the experimentally determined values for the
repolymerized CP aggregates in solution.

DISCUSSION
By combining modern methods for interpretation of

synchrotron-based SAXS data and results of electron
microscopy, we were able to analyze in detail the structure
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of repolymerized TMV CP aggregates (stacked disks).
SAXS data allow to determine molecular architecture of
proteins in multicomponent solutions [27] and proteins
with flexible unstructured fragments [28]. New approach-
es to the analysis of SAXS data make it possible to obtain
information on the quaternary structure of biological
objects. SAXS can be used for visualizing the structures of
investigated objects of various sizes (~10-2100 A), depend-
ing on the energy of X-ray radiation and angle of measure-
ment. Considering that the longer axis of the TMV virion
is ~3000 A, its length cannot be measured within the scat-
tering angle range typical for SAXS (0.003 < s < 0.5 A™").
Experimental and calculated curves diverged after s =
0.35 A~' (Fig. 2), which can be explained by the low accu-
racy of SAXS measurement of objects smaller than 15 A or
by the difference in the structures of the 3-turn fragment
(PDB: 20M3) and corresponding element of the virion in
solution. Recently, TMV virions were examined by SAXS
on the small-angle line BM29 (ESREF, Grenoble, A =
0.99 A) by Costa et al. [29]. The authors were able to pro-
duce the scattering curve at the virus concentration, which
was 4 times higher than in our study (26 mg/ml). It can be
seen in Table 1 that the s and d values obtained by Costa et
al. are in good agreement with the data produced in our
work (relative deviation below 1.5%). The fitting of geo-
metric models was done with the Genfit program [30]. By
using the three-shell cylinder model of the virion, the
authors managed to reproduce the maxima of two peaks
(sI and s2) from the seven peaks observed on the experi-
mental scattering curve [29].

Hiragi et al. [31] examined TMV CP aggregates
formed in solution with pH 7.2 and ionic strength of 0.1-
0.2 M at 15-25°C by SAXS on the small-angle line (Photon
Factory, Japan; A = 1.49 A). The authors used cylindrical
model of the 20S disk with outer and inner diameters of
180 and 40 A, respectively, two 23-A layers, and gyration
radius of R, 66.5 A for approximation. The studied sample
was found to be significantly disperse, with mostly two- and
four-layer aggregates and small amount of longer aggre-
gates. The gyration radius of the sample increased with the
increase in ionic strength, temperature, and concentration,
and reached 85.6 A in 100 mM phosphate buffer at 25°C
and 12 mg/ml, which was close to the suggested (AA),
model of repolymerized aggregates with R, of 88.7 A (Table
3). In another study by the same research group, the kinet-
ics of reassembly of TMV and cucumber green mottle
mosaic virions from proteins and RNA was investigated by
SAXS. It was demonstrated based on the changes in the R,
values, that the rate of TMV assembly was significantly
higher [32]. The kinetics of formation of helical fragments
(possible intermediates in the TMV assembly) and repoly-
merization of long helical protein aggregates in acidic
medium was investigated by Potschka et al. [33] on the
DORIS-I line (DESY, Hamburg; A = 1.50 A).

In this work, we characterized for the first time the
structure of TMV virions and repolymerized CP aggre-

BIOCHEMISTRY (Moscow) Vol. 85 No. 3 2020

315

gates in solution by SAXS and modeled the SAXS curves
in the entire measured range. According to the TEM
data, repolymerized CP aggregates represented an array
of stacked disks varying in length (Fig. 1). The main frac-
tion represented particles composed of 6-16 20S disks.
The meoasured values of the average gyration radius (R, =
244.1 A) and molecular weight (M, = 8308 kDa) were
found to be close to the (AA),s model (R, = 253.4 A and
M. = 9505 kDa, respectively) (Table 3). It was established
previously by cryoelectron microscopy that the structure
of the TMV CP stacked disks is similar to that of the two
central rings in the crystallized four-layer aggregate, and
the thickness of the individual ring is 26.8 A [10, 11],
which is close to the periodicity of the repolymerized CP
aggregates determined in our study (d4 = 26.9 A; Table 2).

The reason for low correlation between the model
and experimental SAXS curves could be the difference
between the lengths of the used (AA),; model (~820 A)
and repolymerized CP aggregates (300-800 A). As can be
seen in Fig. 4, the increase in the particle length results in
the increase in intensity of peaks s2, s4, and s6 correspon-
ding to the disk packaging in the aggregate structure.
Different hydration degree of 20S disks in the crystal and
in solution could also result in the data discrepancies.
Franklin and Commoner [7] discovered significant
hydration of disks in solution and decrease in the size of
axial periodicity in the disk stacks from 53 to 43 A upon
water removal from the preparations. It is also possible
that the protein atomic structure in the PDB: 1EI7 crys-
tal model is slightly different from the structure of repoly-
merized CP aggregates in solution, which might be the
reason for unique stability of repolymerized TMV CP
aggregates in solution and can explain the binding of cer-
tain dyes characteristic for amyloids [13, 14].

One of the advantages of SAXS is the possibility to
characterize all particles in solution under conditions
close to physiological ones. More labor-intensive method
of X-ray diffraction allows to determine the crystal struc-
ture, while cryoelectron microscopy examines the frozen
particles. Here, we used SAXS to characterize for the first
time the structure of TMV virions and repolymerized CP
aggregates in solution and modeled the structure of CP
aggregates based on the SAXS data in the entire measured
range. Some of the intensity maxima on the scatter curves
were assigned to the elements of the aggregate quaternary
structure (structure periodicity, helix pitch in virion). The
best agreement with the experimental data was obtained
for the model of repolymerized CP aggregates consisting
of repeated 20S disks composed of the central pair of rings
from the PDB: 1EI7 crystal model.
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