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Aqueous solutions of Tobacco Mosaic Virus are ideal systems for visualizing “molec-
ular” distributions in nematic and crystalline phases by freeze-fracture electron mi-
croscopy. Nematic phases of TMV in water are highly oriented with measured order
parameters of 0.93. Twist deformations appear to be most common in the micrographs,
confirming experimental and theoretical evidence that the twist clastic constant is
smaller than either the splay or bend constants. Both edge and screw disclinations are
observed in TMV nematics at molecular resolution, and their overall configurations
correspond closely to those predicted by continuum theory. Disclination cores have
been visualized for the first time. The edge disclination core is small, no more than a
single virus length wide. The virus reorient abruptly by 90° at the core, but appear to
remain in the plane of the disclination line. The screw disclination core is several virus
lengths in diameter and much more disordered. The virus twist out of the plane
perpendicular to the line and into the plane along the disclination line. The virus in
colloidal crystal TMV solutions are more positionally ordered than the nematic sam-
ples. Although no distinct layers were visible along the virus axis in the freeze-fracture
images, a sinusoidal density modulation was observed. With the experimental evidence
at hand, it is possible to assign either a smectic-B liquid crystal or a true three-
dimensional crystal structure to this phase. Perpendicular to the long axis of the virus,
the particles appear hexagonally ordered. An average center-to-center distance of
50 nm, which agrees with that measured by X-ray diffraction, was measured from the
micrographs. Freeze-fracture imaging of these anisotropic crystals is an alternative to
the more common light microscopy of polymer latex colloid crystals.
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I. INTRODUCTION

Experimental’ ~? and theoretical® descriptions of how Tobacco Mosaic
Virus (TMV) are distributed in water or dilute buffer solutions have
been available for decades. Both colloidal crystal and nematic liquid
crystal phases are formed by TMV in water, depending on the virus
concentration, ionic strength, and pH.>® The virus particles, each a
rigid rod 320 nm long and 20 nm in diameter, are the structural equiv-
alents of molecules in the more typical solid or thermotropic liquid
crystals. The two orders of magnitude size increase between TMV
and molecular solid and liquid crystals allows the “molecular” order
in TMV solutions to be seen and interpreted using freeze-fracture
replication transmission electron microscopy.

In freeze-fracture, a small volume of sample liquid is rapidly frozen,
then fractured under vacuum to expose the interior structure. The
fracture surfaces are replicated by evaporating platinum at an angle
to highlight surface features, followed by carbon deposited normal
to the fracture surface for mechanical strength. The platinum-carbon
replicas are then examined in a transmission electron microscope.
Point-to-point resolution in an ideal replica is limited by the size of
the platinum grains in the shadowing film and is approximately 2 nm.

Freeze-fracture has been used extensively in biological studies
of membrane structure and cellular organization.” However, freeze-
fracture of colloidal dispersions has advanced less quickly because
the necessary freezing rates were unavailable.® Unless freezing is
rapid enough to cause vitrification of the surrounding ice matrix,
growing ice crystals displace colloidal particles to the crystal grain
boundaries and disrupt the dispersion. New rapid freezing techniques®
apparently are able to vitrify the surrounding water matrix,'° thus
preventing any displacement of the colloidal particles. Therefore, it
is now possible to visualize the distribution and orientation of indi-
vidual virus particles in ordered aqueous phases without freezing
artifacts or chemical treatments.

IIl. EXPERIMENTAL

Monodisperse samples of Tobacco Mosaic Virus (TMV) were pre-
pared by the method of Boedtker and Simmons.? Tobacco plants
were infected with common strain (Vulgare) TMV when the plants
were eight weeks old. The leaves were harvested after two to three
weeks, then frozen, pulverized and the sap removed by straining.
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After straining, the virus were separated from the plant sap by dif-
ferential centrifugation. The pH and ionic strength of the sap were
controlled using phosphate buffers.

Virus dispersed in deionized water exhibited Bragg diffraction of
visible light, evidence of regular layers,>© while virus dispersed in
buffer appeared birefringent between crossed polars, indicating
nematic order.® A thin (< 50 microns) film of sample liquid was
prepared by trapping a small drop (0.1-0.5 pl) between two copper
planchettes (Balzers, Hudson, New Hampshire) in a humidity con-
trolled glovebox. The samples were allowed to equilibrate between
the copper sheets for three to five minutes. Preliminary experiments
showed that plunging the specimen sandwich into liquid freon
(Figure 1a) or liquid propane (Figure 1b) allowed ice crystals to grow
and forced the virus to collect at grain boundaries. However, samples
frozen between the opposed high velocity streams of liquid propane

FIGURE 1a 10 wt% TMYV in water-nematic solution frozen by plunging into liquid-
solid freon slush cooled by liquid nitrogen. Large, radial ice crystals have displaced
the TMV to the grain boundaries.
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FIGURE 1b Same as (a) except frozen by plunging into liquid propane cooled by
liquid nitrogen. Ice crystals are smaller, but TMV are still displaced to the grain
boundaries.

in a Balzer’s cryo-jet apparatus® showed no signs of ice crystal for-
mation or virus aggregation (Figure 1c). As a check of the freezing
process, a TMV nematic sample containing 20% ethylene glycol (which
inhibits ice crystallization)” was prepared and imaged (Figure 1d).
Other than a rougher background fracture surface in the sample
containing ethylene glycol, there were no differences in the distri-
bution or locations of the virus particles.

Jet-frozen specimens were fractured at ~170°C and 10~® torr, then
replicated with platinum/carbon in a Balzers 400 freeze-etch unit.
Typically, 1.5 nm of platinum, controlled by an oscillating quartz
crystal monitor, was deposited at a 45° angle, followed by 10 nm of
carbon deposited normal to the fracture surface. The samples and
replicas were removed from the bell jar and brought to room tem-
perature. To free the replicas, the copper planchettes were slowly
dissolved in chromic acid,! leaving the replicas suspended at the
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FIGURE 1c Same as (a) except jet-frozen by high velocity opposed streams of liquid
propane. No evidence of ice crystallization or displacement of virus.

liquid interface. The replicas were washed in deionized, doubly
distilled water, collected on forvmar-coated 50 mesh gold grids
(Ted Pella, Tustin, California), and examined in a JEOL 100B STEM
in the conventional transmission mode. Shadows (absence of plati-
num) appear light in the prints. In some of the micrographs, residue
from the virus or impurities in the cleaning fluids show up as irregular
dark patches. These patches detract only from the cosmetic value of
the micrographs and do not alter the virus distribution or orientation
in the replica.

lil. OBSERVATIONS

TMV nematics

Images of freeze-fracture replicas of TMV nematics show that the
virus are well ordered over many virus lengths (Figure 2). Many of
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FIGURE 1d TMV nematic containing 20% ethylene glycol as cryoprotectant to
inhibit crystallization. Although the background fracture surface is much rougher than
in (¢), the distribution and orientations of the virus appear similar.

the virus cross-fracture through their centers, and show the 4 nm
diameter central hole down the axis of the virus. The fine striations
normal to the virus axis visible in many of the micrographs are the
helical arrays of individual protein sub-units that make up the outer
shell of the virus.® Resolution in the replicas is about 2 nm, the limit
imposed by the platinum grains. Many of the virus appear to lie
entirely in the fracture plane in Figure 2; the average length of these
in-plane virus is 320 nm, and the standard deviation is 17 nm, con-
firming that the virus population is monodisperse.

An estimate of the order parameter, S, of the TMV nematic was
obtained by measuring the projected length of the in-plane virus along
the average orientation (N in the micrograph), then dividing by the
total length of the virus. This determines cos 6, in which 8 is the angle
of deviation of an individual virus from the average direction. The
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FIGURE 2 Well-ordered region of TMV nematic. Average length of virus is
320 = 17 nm. N is the director. The order parameter is 0.93.

order parameter is defined in the usual way:'?
S = 1/2{(3cos*6 — 1))

For the in-plane virus in Figure 2, S is 0.93, which agrees well with
the 0.9 measured by preliminary X-ray studies.!® As expected, the
order parameter measured over small areas is greater than the bulk
value measured by X-ray. However, because any artifacts of freezing
tend to decrease the order, the agreement between the two methods
suggests that the freezing rate is high enough to prevent the virus
from rearranging.

The virus align parallel to the bounding surfaces of the copper
planchettes used to form the specimens as seen in Figure 3; however,
no preferred orientation in the plane of the copper surface seems to
be imposed. Each virus appears to be oriented mainly by its closest
neighbors; small bundies of virus are nearly parallel to each other,
but misoriented with respect to the other bundles. One reason for
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parallel to the copper surface, but have no preferred orientation in the plane. Virus
in “‘bundles” (circled) are parallel, but misoriented with respect to adjacent bundles.

this is that the copper surface is rough and irregular with many micron-
sized projections. The virus bundles often fit into one of the pits in
the copper surface and are cut off from the rest of the virus in the
bulk. It is likely that the virus in the bulk of the sample are aligned
by flow when the sample is prepared.

Figure 4 shows the TMV nematic perpendicular to the long axis of
the virus. The individual particles appear as light, unshadowed cir-
cular rings with a dark interior spot. If the dark spot is centered on
a uniform, circular ring, the virus is perpendicular to the fracture
surface. The virus particles do appear to line up in rows in certain
areas of the micrograph, but overall, the center-to-center spacing is
not uniform. It is unusual for the TMV nematic to present this large
of a perpendicular fracture surface because the fracture usually prop-
agates parallel to the copper planchettes and the virus align parallel
to these surfaces. (See Figure 3.)

Distortions in the direction of local molecular orientation in TMV
nematics require little energy, as in thermotropic nematics. All dis-
tortions in a nematic phase are the sum of three principal modes:
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FIGURE 4 End-on view of TMV nematic. The virus appear to line up in irregular
rows, but do not appear equally separated.

splay, twist, and bend (Figure 5a), each with its associated elastic
constant.'*'> Theoretical values of the elastic constants can be com-
puted from the rigid-rod theory of Onsager.*!¢ For highly oriented
nematics such as TMV, Onsager theory predicts that the bend elastic
constant is large in comparison to the splay and twist constants. Ex-
perimentally, K, the twist constant, is of the order 10~7 dynes/cm,
K, the splay constant, is about 5 times as large, and K5, the bend
constant, is about 40 times K,.!7

Figure 5b shows regions in the TMV nematic in which each of the
three principle modes of deformation is visible. Twist deformations
are most common and are manifested as a rotation of the virus out
of the fracture plane. Twist deformations seem to occur more often
and over a shorter distance than either splay or bend deformations
which suggests that the twist elastic constant is smallest. In splay and
bend deformations, the virus remain in the plane of the director.

Disclinations in TMV nematics

Disclinations are line defects around which the molecular orientation
changes discontinuously and are well described by singular solutions
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FIGURE 5a Three principal modes of deformation in liquid crystals.

of the continuum equations of Oseen'* and Frank.!> Two types of
disclinations exist; edge (or twist) disclinations, which have their ro-
tation axis perpendicular to the disclination line, and screw (or wedge)
disclinations, which have their rotation axis parallel to the disclination
line. (See Figures 6, 7a, b.)'? However, the continuum equations

FIGURE 5b TMYV nematic showing regions that can be classified as one of the three
principal modes. Note that twist, which involves rotating the virus out of the fracture
plane, appears most common, and occurs over the shortest distances.
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EDGE DISCLINATION
ROTATION AXIS PERPENDICULAR TO LINE

/2 mn

GEOMETRICAL CONSTRUCTION /:/f <0
/‘l/—

MOLECULAR ARRANGEMENT

FIGURE 6 Geometrical construction and molecular arrangement of a |1/2] edge
disclination (after deGennes).!?

cannot describe the molecular configuration near the core of the
defect.

Figure 8 shows a TMV nematic sample fractured near a |1/2] edge
disclination line. The virus particles abruptly change orientation by
90° along the disclination line, similar to the drawing in Figure 6. The
disclination core is narrow, never appearing to be more than one
virus in width. There appear to be small pockets of water (arrowed)
along the core, possibly to fill in any gaps in the virus arrangements,
thereby relieving any regions of large stress. The thermotropic ne-
matic analog to the patches of water may be local variations in density
at the disclination core; however, the virus distribution is not isotropic
near the core.

Figure 9 shows a — 1/2 screw disclination line almost perpendicular
to the fracture plane. The molecular configuration around the line is
similar to Figure 7b. However, near the core of the disclination, the
virus appear much more disordered and seem to twist out of the
fracture plane (arrows). The core of the screw disclination is several
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SCREW DISCLINATIONS
ROTATION AXIS PARALLEL TO LINE

FIGURE 7a,7b Geometrical construction of screw disclinations. The local molecular
axis follows the heavy black lines. The disclination and rotation axis are perpendicular
to the page.

virus wide. As the energy of a disclination increases with the size of
the core,' Figures 8 and 9 suggest that edge disclinations are of lower
energy than screw disclinations, and hence would be more numerous.
The deformation around a screw disclination line involves splay and
bend, which are higher energy processes, as compared to the defor-
mation around an edge disclination line, which involves mainly twist.
The rigid virus particles cannot bend at sufficiently sharp angles as
required near the core of the —1/2 screw disclination; therefore, the
core of the defect is large and the virus must twist out of plane to
provide the necessary curvature. On the other hand, twist does not
require any distortion of the virus, even for large deformations, hence
the core of the edge disclination is small. In bulk samples of TMV
observed in a light microscope, edge disclination loops are the pre-
dominant defects.®

Colloidal crystals

Figure 10 is an image of a replica of a sample of TMV colloidal
crystal. About every 5-10 microns, the fracture surface abruptly
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FIGURE 8 Twist disclination in a TMV nematic. The virus abruptly rotate by 90°
along the disclination line which is in the center of the micrograph from top to bottom.

Small pockets of water (arrows) seem to fill in gaps along the core, which appears to
be no more than one virus wide.

changes direction; on one side, the virus are nearly parallel to the
fracture surface and on the other, nearly perpendicular. These abrupt
changes may be evidence of grain boundaries between misoriented
crystallites of the virus. Kreibig and Wetter estimated the crystallite
size to be from 3 to 12 microns by analyzing the diffraction peak
width observed by light scattering.” The virus appear to be better
ordered over longer distances than in the nematic phase, and the
side-to-side spacing is more uniform.

An enlarged view of the arrowed area of Figure 10 (Figure 11)
shows that the centers of mass along the rows of virus extending from
left to right across the micrograph appear to be correlated. The lay-
ering is not perfect due to three factors. First, thermal fluctuations
displace the virus along the direction of its axis. The forces that lead
to the formation of layers are smaller and less directed than those
responsible for the orientational order and side-to-side spacing. Layers
may not exist in reality; there may exist only a sinusoidal density
modulation as in smectic liquid crystals. One way of testing this is by
diffracting light from the TMV layers. Smectic-like order results in
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FIGURE 9 —1/2 Screw disclination in a TMV nematic. The core of the screw dis-
clination appears larger than in the edge disclination and is also more disordered. The
virus appear to twist out of the fracture plane along the disclination line (arrows).

only a single Bragg reflection, while crystal layers give higher order
reflections. Only first order reflections have been observed in TMV
colloidal crystals.® It is not known whether higher order reflections
do exist because the wavelengths required to obtain these reflections
are inaccessible or cause the virus to absorb strongly. It is therefore
possible that TMV colloid crystals are more like smectic B liquid
crystals, which have hexagonal order in the plane but only a sinusoidal
density modulation perpendicular to the plane,'® than true crystals.

The second factor that contributes to the apparent imperfections
in the layering is the fracture process. There is no control over the
propagation of the fracture front, and no reason to expect that any
particular virus orientation is a preferred fracture direction. The frac-
ture surfaces are rough and irregular as can be seen by the varying
shadows across Figures 10 and 11. Small changes in the direction of
fracture could result in significant deviations in the apparent layering
or in the apparent lattice arrangement when the virus are viewed
end-on. The fracture surface bounces from one plane of virus to
another and presents various oblique as well as parallel fractures
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FIGURE 10 Replica of TMV colloidal crystal sample near an apparent grain bound-
ary at which the virus change directions.

through the virus. Allowing the ice matrix to sublimate or “etch”
might reveal a more regular arrangement underlying the fracture
surface. Such experiments are planned for the near future. Figure 12
shows more uniform layers of TMV; however, the fracture plane is
oblique to the virus axis and the ends of many of the virus have
broken off, confusing the actual structure.

The third factor is that because colloid crystals are soft, the shear
involved in making the sample sandwiches likely disrupts the order
in the samples. In future experiments, the samples will be allowed
to anneal for a longer time between the copper sheets before jet-
freezing.

Viewed end-on in Figure 13, the virus are more uniformly spaced
than in the nematic phase, with a center-to-center distance of about
50 nm, which agrees with the spacing measured by small-angle X-ray
diffraction.? At least two orders of reflection have been observed
from the hexagonal lattice with X-rays and the reflections appear
sharp,? indicating that the hexagonal pattern is distinct and extends
over distances that are large in comparison to the lattice spacing. In
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FIGURE 11 Enlarged view of the boxed area of Figure 10. Note the regular density
modulation along the virus axis, but the absence of any real layers. Spacing between
the arrows is about 340 nm.

the freeze-fracture micrographs, the virus appear to be well ordered
over large distances, but the hexagonal pattern is not distinct. Usually,
one can distinguish two sets of rows in the micrographs, at various
angles to each other (along the arrows in Figure 13). Around many
of the virus, six nearest neighbors can be found in nearly the correct
positions. It appears that the hexagonal ordering of the virus per-
pendicular to their long axis is less affected by sample preparation
than the ordering into rows along the virus axis.

IV. CONCLUSIONS AND FURTHER WORK

Aqueous solutions of Tobacco Mosaic Virus are ideal systems for
visualization of molecular order in nematic and crystalline phases by
freeze-fracture electron microscopy. Rapid freezing of thin (< 50
microns) samples is essential to prevent the growth of ice crystals and
the resulting disruption of the distribution, orientation and structure
of the virus particles. Replication of the fracture surface with platinum
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FIGURE 12 Low magnification view of colloidal crystal sample Fracture plane is
oblique to the virus axis. The layers are poorly defined, but a density modulation
along the virus axis is visible.

and carbon gives sufficient contrast to observe the patterns of the
protein sub-units helically arranged along the virus axis, a resolution
of about 2 nm. It should be possible to visualize almost any colloid
dispersion of rigid particles with freeze-fracture to this resolution.
Nematic phases of TMV in water are highly oriented with measured
order parameters of 0.93. Twist deformations appear to be most
common in the micrographs, confirming experimental and theoretical
evidence that the twist elastic constant is smaller than either the splay
or bend constants. Both edge and screw disclinations are observed
in TMV nematics at molecular resolution, and their overall config-
urations correspond closely to those predicted by continuum theory.
With the molecular resolution possible in these model systems, dis-
clination cores have been visualized for the first time. The edge dis-
clination core is small, no more than a single virus length wide, and
seems to be decorated with small patches of excess water. The virus
reorient abruptly by 90° at the core, but appear to remain in the plane
of the disclination line. The screw disclination core is several virus
lengths in diameter and much more disordered. The virus twist out
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FIGURE 13 End-on view of colloidal crystal sample. Local hexagonal packing is
present, but the lattice is distorted by the irregularities of the fracture. Two rows of
well aligned virus are along the arrows. Center-to-center spacing is about 50 nm.

of the plane perpendicular to the line and into the plane along the
disclination line. The relative sizes of the cores suggest that the edge
disclinations have lower energy than screw disclinations. This is con-
sistent with light microscopy observations that show edge disclinations
to be the predominant defect.

The virus in colloidal crystal TMV solutions have better positional
order than the nematic samples. Although no real layers were visible
along the virus axis in the freeze-fracture images, a sinusoidal density
modulation was observed. With the experimental evidence at hand,
it is possible to assign either a smectic-B liquid crystal or a true three-
dimensional crystal structure to this phase. Perpendicular to the long
axis of the virus, the particles appear hexagonally ordered, but the
fracture plane always appears to cut the lattice obliquely and the
imaged arrangement appears distorted. An average center-to-center
distance of 50 nm, which agrees with X-ray measurements, is obtained
from the micrographs.

Additional experiments are planned to improve the freeze-fracture
results. The perturbing influence of the fracture process may be elim-
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inated by etching several hundred Angstroms of ice from the fracture
surface prior to replication to reveal the structure underlying the
fracture plane. The influence of shear during the creation of the
copper sandwich samples might be removed by allowing the samples
to anneal for longer times. By digitizing and analyzing the micro-
graphs, we hope to obtain quantitative information including order
parameters, autocorrelation functions, and radial distribution func-
tions for the nematic and crystalline TMV solutions.
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