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ABSTRACT

Agarose gel electrophoresis, circular dichroism
and differential scanning calorimetry showed
that single-stranded RNA from satellite tobacco
mosaic virus transforms from a conformationally
‘closed state’ at 4°C to a more conformationally
‘open state’ at 65°C. The transition is reversible
and shows no hysteresis. Atomic force microscopy
(AFM) allowed visualization of the two states and
indicated that the conformationally ‘closed state’
probably corresponds to the native encapsidated
conformation, and that the ‘open state’ represents
a conformation, characterized as short, thick chains
of domains, as a consequence of the loss of tertiary
interactions. Heating from 75°C to 85°C in the pres-
ence of EDTA was necessary to further unravel the
‘open’ conformation RNA into extended chains
of lengths >280nm. Virus exposed to low concen-
trations of phenol at 65°C, extruded RNA as distinct-
ive ‘pigtails’ in a synchronous fashion, and these
‘pigtails’ then elongated, as the RNA was further
discharged by the particles. Moderate concentra-
tions of phenol at 65°C produced complete disrup-
tion of virions and only remains of decomposed
particles and disordered RNA were evident. AFM
images of RNA emerging from disrupted virions
appear most consistent with linear arrangements
of structural domains.

INTRODUCTION

Satellite viruses (1-3) provide particularly useful models
for the assembly of icosahedral viruses because of
their small size, capsid simplicity, small nucleic acid

complement and minimum coding capacity. Four
encapsidated, 7 =1 icosahedral satellite viruses are
known to infect plants in the presence of their helper
viruses, and the crystallographic structures have been
determined at high resolution for three of them (4).
Each virus codes only for its coat protein, using
single-stranded RNA genomes ranging from 728 nt for
satellite panicum mosaic virus to 1457nt for satellite
tobacco necrosis virus.

Satellite tobacco mosaic virus (STMV) is the most thor-
oughly studied of the satellite viruses (4-7). Its virion is
composed of 60 identical copies of a 17.5 kD coat protein
and a single-stranded RNA molecule of 1058 nt. Its struc-
ture has been refined to 1.45A resolution by X-ray
crystallography (S. Larson et al., 2010, submitted for pub-
lication), the highest for any virus and ~45% of the
encapsidated RNA is present in electron density maps
(8-10). This implies that nearly half of the RNA is
structured in a manner consistent with icosahedral
symmetry. Portions of the remainder of the encapsidated
RNA structure can be inferred. The distribution of RNA
density has been interpreted as a linear series of local
stem—loop and pseudo-knot substructures that are
bound firmly by coat protein dimers at the interior
surface of the capsid (11). The 2-fold axes at the centers
of double helical stems coincide with protein dimer dyads,
and hence with icosahedral 2-fold axes.

An assembly pathway has been proposed for STMV,
which is based on cooperative interactions between coat
protein dimers and stem—loop elements of the RNA, pro-
ceeding in an orderly pathway as RNA is synthesized on
replication complexes (11). In this model, RNA spontan-
eously forms a sequence of local stem—loops as it is
synthesized, essentially as predicted by earlier researchers
(12-15). The stem—loop elements are then immediately
bound and maintained by protein dimers. The RNA is
driven into a more compact, encapsidated conformation
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by the condensation of the coat protein into an icosahe-
dral shell, a consequence of interactions and interfaces
inherent in the protein structure. Thus, both the protein
and the RNA are complicit in the assembly process.

An important feature of the current model for the struc-
ture of the encapsidated STMV RNA (11,16) is that it is
not assumed to be in its minimum energy conformation in
which 60-70% of its nucleotides would be predicted to
form base pairs (9,17). It is, rather, assumed to be in a
more fluid, metastable conformation, one more readily
unfolded upon decapsidation and one more conducive to
dynamic, physiological processes such as replication,
translation and intercellular transport. On the other
hand, some physiologically important substructures may
be present throughout the life of the RNA. These might
include the histidine accepting, tRNA-like structure at the
3’ end of the molecule (18), and the 5 structural element
forming the recognition site for the tobacco mosaic virus
(TMV) helper virus replicase (19-20).

Although the secondary structure of the RNA contains
helical stem—loops, pseudo knots and perhaps more
complex substructures, the overall tertiary structure of
the encapsidated RNA must be consistent with an ap-
proximately spherical shape of diameter ~10nm in order
to be contained within the capsid. Presumably, this is
maintained by protein—nucleic acid interactions, but
also, at least in part, by RNA tertiary interactions that
subsequently form. Earlier experiments on STMYV that
had been exhaustively digested with proteinase K
showed, by mass spectrometry, that RNA cores resulted
which still had bound within them peptides that included
the basic amino terminal tails of the coat protein (21).
These cores, by quasi-elastic light scattering (QELS),
had uniform diameters of ~10nm, the inside diameter of
the STMV protein shell. This was confirmed by atomic
force microscopy (AFM) (16). Somewhat surprisingly,
the cores did not readily unfold into more extended struc-
tures. The RNA—amino terminal peptide cores had to be
heated >75°C before they began to lose their integrity.

In another paper, we described an AFM study of
genomic single-stranded RNA, extracted by the conven-
tional phenol procedure, from a number of small icosahe-
dral viruses (22). These included poliovirus and STMV
among others. We also included in that study, for com-
parison, the RNA extracted from the rod shaped, helical
virus, TMV. We showed that RNA, freshly extracted from
icosahedral viruses, existed initially as roughly spherical
masses of highly condensed nucleic acid having diameters
corresponding to the insides of their respective viral
capsids. This suggested, consistent with the QELS
results, that the RNA, upon extraction, maintained the
same, or a very similar conformation to that which it
had when encapsidated.

With time, at 25°C, the conformation of the RNA from
poliovirus transformed into linear arrays of secondary
structural domains, helical stem-loop structures and
possibly pseudo knots. The substructure was occasionally
interrupted by stretches of extended single-stranded RNA.
The RNA from STMV showed similar behavior, but only
under more rigorous conditions.
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To further characterize the structure of the encapsidated
STMV RNA, and the structures that it assumed upon
transformation from the condensed, encapsidated con-
formation to the extended array of domains, we under-
took a further study of the RNA, and that is described in
the present article. We combined AFM observations with
a series of biophysical experiments. We also imaged the
release of RNA from STMV that was intentionally dis-
rupted by various means, both physical and chemical.

MATERIALS AND METHODS
Preparation of STMV

STMV was prepared as described previously (6-7,23),
principally using fractionation by PEG followed by
crystallization from salt solutions. For these studies,
the STMV was crystallized, washed, dissolved and re-
crystallized at least once. This was necessary to minimize
the presence of RNA from TMV in the samples used for
AFM, biophysical and biochemical characterizations.
A significant modification was introduced into our pro-
cedures for crystallization. Crystals in the past were
obtained by dialysis of the crude virus solutions against
10-20% w/v ammonium sulfate. Crystals grown in this
way were of the orthorhombic form (6-7,23) and these
were extremely difficult to redissolve for re-crystallization.
Our STMYV preparation now uses dialysis against 8-12%
sodium chloride in water. The crystals so obtained from
NaCl are of the cubic habit (24) and re-dissolve readily in
water, permitting repeated re-crystallization before extrac-
tion with phenol.

Preparation of STMV RNA

STMV was dissolved in 50 mM Tris—HCL buffer at pH
7.0 and extracted three times with water-saturated phenol,
and then twice with chloroform to remove residual
phenol. For agarose gel electrophoresis, circular dichroism
(CD) and differential scanning calorimetry (DSC) experi-
ments, RNA was concentrated by precipitation with
1/10 volume of 3M sodium acetate, pH 5.4 and three
volumes 100% ethanol. The solution was incubated at
—80° C for 18 h. The RNA was collected via centrifuga-
tion at 21000rpm for Smin in an IEC Micromax
microcentrifuge. The supernatant was removed and the
pellet dried in a Labconco centrivap concentrator at
45°C for 5min. The RNA was resuspended in DEPC-
treated H,O (Research Genetics, an Invitrogen
Corporation; Huntsville, AL, USA). Concentration
and purity were evaluated based on optical density at
260 and 280nm and their ratio using a Hewlett-Packard
845 UV-visible spectrophotometer.

Agarose gel electrophoresis

Electrophoresis was carried out using a MiniSub™ DNA
Cell horizontal slab—gel system from BioRad with a
Cabisco Biotechnology power supply. Agarose gels (1%)
were made with 1x TBE buffer and run at 100V for
45min. The gels were visualized under UV illumination
using a FOTO/phoresis light box from FOTODYNE.
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Photographs were recorded with a FOTODYNE Polaroid
camera (Cat. No. 1-1440) and scanned using a HP ScanJet
IIC/ADF scanner.

The reversible folding of STMV RNA visualized on
agarose gels was demonstrated using a 50 pl master mix
of RNA. A 3l aliquot at 4°C was removed and added to
a tube containing 10% formamide in 37% formaldehyde
(25-27). This was the initially closed, or folded conform-
ational state. The formamide to formaldehyde ratio had
previously been optimized so that the closed state
remained folded in the presence of the formamide and
formaldehyde reagent and the open state denatured. The
master mix was subsequently heated at 65°C for 10 min
and another 3 pl aliquot immediately removed and added
to a tube containing the same optimized concentration of
formamide and formaldehyde. This yields the open state.
The master mix was allowed to cool to 4°C for 10 min,
another 3l aliquot was removed and added to the
formamide—formaldehyde reagent, thereby trapping the
closed, refolded state and so on. The process was
repeated six times. Upon completion, all solutions were
placed on ice for 30min and then examined using
agarose gel electrophoresis as above.

Circular Dichroism (CD)

CD measurements were made on an OLIS-RSM 1000
Rapid Scanning Monochromator. A 2.0ml cuvette with
a path length of 1cm was used for all experiments. Data
were collected every 1 nm between 200 and 300 nm over
the range of temperatures. A 1.0s integration time was
used throughout. We previously demonstrated that no in-
cubation time is required, thus data were collected once
the appropriate temperature was achieved. The ellipticity
values obtained were normalized to molar ellipticity for
comparison. The following equation was used to convert
millidegrees to molar ellipticity values (deg x cm?/dmol):

[0]=6 x (M/c x 1 x n)

where [0] is molar ellipticity, 6 is the ellipticity in
millidegrees, M is the molecular weight of the RNA, ¢ is
the molar concentration, | is the cuvette path length and n
is the number of bases. Once the data were collected, the
262nm wavelength was used for analysis. Initial scans
indicated this to be the peak. Though other scans under
varying conditions yield peaks between 258 and 267 nm,
there is no apparent difference in the profiles thus the
262 nm wavelength was utilized for all analyses.

Differential Scanning Calorimetry (DSC)

DSC analysis of STMV RNA was performed using a
MicroCal (Northampton, MA, USA) Extended Range
VP-DSC with a cell volume of 0.5ml. Purified RNA was
degassed by vacuum using the MicroCal accessory and the
resulting solution was scanned at 1.5 C/min from 5°C to
80°C. DSC data were analyzed using the procedure of
IGOR Pro (Wavemetrics, OR, USA) in which the base-
lines, heat capacity and melting temperatures were fitted.

Preparation of virus and RNA samples for AFM

Preparation of STMV RNA was as described previously.
In some cases, the RNA was precipitated with 100%
ethanol at —20°C and suspended in DPEC treated
water; in other cases, RNA was analyzed immediately fol-
lowing treatment with chloroform. RNA from STMV was
first transformed from the conformation initially present
in the phenol extracted nucleic acid to a still highly
condensed linear form by exposure to temperatures
between 50°C and 75°C, but additional change was diffi-
cult to produce. Eventually, we were successful in further
melting the structure of the RNA by heating it from 80°C
to 85°C in the presence of 0.015M EDTA, or 3 M sodium
chloride. For AFM, heating with EDTA was the preferred
approach in order to avoid fouling of the AFM substrate
by crystalline salt. Heating the RNA at pH 9-10 was also
attempted, but, as might have been expected, this led to
rapid degradation of the RNA to small fragments as short
single-stranded regions were swiftly hydrolyzed.

For AFM imaging of virus disruption and RNA release,
a number of methods were applied which had previously
performed well with other viruses (22,28). Most failed with
STMV. High pH, heating to 80°C and higher, and com-
bination of the two had little effect on the intact virus.
STMV treated at 37°C with proteinase K or trypsin
could still be crystallized in familiar crystal forms,
indicating no significant damage. Although incubation
of STMV with stoichiometric amounts of proteinase K
at 60°C did produce degradation as shown by light scat-
tering, we found that the best method for disruption of
STMV, which permitted some degree of control, was
exposure of the virus to buffer containing phenol at
various concentrations and temperatures. The buffer—
phenol solutions were made by simply diluting the upper
layer in the conventional two phase system obtained in
making phenol saturated with buffer.

Atomic Force Microscopy (AFM) analysis

AFM analysis (29-33) was generally carried out in air,
though in some cases scanning was performed under
buffer in a 75-pul fluid cell. Substrates were freshly
cleaved mica, mica treated with magnesium chloride, or
mica coated with poly-l-lysine. Nucleic acids usually
adhered to magnesium ion treated surfaces that carry
positive charges, while virus particles adhered firmly to
mica coated with poly-l-lysine. Most details of the AFM
analyses have been presented in earlier papers (22,34-39).
Samples of 1.5-5 ul composed of 0.02M HEPES at pH 7.0
made from DPEC water and containing virus, RNA or
other viral components were applied to the substrate and
allowed to sediment for 5-30min, depending on the
sample. Alternatively, the sample was simply allowed to
dry in air onto the substrate. Excess liquid was removed
on filter paper. The sample, on the substrate, was then
exposed to 5% glutaraldehyde in buffer for 2min and
excess glutaraldehyde solution shaken off. The substrate
was then washed two times with distilled water and dried
in a stream of dry nitrogen gas.

Glutaraldehyde has proven necessary in most studies to
rigidify biological samples sufficiently that they permit



scanning at high magnification. Glutaraldehyde reacts
with free amino groups of lysine residues of proteins,
amino termini of proteins and the exocyclic amino
groups of nucleic acid bases adenine, guanine and
cytosine. Poly-I-lysine has proven to be a reliable
adhesive for virtually all of the biological samples that
we have investigated particularly cells, viruses and
protein assemblies. While nucleic acids also adhere well
to substrates coated with poly-l-lysine, the polymer
produces a background level that often obscures the true
heights of DNA and RNA, which protrude above the
substrate only from 0.6 to 2.0 nm. Because nucleic acids
also adhere well to substrates (mica, glass, plastic) treated
with magnesium salts, such as magnesium chloride or
magnesium acetate, that do not produce a high back-
ground, those are the preferred substrates for visualization
of RNA and DNA.

AFM imaging was carried out using a Nanoscope 111
multi-mode instrument (Veeco Instruments, Santa
Barbara, CA, USA). When scanned in liquids, virus and
associated macromolecules were scanned at 26°C using
oxide-sharpened silicon nitride tips in a 75l fluid cell
containing buffer. For scanning in air, silicon tips were
employed. The images were collected in tapping mode
(40-41) with an oscillation frequency of 9.2kHz in fluid
and 300 kHz in air, with a scan frequency of 1 Hz. Vertical
and lateral distances were calibrated using standards from
Digital Instruments (Santa Barbara, CA, USA) of 10 nm
height steps of pitch 200 nm, and standards from MCNC
Analytical Labs with step height 10 nm and pitch of 1 pm.
The AFM instrument was calibrated to small lateral dis-
tances by imaging the 111 face of a thaumatin protein
crystal and using the known lattice spacings (42—43) as
standard. Cantilevers for scanning in air were from
Veeco (Santa Barbara, CA, USA) and were TAPI150
with lengths of 115-135pum and spring constants of 5
Nn. For solution scanning, they were 0TR4 with lengths
of 100 um and spring constants of 0.08 Nn.

In the AFM images presented here, height above sub-
strate is indicated by increasingly lighter color. Thus
points very close to the substrate are dark and those
well above the substrate white. Because lateral dimensions
are distorted due to an AFM image being the convolution
of the cantilever tip shape with the surface features
scanned, quantitative measures of size were based either
on heights above the substrate, or on center to center dis-
tances on particle surfaces.

RESULTS
Biophysical experiments

Figure 1 is an agarose electrophoretic gel of STMV RNA.
Lane 2 is a sample of RNA that was heated to 65°C and
then exposed to the formamide/formaldehyde reagent at
that temperature. As a consequence of formaldehyde
reaction with the nucleic acid, the reagent essentially
traps the RNA in the conformation extant at the time of
exposure. All of the RNA in the sample migrates as a
single band corresponding to a double stranded DNA
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length of ~800bp. In lane 3, the RNA was heated to
65°C and allowed to cool in the absence of the reagent.

As is evident from the gel, at 65°C, all of the RNA
molecules in the sample have approximately the same or
similar conformations. At room temperature, there is
again a single major band on the gel, but corresponding
to a length ~25% less. That is, the RNA migrates signifi-
cantly faster and, therefore, has assumed a more compact
form. The gel shown here is readily reproducible and the
same result has been observed with numerous samples of
STMV RNA obtained by phenol extraction.

In the experiment illustrated by the agarose gel in
Figure 2, the transition between the two conformational
states, corresponding to the slow and fast bands on the gel
of Figure 1, is shown to be reversible. Lane 2 is an aliquot
of a larger sample of RNA at 25°C that was exposed to the

1500 =
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Figure 1. Native agarose electrophoretic gel of STMV RNA produced
by extraction of the virus with phenol. Double-stranded DNA of
specific lengths was used to produce a molecular ladder as standards
in lane 1. In lane 2, the RNA was heated for 10min at 65°C and
exposed to a reagent composed of 10% formamide and 37% formal-
dehyde before application to the gel. In lane 3, the RNA was heated to
65°C and simply allowed to cool to 4°C before application to the gel.
The single band trapped at 65°C represents the ‘open’ conformation of
the RNA. The predominant band that forms at low temperature after
re-naturation corresponds to the ‘condensed’ state.

bp
1500 —

1000 —

500 —

Figure 2. Native agarose electrophoretic gel showing the reversible
transition of STMV RNA. The lanes contain formamide/formaldehyde
fixed aliquots taken from a single sample of STMV RNA heated and
cooled alternately between 4°C and 65°C. Lanes 2, 4, 6 and 8 corres-
pond to aliquots of RNA cooled to 4°C and fixed, while lanes 3, 5 and
7 correspond to aliquots fixed at 65°C. Lane 1 is a DNA molecular
weight standard ladder.
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formamide/formaldehyde reagent with no heating. The
RNA parent sample was then heated to 65°C, as in the
experiment of Figure 1, and an aliquot drawn, exposed to
the reagent at that temperature and applied to lane 3. The
parent sample of RNA was then cooled to 4°C, an aliquot
drawn, exposed to the reagent and run on lane 4. The
procedure of alternately heating and cooling the parent
sample of RNA, drawing aliquots and exposing them to
the reagent was repeated to produce the samples seen on
lanes 5 through 8. The experiment was continued to
greater numbers of cycles in other experiments with the
same results.

As is evident from Figure 2, the STMV RNA can be
induced to repeatedly and reversibly transform between an
‘open’ and a ‘condensed’ conformational state, the transi-
tion occurring between 4°C and 65°C. A similar result was
obtained by monitoring absorption ellipticity by CD at
260nm as a sample of RNA was repeatedly heated and
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cooled. As seen in Figure 3, the course of the transform-
ation is highly reproducible and the plots of ellipticity in
the cooling and heating legs of the cycles are virtually
superimposeable. The experiment illustrated by Figure 4
suggests that the transformation between the two states is
relatively smooth and gradual, but marked by a discon-
tinuity. The DSC curves for two different samples of
STMV RNA are again practically congruent. The curves
indicate that there is some discreet structural transition
occurring at ~55°C.

AFM analysis of STMV RNA

Figure 5a contains AFM images of STMV RNA that has
been extracted from virus using the conventional phenol
procedure described above. The RNA was subsequently
exposed to 4°C in the presence of ethanol to concentrate
it, but the images were recorded at 25°C. As observed
previously (21-22) and as seen in Figure 5a, the RNA
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Figure 3. CD of STMV RNA as a function of temperature. CD ellipticity profiles were collected at 5°C intervals between 20°C and 80°C. The top
left panel shows the CD profile as a function of wavelength and temperature as the RNA unfolds. The darkest line represents the RNA at room
temperature and the profile becomes broader and blue shifts as the temperature increases. The molar ellipticity of the unfolding process was plotted
at 262 nm wavelength as a function of temperature at top right. In the lower left panel the folding process was monitored by measuring the CD
ellipticity starting at 80°C. As the temperature decreased the profile progressively returns to that seen for 20°C. The molar ellipticity of the folding
process is again shown, with the process initiated at high temperatures progressing towards room temperature (lower right).
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Figure 4. DSC analysis for STMV RNA. The RNA displays a broad
melting endotherm. A distinct transition occurs between 42°C and 60°C

with a midpoint corresponding to the melting temperature at 55°C.
Two independent runs are shown.

Figure 5. As the extracted RNA was heated from 25°C to 65°C the
RNA gradually unfolded. (a) Spherical particles of highly condensed
STMV RNA that result from phenol extraction of the virus with
phenol at 4°C. (b) The spheres begin unfolding as the temperature is
increased and begin to form short, thick chains. One of these is seen at
higher magnification in (c). (d) With progressively higher temperature,
the chains elongate as they further unfold. The height ranges for the
images are (a) 0.0 to —25nm; (b and c¢) 0.0-20 nm; and (d) 0.0-5nm.

has the form of condensed, roughly spherical particles
with a fairly uniform diameter of 10nm. The diameter
corresponds closely with the inside diameter of the
protein capsid calculated from the known X-ray crystal-
lographic structure (8). It is reasonable to assume, there-
fore, that the RNA has retained its encapsidated
conformation at 25°C. These particles correspond to the
‘condensed’ state observed in the experiments above, and
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must be a consequence of significant tertiary as well as
secondary structural interactions within the particle.

Figure 5b—d illustrates the result of heating the spherical
RNA particles to 65°C and application of the RNA to the
AFM substrate. At elevated temperature, the RNA
appears as rather short, irregular, thick strands that cor-
respond to chains of still highly condensed structural
domains. At least some crucial tertiary interactions are
lost in passing from the ‘condensed’ to the ‘open’ con-
formation, while secondary structural interactions are
probably preserved. If the elongated, ‘open’ form of the
RNA is cooled to 4°C, and the RNA visualized by AFM,
then the spherical particles, the ‘condensed’ form, is again
observed. Thus the transition, consistent with the biophys-
ical experiments, is reversible.

The AFM images define the ‘condensed’ (Figure 5a)
and ‘open’ (Figure 5b—d) states, but they suggest little
about the secondary structure of the RNA, nor what con-
formations exist at and >65°C, and under more rigorous
conditions. To explore this question, we exposed STMV
RNA to higher temperatures, to a variety of denaturing
agents, and combinations of the two. The objective was to
further, but gradually unravel the RNA conformation and
reveal something of the overall secondary structure. The
approach was similar to our earlier AFM investigation of
turnip yellow mosaic virus (35). The problem, however,
turned out to be considerably more difficult than we had
anticipated. This owed to the extraordinary stability of
STMV RNA.

Heating of the RNA in neutral buffer from 65°C to
85°C produced only modest further lengthening of the
RNA chains and revealed little more regarding the con-
formation. At temperatures approaching 100°C, the RNA
began to fragment as short, single-stranded stretches
hydrolyzed. High pH at temperatures of 75-90°C was
similarly devastating because it accelerated hydrolysis.
Eventually, we found that heating in the range of
75-85°C at neutral pH, but in the presence of 0.015M
EDTA or 3M NaCl promoted significant further unfold-
ing of the RNA. The effectiveness of EDTA and high-salt
concentrations both suggested that residual tertiary inter-
actions involved divalent cations, consistent with the
general observation that these ions are important in
determining RNA conformation.

Figure 6 presents AFM images of RNA molecules that
have further unfolded. In some cases, the contour lengths
are between 200 nm and 280 nm. Along the lengths of the
molecules the height varies from ~0.5 to 3.0 nm above the
substrate. A noteworthy feature of these molecules is
that they are all essentially linear and unbranched.
Occasionally, some small protrusions can be seen
emanating from the chains, but these are relatively
short. This suggests that the secondary structure does
not contain major diversions involving disparate regions
of the nucleotide sequence.

AFM analysis of disrupted STMYV particles

A question related to the conformation of the RNA, both
encapsidated and free of the protein shell, is how the RNA
departs the virion. To address this question, we carried out
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125%250 nm

a series of experiments in which we attempted to disrupt
the virus by various means while monitoring the results
using AFM. Again, our efforts were frequently thwarted
by the extraordinary stability of the STMV particles.
Approaches that had been successful with turnip yellow
mosaic virus, a 7 = 3 icosahedral plant virus of consider-
able fortitude (35), such as high pH, elevated temperature
or non-ionic detergents, failed with STMV.

In the end, we found that we could disrupt virions suf-
ficiently to affect release of RNA, or destroy capsids in
their entirety, by exposing them to buffer containing
various concentrations of phenol at temperatures in the
range of 65-75°C. The concentration of the phenol had to
be carefully adjusted and kept in balance with tempera-
ture. At one extreme nothing happened to the virus, at the
other extreme of phenol concentration and temperature,
the virions virtually exploded and the interval between the
two extremes was narrow.

Under the mildest conditions that still produced RNA
release, relatively intact virus exhibited ‘pigtails’ of RNA.
AFM images of the ‘pigtails’ are seen at different times
after exposure in Figure 7. The ‘pigtails’, as the name
suggests, are linear, with bulges and narrows along their
lengths, and they vary from barely perceptible as they
first emerge, to as long as 200 nm upon elongation as in
Figure 7f. Apparently, the capsid suffers a limited rupture
at some point, or loses a pentagonal capsomere, and the

98x125 nm

98x88 nm
86x86 nm

88x156 nm
166x137 nm

210x127 nm 156x88 nm

Figure 6. Single molecules of STMV RNA recorded by AFM. The RNA was exposed from 75°C to 85°C in the presence of EDTA. The height
range for all images is 0.0-2.5 nm.

RNA simply wanders outside. We also note that the end
of the RNA generally seems to exhibit a bulge or knob,
suggesting some leading domain or the presence of
residual coat protein. We cannot, from the AFM
images, know if this is the 3'- or 5'-end of the RNA, nor
whether a similar exit mechanism is realized within a host
cell.

Under more extreme conditions of phenol concentra-
tion and temperature, the protein capsid disassembles in
a disordered manner and the entire contents of the virus
are left displayed as capsid remnants and RNA on the
substrate. Figure 8 illustrates some of these occurrences.
In these, it can be seen that the RNA makes no orderly
exit, but simply splashes out of decomposed capsids.

DISCUSSION

Biophysical experiments involving agarose gel electro-
phoresis, CD and DSC indicate that STMV RNA can
exist in two distinct states that are dependent on tempera-
ture. A continuum of conformations likely exists between
these two end states, but these are not stable and, with
time, tend toward one of the two final states. These two
states we refer to as the ‘open’ and ‘closed’ conformational
state due to their differing mobilities on native agarose
gels. The closed state gradually transforms into the open
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X NM X150 nm

Figure 7. (a) When STMYV particles were exposed to low concentrations of phenol at 75-85°C they developed ‘pigtails’ of emerging RNA. (b) The
lengths of the pigtails within an observed population are relatively the same, as illustrated by the AFM image, suggesting that the initiation and rate
of emission of the RNA is consistent among particles. (¢) A pigtail has just started to emerge from a disrupted virion. Note the bulge at the end of
the strand. (d) A pigtail has elongated, but swollen areas indicative of structural domains are evident along its length. (e and f) The RNA has
assumed a fairly lengthy form. The ‘pigtail’ in (f) has a contour length of ~200 nm. The height ranges for the images are (a) 0.0-5nm; (b) 0.0-20 nm;

(c) 0.0-5nm; (d) 0.0-5nm; (e and f) 0.0-8 nm.

(a)

Figure 8. (a—d) STMYV particles that were catastrophically disrupted on
the AFM substrate so that the RNA was cast about in a disordered
manner. The height ranges for the images are (a) 0.0-25nm;
(b) 0.0-20nm; (c) 0.0-10nm; and (d) 0.0-8 nm.

conformational state as the temperature is increased from
4°C to 65°C, with a marked discontinuity at 55°C.

The transformation is reversible and reproducible, with
the path, based on CD and DSC, the same, independent of

the direction of the transition. AFM images show that the
closed state at 4°C corresponds to a condensed mass,
roughly spherical, having a diameter of 10 nm, the inside
diameter of the virion, that probably exhibits the same
conformation that the RNA possesses when it is
encapsidated within the virion. The diameter is the same
as that of exhaustively proteolytically digested STMV, as
measured by quasi-elastic light scattering, which still
contains the amino terminal polypeptides of the coat
protein (4).

The open conformation of the RNA, as judged from the
AFM images, reflects the loss of important tertiary inter-
actions, but probably not the loss of secondary structural
interactions. The RNA at 65°C exists as short, thick
chains of still highly condensed nucleic acid, suggesting
that secondary structure is maintained, but also significant
tertiary interactions as well. The more extensive elong-
ation of RNA molecules seen by AFM at higher tempera-
tures, but only in the presence of EDTA or high-NaCl
concentrations, suggests that the residual tertiary inter-
actions likely involve the participation of divalent cations.

With both elevated temperature and EDTA exposure,
additional interactions are lost and the RNA extends to
maximum lengths of ~280 nm. This, nonetheless, still rep-
resents a substantial compression. The molecules remain
intact at those lengths. Because single-stranded, extended
RNA polynucleotides hydrolyze rapidly under the condi-
tions required to attain an extended state, it seems safe to
conclude that most of the linear chain is still involved in
secondary structure that is considerably more resistant to
cleavage.
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Cautious treatment of virus with phenol at elevated
temperature promoted the emergence of linear chains of
RNA from otherwise intact particles. Presumably, one or
more pentameric capsomeres were lost or loosened enough
to permit an end of the encapsidated RINA chain to escape
the virion. These were not isolated events confined to in-
dividual particles. That is, the emergence of the RNA to
make the ‘pigtails’ was not a stoichastic process, as all of
the virus in the sample produced the RNA ‘pigtails’ in a
synchronous fashion, and all of the ‘pigtails’, at least ini-
tially, were of about the same length. In Figure 7a, for
example, the particles were exposed simultaneously to
the phenol and the AFM image records the lengths of
the ‘pigtails’ at an arbitrary later time. The average
length of the ‘pigtails’ is ~45 nm with a standard deviation
of 12nm. The deviation represents only ~4% of the full
length of the RNA molecules presented in Figure 6.

Some of the ‘pigtails’ spontaneously elongated and
produced extended chains as long as 200 nm. This was
remarkable given the difficulty we experienced in
inducing RNA extracted with phenol to unravel and
produce such long chains. The fact that the capsids
opened some portal to allow emission of an end of the
RNA suggests that there may be some unique pentamer
or other structural feature immediately adjacent to the
wandering end of the RNA molecule when it is
encapsidated. Alternatively, it could be that the close
proximity of the wandering end on the inside of the
capsid weakens, or unlocks a capsomere and causes it to
dissociate from the virion, i.e. the RNA forces its way out.

We do not know if the wandering end is the 5'- or the
3'-end, but we favor the 3’-end. The 3’-end contains a
tRNA-like structure, and in AFM images we observe an
enlargement at the distal terminus of the ‘pigtail’. We also
know from previous experiments that the tRNA-like
structure is accessible on phenol extracted RNA since it
can be amino acylated with histidine (18). Thus it must be
on the outside of the condensed, spherical mass of RNA in
the encapsidated conformation. It is possible that the
5-end also has an exposed position adjacent to the
interior surface of the capsid, but we have no evidence
of that.

A fully extended single-stranded RNA would have an
average distance between consecutive phosphate groups of
~0.55nm. Thus a fully extended STMV RNA would have
an expected length of ~1058 x 0.55nm = 582nm. The
maximum contour length of the STMV RNA in the
AFM images is about half that. In addition, from
previous work (38), we know how extended RNA
appears in AFM images, and the height to which it rises
above the substrate plane. We also know from that work
the appearance of condensed or multi-stranded nucleic
acid. The RNA molecules illustrated in Figure 6, even
those of greatest extent, do not have the length, height
or appearance of fully extended RNA. Clearly, the mol-
ecules we visualized, even after extensive attempts to
denature them, still contain a substantial amount of sec-
ondary structure and are still condensed to ~50% of fully
extended length. The question that this poses is: what is
the nature of the residual secondary structure?

A plausible explanation is that the RNA exists as a
chain of small domains, e.g. short stem-loops and
pseudo knots that appear in a linear manner along the
length of the RNA. We suggested this arrangement previ-
ously (11) and pointed out that it is consistent as well with
the expectations of earlier investigators (12—15) and with
X-ray crystallographic results (25-27). If many of these
small domains remained, then they would explain the
length, compression and the heights above the substrate
of the RNA molecules. This might explain as well the
general appearance of the RNA and its continued resist-
ance to hydrolysis. We do not, however, see stem—loops
protruding or branching from the molecules in Figure 6,
which we might have expected. On the other hand, those
expectations do strain the capabilities and resolution of
the AFM technique.

We cannot ignore, however, a second possibility that
might be favored on other grounds. Predictions of second-
ary structure based on optimization of base pairing predict
a different conformation in which disparate parts of the
RNA molecule come together to form extensive runs of
base pairs (27). Such predictions lead to a considerably
more self-involved and complex-secondary structure with
numerous branches. It has been argued that branch struc-
tures should be favored because they are intrinsically
compact and would be more ecasily packaged than
extended structures (44). Most of the secondary structures
of STMV RNA based on energy minimization (or base
pairing rules) have a long, central trunk amounting to
double-stranded RNA with numerous branches and
associated domains.

Such models might possibly also account for the
lengths, degree of compression and heights that are
observed by AFM in Figure 6. What weighs against
such secondary structural arrangements is that the mol-
ecules seen in the AFM images exhibit no prominent
branches, protrusions or accessory domains. We feel
fairly sure that were branches of significant size present,
they would be visible in the AFM images. We see no
branches or features suggestive of major domains, not
only in the phenol extracted RNAs of Figure 6, but in
the long strands of RNA emerging from disrupted
virions in Figure 7.

The two conformational possibilities have profound im-
plications for the assembly of STMV, and for the 3D
structure of both the free and the encapsidated genomes.
In the first case, a linear string of small domains, which
might otherwise experience constant rearrangement as it
sought a more favorable energy state, could only be
secured in a unique and stable conformation if coat
protein  molecules  (which are  double-stranded
RNA-binding proteins) bound to the stem—loops and
pseudo knots as they were synthesized, folded and
emerged from the replication complex. Such a mechanism,
as we discussed elsewhere (11), leads to a rather straight-
forward icosahedral virion assembly pathway that is con-
sistent with the double-stranded RNA distribution seen in
the X-ray crystallographic structure of the virus. Such an
assembly process, which would be favored on kinetic
grounds, also produces a metastable, rather than a
minimum energy conformation for the encapsidated



RNA, a seeming physiological necessity. It also eliminates
the intrusion of kinetic traps, false energy minima that
might otherwise impede or prevent the RNA from
reaching the conformation necessary for encapsidation.

Both McPherson (45) and Devkota et al. (46) have
emphasized the importance of interactions between the
coat protein and the RNA in determining the folding
pathway and the final encapsidation structure of the
RNA in small icosahedral viruses. They suggested an
assembly pathway in which binding of polycationic
protein tails causes the RNA to collapse, thereby
concentrating the proteins’ globular domains in a shell
outside the RNA. This would facilitate otherwise weak
protein—protein interactions and lead to formation of the
mature capsid.

The second option, which would be favored by thermo-
dynamic considerations, involves long-range base pairing
interactions. It would require that the STMV RNA be
fully synthesized, and that it mature by passing through
intermediate conformational states until it reached a
minimum energy structure. That structure would then
have to present double-stranded RNA-binding sites to
the coat protein that would then allow the two kinds of
macromolecules to co-condense into an icosahedral virion.
While none of this is implausible, it does seem to us less
probable. Nevertheless, if in fact the RNA is produced in
the absence of protein and undergoes extensive folding
before assembly, then presumably this would have to be
the operative pathway. Given the state of our knowledge
of the in vivo folding of long single-stranded RNA mol-
ecules, it is difficult to disregard either mechanism.
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