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Single-stranded genomic RNAs from four icosahedral viruses (poliovirus,
turnip yellow mosaic virus (TYMV), brome mosaic virus (BMV), and
satellite tobacco mosaic virus (STMV)) along with the RNA from the helical
tobacco mosaic virus (TMV) were extracted using phenol/chloroform. The
RNAs were imaged using atomic force microscopy (AFM) under dynamic
conditions in which the RNAwas observed to unfold. RNAs from the four
icosahedral viruses initially exhibited highly condensed, uniform spherical
shapes with diameters consistent with those expected from the interiors of
their respective capsids. Upon incubation at 26 8C, poliovirus RNA
gradually transformed into chains of globular domains having the
appearance of thick, irregularly segmented fibers. These ultimately
unwound further to reveal segmented portions of the fibers connected by
single strands of RNA of 0.5–1 nm thickness. Virtually the same
transformations were shown by TYMV and BMV RNA, and with heating,
the RNA from STMV. Upon cooling, the chains of domains of poliovirus
RNA and STMV RNA condensed and re-formed their original spherical
shapes. TMV RNAs initially appeared as single-stranded threads of
0.5–1.0 nm diameter but took on the structure of the multidomain chains
upon further incubation at room temperature. These ultimately condensed
into short, thick chains of larger domains. Our observations suggest that
classical extraction of RNA from icosahedral virions produces little effect
on overall conformation. As tertiary structure is lost however, it is evident
that secondary structural elements are arranged in a sequential, linear
fashion along the polynucleotide chain. At least in the case of poliovirus
and STMV, the process of tertiary structure re-formation from the linear
chain of secondary structural domains proceeds in the absence of protein.
RNA base sequence, therefore, may be sufficient to encode the confor-
mation of the encapsidated RNA even in the absence of coat proteins.

q 2005 Elsevier Ltd. All rights reserved.
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Introduction

There is evidence from spectroscopy and bio-
chemical modification experiments that a substan-
tial amount of the RNA in small icosahedral
viruses, perhaps 40% to 60%, resides in base-paired,
helical segments.1–4 This is indicated as well by
analyses of viral RNAs in terms of probable
secondary structure arrangements.5,6 X-ray
lsevier Ltd. All rights reserve

yellowmosaic virus;
tellite tobacco mosaic
y.
ing author:
crystallographic analyses of some viruses from
both plants and insects have demonstrated the
presence of helical RNA within capsids.1,7 In those
cases, only the RNA elements that were consistent
with icosahedral symmetry could be visualized;
hence, it is likely that these were underestimates of
all that might be present. Even so, in satellite
tobacco mosaic virus (STMV), for example, about
45% of the RNA is seen to form double-helical
elements,4,8,9 in bean pod mottle virus about 20%
exists in trefoil arrangements,10 in turnip yellow
mosaic virus (TYMV) roughly 40% is helical,11 and
in Flock house virus around 20%.12

From X-ray crystallography studies, the RNA
molecules in both STMV and TYMV appear to be
d.
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42 AFM of Virus RNA
sequences of double-helical stem-loop substruc-
tures that are arranged in a linear manner. In the
case of STMV, these occur at icosahedral 2-fold
axes.4,8,9 Such locations are particularly propitious,
because helical RNA segments have dyads perpen-
dicular to their helix axis and can, therefore,
maintain consistency with the icosahedral sym-
metry of the virion. There is evidence that the RNA
inother small icosahedral virusesmay be arranged as
linear sequences of stem-loop clusters distributed
among the capsomereswithapproximate icosahedral
symmetry.1,7 RNA regularity is, presumably, a con-
sequence of its interaction with the symmetrically
organized coat proteins.

Inspection of possible base-pairing arrangements
in specific viral RNAs shows that there can be no
exact periodicity to the occurrence of helical
segments, nor could they be consistently of the
same length or form perfect helices. Nonetheless, an
imperfect, only approximately regular series of
such segments could assume quasi-icosahedral
symmetry. This would explain the appearance
of icosahedrally ordered RNA helical segments
in electron density maps derived by X-ray
crystallography.

We have undertaken a study, using atomic force
microscopy (AFM),13,14 of the appearance of
encapsidated RNA isolated from five different
viruses, and their structural transformations. The
five viruses whose RNA we extracted and
visualized are poliovirus,15–17 TYMV,18–20 brome
mosaic virus (BMV),21–23 STMV,3,4,24–27 which are all
icosahedral viruses, and tobacco mosaic virus
(TMV),28–31 which is a helical, rod-shaped virus.
We included TMV because its RNA molecules do
not share the secondary or tertiary structural
requirements of those of the icosahedral viruses.

The three-dimensional structures of all of the
viruses investigated here have been solved by X-ray
crystallography and characterized thoroughly both
biochemically and biophysically. Their individual
properties are presented in Table 1. It should be
noted that STMV is a satellite virus that cannot
replicate in the absence of its helper virus TMV, and
that BMV has a multipartite genome with four
different RNA molecules encapsidated.

The structure of viral RNA must be fluid and
amenable to structural transformations, otherwise
the mass of RNAwithin a virion could not undergo
the many physiological processes involved in the
viral life-cycle such as movement between cells,
RNA replication and translation on ribosomes.7,33,34

It must be strictly single-stranded under some
conditions and highly self-involved under others.
Thus, it may be expected that upon decapsidation
or extraction, the RNA will undergo structural
alterations that reveal something of its confor-
mation in the folded state.33,34
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Results

Four different RNA molecules extracted by
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phenol/chloroform from icosahedral viruses, along
with an RNA from a helical rod-shaped virus, were
investigated by AFM. The icosahedral viruses were
poliovirus, an animal virus, and the plant viruses
TYMV, BMV, STMV, and TMV, a rod-shaped virus.
Poliovirus, BMV and TYMV are TZ3 icosahedral
viruses, and STMV is a TZ1 icosahedral virus.35

Poliovirus has a genome length of approx. 7500
nucleotides (including a 3 0 poly(A) tract of hetero-
geneous length),36 TYMV 6318,18 and STMVencap-
sidates 1158 nucleotides.26 BMV is multipartite and
encapsidates three principal RNA molecules of
3200, 2800, and 2100 nucleotides,22 along with the
last and smallest RNA, a subgenomic fragment of
800 nucleotides which is also encapsidated.37,38

TMV has an RNA genome length of 6394 nucleo-
tides,29,30 which would have an extended length of
3.78 mm, assuming an average phosphate-to-phos-
phate distance of 6 Å. One would expect propor-
tionate, extended lengths for the other RNAs.

Poliovirus RNA

Following extraction, the RNA was maintained
Figure 1. In (a), and at higher magnification in (b), is genom
form, which was thawed after freezing and immediately imag
carried out at 26 8C in air. The RNA exists as uniform compact
the virion. With time, at 26 8C, the compact spheres of poliovi
domains seen in (c) and (d). In (d) a segment of an unwound st
high, white objects in (c) are RNA spheres that have not yet fu
images of the poliovirus RNA, like those shown in (e) and (f),
joined to others by brief intervals of completely unwound, sing
arrows.
frozen at K70 8C until thawed and then spread
on treated mica and imaged by AFM in air.
Immediately upon thawing, the RNA was seen to
have the appearance, illustrated in Figure 1(a) and
(b), of compact spheres of uniform size, and
diameter about 30 nm. The diameter corresponds
to the inside diameter of the poliovirus capsid, and
is consistent with the condensed conformation of
the encapsidated RNA.
After 30 minutes to an hour at 26 8C, or upon

heating to 65 8C for one minute, the spherical
particles of poliovirus RNA unravel, as seen in
Figure 1(c) and (d), and assume a different three-
dimensional conformation, that of an irregular,
banded fiber, or chain of discrete densities. The
chains of densities, having lengths of the order of
500 nm, are not smooth and uniform, but are
segmented. They consist of small domains, pre-
sumably individual secondary structural elements,
or groups of these, distributed in a linear manner.
The thickness varies arbitrarily along the chains
from only 0.5 nm to 3 nm or more. After incubation
for one hour at 26 8C, virtually all of the
spherical RNA particles unfold into these linear
ic RNA extracted from poliovirus using phenol/chloro-
ed by AFM after spreading on treated mica. Imaging was
spheres of about 30 nm diameter, the interior diameter of
rus RNA transform into the extended chains of structural
rand of RNA appears and is marked by an arrow. The very
lly transformed into strands. In some higher magnification
segments of the chains of structural domains can be seen
le-stranded RNA. These connecting links are indicated by
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arrangements of structural domains, and the
tertiary structure of the encapsidated RNA is lost.

Upon more prolonged incubation at 26 8C, the
viral RNA opens further, domains melt, and longer
stretches of single-stranded RNA having a height
above the substrate of only 0.5 nm to 1 nm, become
visible. Occasionally, entire RNA strands unwind,
lose their secondary structure, and appear as long,
single-stranded threads. In other cases, illustrated
in Figure 1(e) and (f), sequences of secondary
structural domains remain and are linked along a
chain by single-stranded regions of RNA. If the
RNA samples are heated to 65 8C or higher, which
promotes further loss of base-pairing, then only
single-stranded threads are visible, and these
subsequently degrade to fragments.

Significantly, if the chains of secondary structural
domains joined by single-stranded RNA, like those
in Figure 1(c) through (f), are returned to cold
temperature and then re-examined as before by
AFM, then the original spheres of uniform
diameter, w30 nm, of Figure 1(a) and (b) are seen
once again. Thus, the unfolding process is
reversible and the RNA can re-establish its tertiary
interactions and return to the globular state. The
transformations between spheres and extended
chains can be repeated indefinitely.

TYMV RNA

The structural transitions observed with TYMV
RNA are very similar to those observed with
poliovirus RNA. Freshly prepared, or frozen and
thawed RNA initially appears as uniform spherical
particles approximately the diameter of the inside
of the virion (w20 nm). The spherical aggregates
are, however, relatively stable at 26 8C. After
30 minutes to an hour at 40 8C, the spherical
particles lose their integrity and assume an
irregular banded fiber appearance, again seg-
mented into secondary structural domains, and
closely similar to those derived from poliovirus
RNA. Examples are seen in Figure 2(a) and (b).
Further heating to 65 8C for 15 to 20 minutes
produces regions of single-stranded RNA connect-
ing secondary structural domains, again similar to
the RNA from poliovirus. Heating to higher
temperature results in single-stranded threads
followed by degradation to small fragments.

BMV RNA

The progression of events with BMV was similar
to that for poliovirus and TYMV in most ways, but
BMV RNA exhibited some distinctive differences.
Initial images of RNA from freshly prepared virus
again showed the presence of spherical particles
having diameters consistent with virion interiors.
Upon standing, or under heating, the spherical
particles disappeared. However, chains of closely
linked domains, the segmented fibers, were not
evident. The substrate instead contained many
small globules of approximately 1 nm in height,
perhaps small folded fragments of RNA. In
addition, as shown in Figure 2(c) and (d), some
long, single-strands of RNA were observed, and
Figure 2. In (a) and (b) are RNA
molecules extracted from TYMV
that appear, in a manner similar to
the RNA of poliovirus, as extended,
linear chains of structural domains.
(c) and (d) AFM images of RNA
extracted from BMV, which tends
to degrade and fragment readily.
Single-stranded RNA containing
some structural domains are none-
theless visible. In (d) the apparent
branching of the RNA must be a
consequence of two strands
intersecting.
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frequently these had, along their length, larger
globular units, presumably representing locally
folded single-stranded RNA.

There are two plausible explanations for our
failure to observe linear chains of domains as we
did for poliovirus and TYMV. One is that the chains
were in fact produced from the spherical RNA,
but failed to adhere to the substrate. However,
this is not what we observed for the other four
viruses and there is no additional evidence in
support. The second explanation, which we favor,
is that the BMV RNA contains significantly less
helical structure, is more sensitive to hydrolysis,
and may degrade quickly to small compact
fragments.

In Figure 2(d) we observed an apparent
branching of the RNA, a unique feature not
observed in any other preparations of RNA. All
branches appear to be single-stranded. We conclude
that this RNA form must represent two separate
nucleic acid strands. Such a possibility is likely, given
themultipartite nature of BMVand the fact that some
particles contain two different RNA molecules.22,38
Figure 3. In (a), and at higher magnification in (b), is RNA
uniform, compact spheres, but of diameter 10 nm, the diame
These spherical particles appear to be stable almost indefinite
extracted from STMV after heating to 65 8C. The spheres of
lengths reflecting the relative sizes of the genomes. Accordi
RNAs of the other viruses.
STMV RNA

The RNA from STMV was the most difficult to
investigate because of the exceptional stability of
the virion, and the equally stable structure of its
encapsidated RNA. Nevertheless, a similar pro-
gression of states was produced, but only by
application of more rigorous denaturing conditions.
As seen in Figure 3(a) and (b), upon initial
extraction with phenol/chloroform, either pre-
ceded by digestion with proteinase K or not, the
RNA appears as uniform spherical particles having
diameters of 10 nm. These RNA cores of STMV
were previously characterized by light-scattering
and visualized by AFM,39 and they can, in fact, be
produced by exposure of virions to the protease
alone during incubation at 65 8C for 30–40 minutes.
Thus, they are not unique to material extracted with
phenol/chloroform. The diameter of 10 nm corre-
sponds to the interior cavity of STMV virions and,
as in poliovirus, TYMV and BMV, corresponds to
the approximate size and shape of the encapsidated
RNA. The spherical STMV RNA particles,
extracted from STMV. Like poliovirus RNA, it appears as
ter of the interior of the TZ1 icosahedral STMV capsid.
ly at 26 8C. In (c) through (f) are various samples of RNA
RNA transform into chains of structural domains, their
ngly, the STMV chains are considerably shorter than the



Figure 4.When the STMV RNA is
heated further and spread on mica,
segments of purely single-stranded
RNA are exposed along the chains
of domains, and seen to link the
domains in a linear manner.
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presumably maintained by tertiary interactions, are
stable at room temperature.

With heating to 65 8C for 30 minutes, the spherical
RNA particles transform, like the RNA from the TZ
3 icosahedral viruses, into chains of discrete
densities. As shown in Figure 3(c) through (f),
these RNA chains are again segmented into linear
arrays of domains, each domain reflecting local
secondary structural arrangements. The lengths of
the linear assemblies vary up to approximately
100 nm and their thicknesses range from 0.5 nm to
3 nm. The strands of contiguous domains are stable
for long periods of time, even at 65 8C. Upon cooling
to 4 8C and re-examination by AFM, the fibers revert
to uniform spherical particles of 10 nm diameter.
Hence, the transformation between uniform
spheres and chains of domains is reversible, as it
was for poliovirus.
Upon heating to 90–100 8C for several minutes, as
illustrated by Figure 4, the chains of domains begin
melting into single-stranded threads of height
above substrate of 1 nm or less. This parallels
what was seen with poliovirus, BMV, and TYMV
RNAs, but requires harsher conditions. Once the
strands are fully unwound at the elevated tempera-
ture, degradation to fragments proceeds.

TMV RNA

RNA extracted from TMV was initially different
from RNA extracted from the icosahedral viruses,
undoubtedly reflecting its very different mode of
encapsidation. Freshly extracted TMV RNA, as seen
in Figure 5(a) through (d), appears as long, more or
less regular, threads with a height of about 0.5 nm
above the substrate. The strands were unlike those
Figure 5. RNA extracted from
TMV initially appears as fully
unwound single strands arbitrarily
disposed on the mica surface.
There is no indication of secondary
folding units.
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from the icosahedral viruses, in that they did not
exhibit a distinctive pattern of domains or globular
units along their lengths, and only occasionally
displayed even one or two such domains. They
were simply single strands of RNA appearing to
lack secondary structure.

After some time at room temperature, the single
strands of RNA transformed gradually into linear
arrays of globular domains, like those seen in
Figure 6(a) through (c). These closely resembled
the segmented fibers of secondary structural units
observed for the icosahedral virus RNAs. After
several hours, the sequential arrays of domains
exhibited by the TMV RNA were virtually
indistinguishable from those seen for the RNAs of
the icosahedral viruses. If the TMV RNA was
subsequently cooled and stored at 4 8C, and
re-examined by AFM, it often appeared as thick,
highly condensed fibers, like those in Figure 6(d)
through (f), large irregular aggregates, and net-
works of fibers. These, however, were random in
size and shape, and distinct from the spherical
particles formed by the RNAs of the icosahedral
viruses.

If the TMV RNAwas exposed to temperatures of
65 8C or more for 15 to 30 minutes, then only single
strands of nucleic acid having heights of less than
1 nm were observed on the substrate (data not
Figure 6. With time in (a) through (c), local secondary fo
previously extended strands of TMV RNA. They begin to
icosahedral viruses. Ultimately, TMV RNA single strands, in
folding domains very similar to those seen in the initial un
spherical RNA masses into extended chains.
shown). If the RNAs from any of the viruses were
heated above 65 8C for extended periods of time,
however, significant degradation occurred and only
short fragments of RNA, both with and without
secondary structural domains, were observed.
It is noteworthy that in all of our experiments,

with all of the RNAs, aggregation of molecules into
aggregates and large masses was pervasive. This
often made AFM imaging difficult and only with
patience could agglutinated masses in some cases
be disassociated to reveal their components. These
were mixtures of the spherical particles, the chains
of secondary domains, and single-stranded threads.
RNA is clearly very sticky, and associates rapidly
and promiscuously to form tangles and networks.
Discussion

Our AFM images have shown a consistent
pattern of structural dynamics by the genomic
RNAs extracted from four icosahedral viruses. In
each case, the RNA initially exhibited uniform
spherical shapes consistent with the interior diam-
eters of the respective virions. This is suggestive,
therefore, that the conformation of the RNA
immediately after extraction remains that of the
encapsidated nucleic acid. This is supported by the
lding domains begin to appear spontaneously along the
assume the appearance of the RNA extracted from the
(d) through (f), coalesce into thick fibers of condensed

folding of icosahedral virus RNA, the transformation of
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earlier observation that extensive degradation of
STMV with proteases yields particles that are
indistinguishable from those produced in these
experiments by extraction with phenol/
chloroform.39

Upon heating, or simply being left at room
temperature in the case of poliovirus RNA, the
nucleic acid lost tertiary interactions and melted
into linear arrays of secondary structural elements.
It is noteworthy that the folding units, or domains,
appeared as a sequential array along single RNA
molecules. This implies, that the secondary struc-
tures of the RNAs within poliovirus, TYMV, BMV,
and STMV exist as series of local folding domains;
individual or groups of stem-loops of various sizes
and compositions are arranged contiguously. These
observations suggest that the secondary structures
do not involve long-range pairing interactions, or
the formation of long excursions and branches. The
same conclusion was reached for TYMVand STMV
on the basis of independent considerations.5,7 The
RNA conformations must be, as originally postu-
lated,40 and supported by others,33,41–43 a series of
local stem-loop structures, and stem-loop super-
structures arranged along continuous chains. The
results we have obtained here are consistent with
such conclusions and illustrate the properties of
single-stranded RNA and its dynamics as recently
reviewed.33

If an internucleotide distance of 6 Å is assumed,
then an extended genomic RNA for poliovirus
would be 4500 nm, it would be 3790 nm for TYMV,
3800 nm for TMV, and STMV would have an
expected extended length of 634 nm. The unfolding
of the RNAs from an initial globular form into the
chains of domains probably proceeds at different
rates for individual molecules. The unfolding is
not synchronized. Thus, every molecule in the
AFM field of view likely represents a slightly
different stage of unfolding. The molecules at any
observation time are not of uniform length but
exhibit some size distribution.

Nevertheless, we can measure the average end-
to-end lengths of the RNA molecules from each
virus shortly after they have unfolded from the
spherical conformation, but before single-stranded
segments become visible, as they are, for example,
in Figure 1(b) and (c) for poliovirus, Figure 2(a) and
(b) for TYMV, and Figure 3(c) through (f) for STMV.
This gives a reasonable estimate of the degree of
compaction of the molecules due to the formation of
secondary structural domains. The distributions
are, in fact, rather narrow, with lengths varying by
no more than 10% to 15% about the average. The
average end-to-end distances for the genomic
RNAs are about 420 nm for poliovirus, 460 nm for
TYMV, and 90 nm for STMV. For TMV, where
formation of secondary structure occurs with time,
the final lengths, like those illustrated in Figure 6(d)
through (f) are appropriate, and the average for
TMV RNA is 320 nm. BMV RNAwas not measured.

The degrees of compaction for the four RNAs are,
therefore, 10.7 for poliovirus, 8.2 for TYMV, 7.0 for
STMV, and 11.9 for TMV. Since the RNAs of the
icosahedral viruses must ultimately be condensed
into spheres corresponding to the interior capsid
diameter of their respective viruses, it seems
evident that formation of tertiary interactions
produces a compaction equivalent to or even
greater than that due to secondary structural
interactions.

The chains of structural domains observed by
AFM are reasonably stable, particularly in the case
of TYMVand STMV, though significantly less so for
BMV. They are disrupted only with heating,
vigorous heating in the case of STMV RNA. When
melted, however, each RNA reveals its underlying
single-stranded RNA composition. Once fully
unwound to long single strands lacking
secondary structure, the RNAs become susceptible
to hydrolysis and are degraded to fragments. Of the
RNAs investigated, that from BMV appeared to be
the most sensitive to breakdown.

TMV RNAwas relevant to these experiments, in
that it served, in part, as a negative control. It did
not exhibit a spherical, uniform shape upon extrac-
tion but appeared as fully extended single strands
of RNA. Upon standing, however, it too gradually
formed chains of secondary structural domains,
qualitatively similar in most respects to the inherent
conformations of the RNAs from the icosahedral
viruses.

Transitions between the spherical conformation
of the RNA and the fibrous, linear chains
of secondary structural domains appear to be
reversible. This implies that the viral RNA alone,
independent of protein, may program its own
encapsidated conformation. That is, the primary
sequence of the viral RNAmay not only code for the
proteins necessary for replication, movement, and
encapsidation, but also specify the RNA confor-
mation inside the virion. The RNA sequence directs
the formation of a chain of distinct secondary
structural domains, which in turn forms tertiary
interactions that condense the linked domains into
spherical masses. The RNA of icosahedral viruses
may, in a sense, be a double code. It codes
genetically for the proteins and replication signals
essential for the virus life-cycle, but equally, it may
program the folding of the RNA inside the virion
and play a dominant role in directing assembly. The
unfolding and refolding in vitro, however, is quite
slow, requiring 20–40 minutes. It seems probable
that in vivo, the rate of folding must be much faster,
likely accelerated by interaction with the coat
protein.

A process that remains unclear from our results,
is how, within a living cell, the viral RNA ultimately
assumes a fully extended, single-stranded confor-
mation. Indeed, it must do so, otherwise it could not
fulfill its physiological roles in RNA replication,
movement, and translation. We observe, in vitro,
that the spherical masses of nucleic acid unfold to
reveal a linear array of secondary structural
domains. Only under relatively severe conditions,
such as heating to 65 8C or beyond, do the chains of
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domains of some viruses further unwind to
produce single strands. While we can promote full
unwinding with temperature, the cell cannot, and it
remains a puzzle as to how this comes about. It
seems increasingly likely that this may involve
RNA melting enzymes.33

The strength of the tertiary interactions main-
taining the encapsidated conformation in the
different viruses varies. Poliovirus unfolds spon-
taneously into chains of secondary structural
domains at room temperature over the period of
an hour. The RNA for BMV appears, similarly, to
unravel rather quickly, although we have made no
quantitative estimates of its transformation. It does,
however, also appear to be the most susceptible to
degradation. TYMV RNA requires moderate heat-
ing to induce it to unravel in a reasonable time.
STMV RNA, on the other hand, is very tightly
folded into its encapsidated, spherical confor-
mation and requires vigorous heating to 65 8C for
30 minutes or more before tertiary interactions are
weakened sufficiently that secondary structural
domains are exposed. With further heating, sec-
ondary structure melts at the most susceptible
points along the chain and segments of single-
stranded RNA develop.

The secondary structural domains do not melt
out suddenly, as if there were a global and
cooperative conformational transition, as is seen
for example with double-stranded DNA. The chains
melt out at arbitrary points, leaving intact domains
separated by single-stranded RNA threads pro-
duced by those that have unwound. This is
reasonable, since each domain is unique and
possesses a specific stability dependent upon its
inherent base-pairing capacity and other related
features.

The observation that the encapsidated mass of
RNA yields a linear array of secondary structural
domains that is not branched or present in cruci-
form or other complex shapes implies that the
encapsidated conformation is unlikely to be the
minimum energy conformation of the RNA.
Secondary domains are connected to one another
only by single-stranded threads of RNA, never
multiple threads so far as we can see. All minimum
energy conformation predictions for single-
stranded RNAs that we are aware of involve
complex architectures and long-range interactions,
and we do not see them. As illustrated most clearly
by the TMV RNA, long, single-stranded threads of
RNA simply transform into a linear sequence of
local folding units that then begin to interact among
themselves, again locally but increasingly global,
until a high degree of condensation occurs.

The events we witnessed for TMV RNA, where
higher-order structure increased consistently,
appears the reverse of those observed for the
RNAs of the icosahedral viruses. In a sense, they
are symmetrical. They likely illustrate the sequence
of folding events that pertain for the RNA of
icosahedral viruses in attaining their encapsidated
conformation.
Materials and Methods

Preparation of viruses

TMV and STMV were harvested simultaneously from
the leaves of common tobacco plants (Burley), which
were co infected with the viruses. The two viruses were
separated by sequential fractionation with polyethylene
glycol as described.44 STMV was further purified by
passage through a Sepharose size-exclusion column. Both
TMV and STMV were subsequently crystallized, before
extraction of RNA, by slow addition of PEG 3350 to 4%
w/v (TMV), or dialysis against 25% (w/v) NaCl in water
(STMV).
TYMV was prepared from infected Chinese cabbage as

described,45 and further purified by CsCl gradient-
centrifugation. Because TYMV loses its RNA upon
freezing, it was passed through a 0.22 mm pore size filter
and maintained at 4 8C. BMV was prepared from infected
barley leaves immediately prior to AFM analysis by
conventional procedures.23 The purity of each of the plant
viruses was verified by SDS-PAGE. Intact virions of
STMV, TMV, BMV, and TYMV, prior to extraction with
phenol/chloroform, were also spread on substrates and
imaged to confirm their homogeneity. Their appearances
have been reported elsewhere.23,39,46,47 Poliovirus was
prepared from infected HeLa cells grown to a density of
1.2!109 cells/l. The final purification was by centrifu-
gation on 15%–30% (w/v) sucrose gradients at 24 8C for
2.5 hours at 28,000 rpm in a Beckman SW28 swinging
bucket rotor.48

Extraction of RNA

Fractions of the sucrose gradients containing poliovirus
were extracted twice with a mixture of 50% (v/v) phenol,
50% (v/v) chloroform, and back-extracted with the same.
Aqueous phases were precipitated with 2.5 volumes of
ethanol. After one hour at K20 8C the fractions were
centrifuged at 4 8C for ten minutes at 10,000 rpm. RNA
pellets were washed with 5 ml of 70% (v/v) ethanol,
dried, and resuspended in 200 ml of diethylpyrocarbonate
(DEPC)-treated water. Precipitation and washing with
ethanol was repeated and the final RNA pellet was
resuspended in 100 ml of DEPC-treated water and stored
atK70 8C. The concentration of the RNAwas determined
by measuring absorbance and ranged from 1 mg/ml to
2 mg/ml for poliovirus, and 4 mg/ml or more for the plant
viruses (see below). Homogeneity of the RNA was
confirmed by agarose gel electrophoresis. The RNA
from poliovirus, along with that from STMV prepared
in the same manner, was translated in vitro using
[35S]methionine and shown to produce the expected
protein products following SDS-PAGE (data not shown).
The RNAs from the four plant viruses were prepared in

the same way as was done for poliovirus, except the
viruses themselves were purified by separate procedures
appropriate to the specific virus (see above). RNA
homogeneity was confirmed by agarose gel electro-
phoresis and by in vitro translation of RNA in the case
of STMV. The final RNA samples were dissolved in
DEPC-treated water.
Some experiments were carried out on RNAs from the

plant viruses to investigate the effects of ions. In the
presence of EDTA and monovalent cations up to
concentrations of 5 mM and 50 mM, respectively, no
change in the appearance of the RNA by AFM was
observed. The presence of divalent cations, such as Mg2C

or Ni2C, however, clearly produced marked aggregation
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of the nucleic acid that made imaging of single RNA
molecules virtually impossible. The divalent cation-
induced condensation of the RNA was not readily
reversible, at least using moderate procedures. Precipi-
tation by ethanol or propanol appeared to have no affect
on RNA structure that was perceptible by AFM.
Because of the unusual stability of the STMV capsids,

an alternative procedure was used that involved diges-
tion of the capsid for 45 minutes at 65 8C with proteinase
K at a protease to virus ratio of 1 : 4 (w/w). This was
followed immediately by extraction with phenol/chloro-
form as described above. Digestion with proteinase K did
not affect the RNA as judged by light-scattering,39 gel
electrophoresis, and examination by AFM, but did
increase yield of RNA significantly.
AFM procedures

The choice of substrate for AFM visualization of RNA
was investigated at length. Single-stranded RNA did not
adhere reproducibly to untreated mica. In addition,
single-stranded threads of RNA lacking secondary
structure rise above the substrate plane no more than
0.5 nm to 1 nm. Therefore, the substrates had to be
extremely flat and smooth. RNA adhered well to poly-L-
lysine-coated mica, but the poly-L-lysine created an
irregular, locally variable surface topology that made
imaging problematic. RNA also adhered to mica treated
with NiCl2, but this promoted aggregation of the nucleic
acid in most instances. The most consistent results were
obtained by pre-treating mica surfaces using a silenizing
agent.49,50 This substrate surface proved acceptably
smooth for imaging and RNA usually adhered. RNA
specimens were diluted appropriately into DEPC-treated
water and drops were placed onto the treated mica
surfaces. After several minutes the excess liquid was
shaken off, the substrate rinsed once with a drop of water
and then dried in a stream of dry nitrogen.
Specimens were mounted conventionally with double-

sided tape on the J-piezoscanner of a Nanoscope IIIa
atomic force microscope (Digital Instruments, Santa
Barbara, CA). Silicon RTESP cantilevers were used, and
imaging was carried out in air. The images were collected
in tapping mode51,52 at frequencies of about 300 kHz. The
forces were similar to those employed in earlier studies
on viruses46,53,54 and biological crystals.55–57

There is considerable previous AFM work concerning
double-stranded DNA49,58,59 but, with some excep-
tions,58,60–62 rather little on single-stranded RNA. Before
investigating single-stranded RNA, DNA plasmids
pET19B (Sigma Biochemical Co. St. Louis, MO) were
spread on mica and imaged. Plasmid double-stranded
DNA posed little problem and images were recorded that
were comparable to those in the literature. DNA adhered
more readily to a variety of substrates, and rosemore than
2 nm above the substrate surface.
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