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RNA structure

RNA. is central to molecular biology, as the ‘working substance’ of genetics.
The base sequence of genes is transcribed into messenger RNA, which may
be processed, spliced and even edited to various extents. The message is then
translated into the synthesis of a protein, requiring the combined actions of
many RNA and protein species. RNA also has a great many other roles in
gene expression, exemplified by transfer RNA and ribosomal RNA. Natu-
rally occurring RNA molecules are formally single-stranded, yet it has long
been appreciated that their sequences contain the propensity for considerable
secondary structure formation (see for example Dahlberg’s review of TRNA;
Dahlberg, 1989). In some respects the structures of large RNA molecules
probably resemble globular proteins more closely than double-stranded
DNA, with both secondary and tertiary interactions determining the overall
shape of the molecule. This complex structure is undoubtedly extremely
important in the function of RNA, as components of the translation appara-
tus and in the processing of transcripts. It is now appreciated that RNA is the
main player in many of these processes, rather than playing a mere subsidiary
role to proteins, as RNA can catalyse important chemical reactions. Of these,
the best understood are the transesterification reactions of RNA splicing
(Cech, 1987), but recently it has become apparent that the peptidyl trans-
ferase reaction of translation may also be RNA-catalysed (Noller, Hoffarth
and Zimniak, 1992). In general it has been observed that catalytic activity of
RNA does not survive treatments that cause a loss of structure (Cech and
Bass, 1986; Uhlenbeck, 1987; Celander and Cech, 1991), and clearly the
activity of ribozymes must be intimately connected with structure. RNA
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secondary structure has been shown to play an important role in ribosomal
frameshifting (Brierley, Digard and Inglis, 1989).
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Figure 1. Schematic of some important elements in RNA structure. Most complex folded RNA
structures may be subdivided into a number of elements of secondary and tertiary structures,
including those shown. These are discussed in the text.

One way of studying the structure of complex folded RNA molecules is to
seek smailer elements of the structure that may act as building blocks upon
which the overall conformation is constructed (recently reviewed by Tinoco;
Chastain and Tinoco, 1991; Tinoco, Puglisi and Wyatt, 1990). In fact, a
number of such elements are readily identified in almost any sizeable RNA
molecule, summarized in Figure I. Most such RNA molecules contain
extensive secondary structure, formed by long-range interactions based on
Watson-Crick base pairs, and so the first element is simply the double-
stranded duplex. This adopts an A-form helix (Dock-Bregeon et al., 1988), in
which the helical axis lies in a large central hole, creating a deep and narrow
major groove. The backbone geometry is typically characterized by C3'-endo
ribose pucker and anti glycosyl bonds. Stretches of duplex are frequently
interrupted by mismatches, and these can take various kinds. Single-base
mismatches comprise non-Watson—Crick pairings, such as an A-G pairing; in
DNA such mismatches are relatively non-disruptive, causing minimal devia-
tion of the helix axis (Bhattacharyya and Lilley, 1989b), and crystallographic
(Kneale ef al., 1985; Brown et al., 1986; Hunter et al., 1986} and NMR (Gao
and Patel, 1987, 1988) studies have indicated that such mispairings may be
accommodated within the double helical geometry. There is no reason to
suppose that RNA will be greatly different in this regard, and this seems to be
confirmed by a crystal structure of an RNA duplex containing a number of
consecutive U - G and U - C base mismatches (Holbrook et al., 1991).
Mutltiple mismatches are of two types, namely ‘bubbles’ and ‘bulges’. Bubbles
(sometimes called internal loops) are a set of consecutive mismatched bases:
once again studies in DNA suggest that these do not cause a large change in
the trajectory of the helical axis (Bhattacharyya and Lilley, 1989a). Bulges
are created where one strand contains one or more ‘extra’ bases, unopposed
by bases (of any kind) on the other strand. In contrast to the other
mismatched structures, buiges seem to generate a significant axial distortion
in DNA, causing a kinking the magnitude of which depends on the number
and kind of bases in the bulge. This is supported by electrophoretic studies
(Bhattacharyya and Lilley, 1989; Hsieh and Griffith, 1989; Rice and
Crothers, 1989), fluoresence resonance energy transfer (FRET) studies (R.
Clegg, A.ILH. Murchie and D.M.J. Lilley, in preparation) and recent NMR
studies {Aboul-ela ez al., 1992; Rosen, Shapiro and Patel, 1992). Sections of
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duplex are frequently formed by the formation of hairpin loops by sequences
of inverted repeat symmetry; the number of bases within the unpaired loop
can vary from four (or even less for special situations) to more than 10. The
loops themselves are likely to be extensively structured, involving both
stacking and hydrogen bonding interactions, as has been found in the stable
tetraloop structure by NMR (Cheong, Varani and Tinoco, 1990; Tuerk et al.,
1988).

Additional long-range interactions are important in the determination of
overall three-dimensional structure; once again these are based on hydrogen
bonding and stacking interactions. A good example that illustrates both is the
formation of pseudo-knots, first noted in plant viral RNA species (Pleij,
Rietveld and Bosch, 1985); in these structures there are base pairing
interactions between a single-stranded region and the loop of a hairpin loop
(see Figure I). Pseudo-knots are significant structural elements in a number
of important RNA species, and are believed to be important in aspects of
RNA splicing and translation. Base triple interactions are another important
element in the mediation of long-range interactions, based in general on the
additional hydrogen bonding capacity of purines in the Hoogsteen positions
{(the purine 6 and 7 positions). A number of examples of such triples are
known in tRNA species, and they are undoubtedly important in the tertiary
structures of other RNA molecules. The 2'-hydroxyl group of the ribose
moiety may also be an important source of additional interactions; Pyle and
Cech (1991) have shown that these groups provide a significant part of the
binding energy for Tetrahymena ribozyme—substrate interaction.

Another important element of folded RNA structure is the helical junction,
a location at which three or four helical segments interact at a point with or
without spacing by unpaired bases. The four-way junction without additional
bases would be the RNA equivalent of a cruciform, or Holliday junction, in
DNA, and an example of a four-way RNA junction is found in the Ul
snRNA {Branlant, Krol and Ebel, 1981). These structures have not been
extensively studied in RNA, and our understanding of the equivalent DNA
structures is very much better {discussed below, and reviewed in Duckett et
al., 1992). We would expect that RNA junctions, like their DNA counter-
parts, will maximize base stacking by undergoing pairwise coaxial helical
stacking, as exemplified by tRNA,, but other folding principles established for
the DNA junction will not apply to RNA.

Another element of nucleic acid folding that should not be neglected is the
important aspect of metal ion interactions. Nucleic acids are highly charged
polyelectrolytes, and electrostatic repuision is an important element of the
folding process. Tertiary folding frequently brings about the close juxtaposi-
tion of mutually repulsive phosphate groups. Electrostatic repulsion is a
relatively long-range interaction, and unless this is screened in some way by
the intervention of cations, complete folding may be prevented. A very clear
example of this is seen in the case of the four-way DNA junction, in which the
folded form (the stacked X-structure generated by coaxial stacking of arms) is
only observed in the presence of sufficient metal cations (Duckett er al., 1988;
Duckett, Murchie and Lilley, 1990). Similarly, cations appear to be reqguired



382 DAvVID M.J. LILLEY et al.

for the correct folding of tRNA (Holbrook ez al., 1977; Jack et al., 1977;
Quigley, Teeter and Rich, 1978) and the Tetrahymena ribozyme {Celander
and Cech, 1991). Interactions with metal ions can take two forms; ions may
be site-bound with slow exchange, or they may interact as a diffuse ion cloud
(ion atmosphere) with fast exchange. lons located in electronegative clefts
generated by the folded structure of an RNA molecule may participate in
chemical reactions, such as the lead-catalysed cleavage of tRNA {Brown,
Dewan and Klug, 1985).

The solution of the complete structure of complex folded RNA molecules is
far from easy, and it is likely to require the combined application of many
different techniques and approaches. The molecules are usually too large to
yield to the ‘classical’ approaches of crystallography and nuclear magnetic
resonance (NMR), and an eclectic approach is necessary. Individual ele-
ments, including duplex, hairpins, bulges and pseudo-knots, are being
successfully studied by conventional methods, especially NMR which has
been made much more powerful for RNA with the introduction of heteronu-
clear methods (Nikonowicz and Pardi, 1992). But in general the information
derived from NMR is inherently short-range, since much is derived from
nuclear Overhauser effects (NOE) which can be seen up to distances of about
5 A. Thus the extra conformational information must be “filled in’ from other
methods, and one very important source of information is gel electrophoresis.

Gel electrophoresis of nucleic acids

Over the last decade gel electrophoresis has been extensively applied to the
study of nucleic acid structure, especially for DNA. It provided the first
indication of one of the most celebrated examples of local DNA structure,
curved or bent DNA, and has continued to provide great insight into DNA
structures of various kinds. The persistent problem with this approach is the
lack of an agreed physical basis of the method, yet despite this drawback great
progress has been made in the study of important structures such as curved
DNA and the four-way junction. In the process our understanding of the
technique itself has gradually improved, and it is now gradually becoming
applied to the area of RNA structure.

It has been known for several years that DNA containing a sequence that
generates a local curvature exhibits a pronounced retardation in electro-
phoretic mobility in polyacrylamide gels (Marini ef af., 1982; Diekmann and
Wang, 1985; Hagerman, 1985; Koo, Wu and Crothers, 1986); the relative
extent of retardation becomes greater as the gel concentration is increased.
Furthermore, the fragments migrate most slowly when the sequence causing
the curvature is centrally located (Wu and Crothers, 1984). Attempts to
obtain a quantitative explanation of the electrophoretic anomaly have not
been completely successful, and not lacking in controversy, but various
theories can provide at least a qualitative agreement with experimental data
(Lerman and Frisch, 1982; Lumpkin and Zimm, 1982; Levene and Zimm,
1989). Most are based upon the idea of the nucleic acid reptation (de Gennes,
1971), in which the DNA is considered to move through the gel under the
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influence of the electric field rather like a worm constrained to a tube created
by the gel matrix. Using these assumgptions, Lumpkin and Zimm (1982)
derived a relationship between the rate of migration (u) and the end-to-end
distance of the molecule:

u= %— <h¥ L=

where ( is the charge on the molecule, T is the frictional coefficient for
translation along the tube, I, is the contour length of the molecule and A, is
the component of the end-to-end vector h in the direction of the electric field.
The brackets indicate an average over an ensemble of configurations. Thus
the mobility is inversely proportional to contour length, which is the basis of
the everyday use of gel electrophoresis to separate nucleic acids according to
size. However it is the proportionality to end-to-end distance that explains the
dependence on shape; curvature or kinking will clearly reduce this parameter.
Calladine, Drew and co-workers (Calladine, Drew and McCall, 1988; Calla-
dine ef al., 1991) have taken a different approach to explain the lowered
mobility of curved DNA, in which the probability of the cylindrical envelope
of a superhelix intersecting randomly located gel fibres is calculated:; the
greater the curvature the larger the cylindrical radius becomes, and therefore
the greater is the probability of obstruction to forward motion. Levine and
Zimm (1989) calculated the behaviour of curved DNA fragments under
electrophoresis in polyacrylamide, using Monte Carlo methods to generate an
ensemble of chain trajectories. They found that they had to include cross-
interaction between the bendability of the DNA and the elastic properties of
the gel matrix to obtain a good fit with experimental data. As longer DNA
molecules are studied (where the contour length is very much longer than the
persistence length) it seems probable that the electrophoretic behaviour takes
on new characteristics, in which substantial reorganization of overall confor-
mation takes place during the electrophoresis process (Deutsch, 1988).

Base bulges in DNA generate a kinking of the helical axis (Bhattacharyya
and Lilley, 1989; Hsieh and Griffith, 1989; Rice and Crothers, 1989}, that
causes a very marked retardation in electrophoretic mobility in polyacryla-
mide (Figure 2). Like A-tract curved DNA, the magnitude of the retardation
(normaily expressed in terms of R, the apparent fragment size calibrated
against ‘normal’ DNA markers divided by the true size from sequencing) is
dependent on the position of the bulge, being greatest when the bulge is
located at the centre of the fragment. In principle, such retardation might be
due to a precise kinking of the helix axis, or to a point of flexibility. This is
resolved by introducing two such buiges into a series of molecules of fixed
length, and varying the spacing between the bulges. If the bulges generate a
defined kinking, two such bulges should generate a molecule in which the
outer arms have a precise angular relationship, and the dihedral angle
between them should vary according to the spacing between the bulges and
the helical periodicity of the spacer DNA. The end-to-end distance should
thus vary in a sinusoidal way with the spacing, and this is just what is found
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experimentaily (Figure 3). Lumpkin-Zimm (1982) theory can provide a
reasonable agreement with the experimental data on the variation of gel
mobility, although the amplitudes are not perfectly reproduced. Similar
phasing experiments have been used to study A-tract curving (Drak and
Crothers, 1991), protein binding (Zinkel and Crothers, 1991) and cisplatin
adducts (Rice et al., 1988). These results are strong evidence for the
formation of axial kinks at base bulges, which is further supported by recent
experiments in which end-to-end distances in a series of bulge-containing
DNA molecules were studied by fluorescence resonance energy transfer
(A.LLH. Murchie, C. Goehlke, R.M. Clegg and D.M.J. Lilley, unpublished
data). The agreement is reassuring, and shows the power of gel ectrophoresis
in the study of nucleic acids.
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Figure 2. Retardation of electrophoretic mobility of double-stranded deoxyribooligonucle-
otides in polyacrylamide gels by bulged bases. {5-*2P]-labelled 40 bp oligonucleotides containing
central bulges of 0, 1, 3, 5 or 7 adenine bases were clectrophoresed in 15% polyacrylamide. The
autoradiograph is shown,

RNA dupiexes, bulges and bubbles

By comparison with DNA, electrophoretic experiments on RNA structure
are only just beginning. Perhaps the major reason for this lies in the greater
difficulty in preparing monodisperse RNA samples of defined length and
sequence. However, this can now be done relatively routinely. Chemical
synthesis of RNA is beginning to become reasonably straightforward, but for
electrophoretic experiments, typically requiring molecules of 40-100 bp in
length, the usual method is to synthesize individual strands by in vitro



Electrophoresis of RNA 385

AS A5
™ P4
- -
spacing
100 bp

B

10

g 10411295 179920 512355 pp

95
80
85
80
75
70
65
€0
55

migration / mm

6 10 14 18 22 26
spacing /bp

Figure 3. Variation in clectrophoretic mobitity with the spacing between two bulges in duplex
DNA indicates axial kinking.

{A) A series of [5"-**P}-labelled 100 bp duplexes containing two A bulges were constructed, in
which the spacing between the bulges was varied from 8 to 25 bp. keeping the bulges
symmetrically disposed about the centre of the molecule. These were electrophoresed in
polyacrylamide in 90 mM Tris-borate (pH 8-3), 1 mM MgCl,, in 10% polyacrylamide at
1520-1°C at 15 V em™, followed by autoradiography. Note the clear sinuseidal modulation of
clectrophoretic mobility with bulge spacing.

(B) Plot showing the variation in efectrophoretic mobility with the spacing between the A
butges. The error bars on the data points represent the widths of the bands measured on the
autoradiograph. The line was generated by non-linear regression to the model of Lumpkin and
Zimm (1982).
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Figure 4. el clectrophoretic mability of double-stranded DNA, RNA-DNA and RNA, and
the effect of bulge formation. Radioactively labelied 40 bp duplexes of ds DNA, hybrid
RNA.DNA and ds RNA of identical sequence were electrophoresed in 15% polyacrylamide,
alongside equivalent duplexes containing a bulge of five adenine bases. The hybrid molecule was
constructed such that the bulge was located on the RNA strand. RNA species were synthesized
by in vitro transcription of synthetic DNA templates by T7 RNA polymerase {Milligan ef al.,
1987). Tracks: 1, DNA restriction fragments as size markers (pAT153 digested with HaellFi—the
sizes are indicated on the left; 2, ds DNA duplex; 3, DNA duplex with buige; 4, RNA-DNA
hybrid duplex; 5, RNA-DNA duplex with bulge; 6, ds RNA duplex; 7, RNA duplex with bulge.

transcription from a synthetic DNA template using T7 RNA polymerase
(Milligan er al., 1987).

Perhaps the simplest RNA species to study are double-stranded duplexes of
defined length and sequence. When we compared the mobility of 40 bp RNA
and DNA duplexes of identical sequence (Bhattacharyya, Murchie and
Lilley, 1990) we discovered that there was a substantial difference in mobility
between the two polymers (Figure 4; compare tracks 2 and 6). In an earlier
study of longer RNA species synthesized by QP replicase, Biebricher and
co-workers had noted a slower electrophoretic migration compared to DNA
(Biebricher, Diekmann and Luce, 1982). The origin of these differences must
lie in differences of overall shape of dsDNA and RNA. This ¢ould affect the
net charge on the molecules {due to differential counterion interactions) and
also the frictional properties. Due to its A-form helix, RNA is significantly
shorter and wider than DNA, and this could be reflected in its electrophoretic
mobility. We were further surprised to discover that the mobility of the
equivalent DNA-RNA hybrid was very much intermediate between those of
pure DNA and RNA (Figure 4; track 4). It has always been thought that a
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DNA-RNA hybrid adopts the A-form geometry of pure RNA, and the
hybrid would therefore be expected to have very similar frictional properties
to dsRNA. However, these gel electrophoresis experiments suggested that
the hybrid may have a geometry resulting in a shape that is much more
intermediate between the A- and B-structures. These observations have been
supported by recent studies from Gast and Hagerman (1991), and by
Crothers and co-workers (R.W. Roberts and D.M. Crothers, submitted for
publication) who have shown that the mobility of a DNA-RNA hybrid may
even reflect which strand is DNA, and which is RNA.

On introduction of base bulges into RNA duplexes we (Bhattacharyya,
Murchie and Lilley, 1990}, and Tang and Draper (1990), observed a marked
decrease in electrophoretic mobility (Figure 4; compare tracks 6 and 7). the
retardation of the RNA depended on the position of the bulge, being greatest
when the bulge was located at the centre. The extent of the retardation also
depended on the size and composition of the bulge; the retardation increased
as the number of bulged bases was increased, and adenine bases were more
effective than uracil bases (Bhattacharyya, Murchie and Lilley, 1990). This is
clearly strongly suggestive of axial kinking, closely akin to the equivalent
DNA experiments. This was established by phasing experiments (Bhatta-
charyya, Murchie and Lilley, 1990; Tang and Draper, 1990) in which the
spacing was varied between two bulges (Figure 54). As expected, a sinusoi-
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Figure 5. Variation in electrophoretic mobility as the spacing between two bulges in dupiex
RNA is varied; estimate of the helical repeat of dsRNA.

(A) A series of isomeric 60 bp RNA and hybrid RNA-DNA duplexes were constructed,
containing two A; bulges on one strand, separated by 7-19 bp. These species were electro-
phoresed in 15% polyacrylamide. The modulation of mobility with spacing is clear.

(B)Plot showing the variation in electrophoretic mobility with the spacing between the A,
bulges. The error bars on the data points represent the widths of the bands measured on the
autoradiograph. The line was generated by nen-linear regression to the model of Lumpkin and
Zimm (1982), {rom which a helical periodicity of 11-3 bp per turn was calculated.
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Figure 6. Mismatched bases opposing a bulge reduce axial kinking. A series of double-stranded
RNA species based on the AB sequence (Bhattacharyya and Lilley, 1989a) (shown below gel)
containing an As bulge were generated by in vitro transcription and hybridization. The sequence
of the lower strand was varied in order to oppose the Ag bulge with 0, 1, 2, 3, 4 or 5 adenine
bases. These species were electrophoresed in 20% polyacrylamide in 90 mM Tris-borate,
pH 8:3, 50 mM NaCl at 15+0-1°C, and the gel subjected to autoradiography. The left-most track
contains a perfect duplex species in which the A bulge is opposed by a U sequence, thereby
generating five consecutive A~U base pairs. The remaining tracks contain the A bulged species,
where the bulge is opposed by the indicated number of adenine bases. The effect of opposing the
As bulge is a marked increase in electrophoretic mobility, despite the increased size of the
molecules.

dal modulation was found, indicative of defined axial kinking. From the
least-squares fit of the whole data set to the Lumpkin-Zimm theory
(Figure 5B}, we obtained a helical periodicity of 11-3 bp per turn, consistent
with an A-form helix. In a similar study Tang and Draper (1990) deduced a
somewhat higher value of 11-8 bp per turn. We do not know the origin of the
difference—this may reflect sequence dependence. Equivalent experiments
on a DNA~RNA hybrid duplex indicated a lower periodicity, again consistent
with an intermediate geometry for this duplex.

A related feature to the bulge that is found in many RNA species is the
internal loop or bubble, formed by consecutive base mismatches; they may be
symmetrical, or they may have more unpaired bases on one strand than the
other. One such asymmetrical bubble has recently been demonstrated to
undergo specific lead-induced cleavage (Pan and Uhlenbeck, 1992), and the
Rev response element (RRE) that binds the HIV control protein Rev
(regulator of virion expression) is a hairpin loop containing another example
of an RNA bubble (Heaphy et al., 1990). Our earlier studies indicated that
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symmetrical bubbles in DNA generated much less kinking of the helical axis
(Bhattacharyya and Lilley, 1989), and we therefore examined the effect of
opposed but non-complementary bases on the electrophoretic mobility of an
RNA bulge-containing fragment (Riordan et al., 1992). An A; bulge was
progressively opposed by addition of adenine bases on the opposite strand,
until a bubble of five consecutive A - A mispairs was generated, and the
electrophoretic mobility in polyacrylamide was examined (Figure 6). The
result of opposing the bulge was clear——despite the increase in size of the
molecule, the mobility increased as the number of bases opposing the bulge
was increased. Even addition of a single opposing base markedly increased
the mobility, and two or more adenines conferred virtually the same mobility
as the unbulged duplex. This indicates that the opposed bulge in RNA is
considerably less effective in generating a local kinking of the helix axis.
Sequence specificity in DNA binding proteins is normally achieved princi-
pally by placing amino acid side-chains in the major groove, where they may
donate and accept hydrogen bonds to and from the edges of the base pairs.
However, in an A-form helix the axis is displaced several Angstrom into the
major groove, generating a very deep and narrow major groove in which the
bases are much less accessible. This suggests that backbone geometry may be
more important for RNA binding proteins, and of course the much greater
structural repertoire of RNA molecules will generate many suitable candi-
dates. What is sometimes called indirect readout is likely to be more
important in RNA than for DNA. The well-defined axial kinking found in
RNA bulges suggests that this might provide a recognizable target for
selective protein binding (Bhattacharyya, Murchie and Lilley, 1990), and
such bulges have been identified as protein binding sites in a number of cases,
including the coat protein of bacteriophage R17 (Wu and Uhlenbeck, 1987).
One example of special interest is the binding site for the transactivator
protein (Tat) of HIV, the TAR element (transactivator response element)
found attached to the 5’ end of HIV mRNA (Rosen, Sodroski and Haseltine,
1985; Feng and Holland, 1988; Jakobovits et al., 1988). The sequence f the
TAR element is shown in Figure 7A. It is a hairpin loop, the stem of which is
disrupted by the presence of a number of bulges (Emmerman et al., 1987;
Muesing, Smith and Capon, 1987; Berkhout and Jeang, 1989). It has been
found that the three-pyrimidine (either UUU or UCU) buige closest to the
loop is essential for both TAT binding and transactivation, and that the
minimal protein binding site is the bulge and two basepairs on either side
(Feng and Holland, 1988; Dingwall ef al., 1989, 1990; Roy et al., 1990; Weeks
et al., 1990; Weeks and Crothers, 1991). We studied a duplex RNA species
containing the TAR bulge and context (Riordan et al., 1992), and showed
that it migrated slowly in polyacrylamide consistent with an axial kink
(Figure 7B). Indeed, it appeared as if this sequence was predisposed to being
especially kinked, as a U; bulge in the TAR context migrated almost as slowly
as a Us bulge in a different context. Kinking, as opposed to flexibility, was
demonstrated by phasing the TAR sequence with an A4 bulge (Riordan et al.,
1992), whereupon the expected modulation of electrophoretic mobility with
the spacing between the bulges was observed (Figure 8). NMR studies of the
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Figure 7. The TAR sequence pyrimidine bulge causes retarded electrophoretic mobility in
polyacrytamide.

(A) Central part of the base sequence of the HIV-1 TAR element drawn as a hairpin loop
(Emmerman er al., 1987; Muesing, Smith and Capon, 1987; Berkhout and Jeang, 1989). The full
stem contzins more than 20 bp, and additional single base bulges. The sequence of the
three-pyrimidine bulge can be either UCU or UUU.

{B) Comparison of electrophoretic mobility of the TAR-bulge molecules and the AB series in
15% polyacrylamide, in 90 mM Tris-borate, pH 8-3, 50 mM NaCl with recirculation of buffer at
1Eh!, The gel was maintained at 1530-1°C, and electrophoresed at 15 V em™). The AB series
comprised 40 bp duplexes interrupted by U, bulges on the top strand, where n was 0, 1,3, 50r 7.
We have previously characterized bending by these bulged molecules (Bhattacharyyz and Lilley,
1989a). The TAR sequences were 40 bp duplexes of closely similar sequence, where the
sequence flanking the bulge was that of the natural TAR RNA. The bulge sequences were either
UL or UCU. Tracks L to R; dup, TAR sequence without the three base bulge (i.e. perfect
duplex species); UUU and UCU, TAR sequence with UUU or UCU bulges respectively; AB
U,,, AB series of bulged duplexes containing the indicated number of bulged uracil bases.

(C) Plot of electrophoretic mobility against uridine bulge size for the AB series of molecuies,
The mobility of the Us bulge in the TAR sequence context is interpolated, Note the relatively
stow migration of this species compared with an identical bulge in the AB sequence context. The
error bars represent the widths of the bands measured on the autoradiograph,
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Figure 8. Phasing of base buiges shows that the TAR bulge generates a kinked helix axis. A
series of 57 bp duplex species was generated in which the spacing between an A, bulge and the
TAR U, bulge (underlined) was varied between 9 and 20 bp. The overall size of the molecule was
kept constant through the series,

(A} Gel electrophoresis of the double-bulge series of RNA duplexes in 20% polyacrylamide ir
90 mM Tris-borate, pH 83, 50 mM NaCl at 1520-1°C. The spacing between bulges {bp) is
indicated for cach species above the track.

{B} Plot showing the variation in electrophoretic mobitity with the spacing between the A and
TAR bulges in this series of isomeric molecules. The error bars on the data points represent the
widths of the bands measured on the autoradiograph. The line was generated by non-linear
regression to the model of Lumpkin and Zimm (1982). The data show clearly the expected
sinusoidal variation between electrophoretic mobility and bulge spacing, confirming the presence
of a defined kink at the TAR balge.

TAR sequence by Puglisi ef al. (1992) indicate that in the absence of a ligand
the bulged pyrimidine bases are stacked into the helix, consistent with the
formation of a pronounced kink. However, upon addition of arginine (a kind
of ultrasimple model for the Tat protein) the bases flip out to be extrahelical,
with the formation of a U - A - U base triple by one uridine. It would clearly
be of interest to repeat the gel measurements in the presence of arginine.
Two groups have examined the effect of phased tracts of adenines on the
electrophoretic mobility of duplex RNA (Gast and Hagerman, 1991, Wang et
al., 1991). In marked contrast to DNA, virtually normal mobility was
observed, indicating that the A-tracts did not cause curvature of RNA. X-ray
crystatlographic studies of oligoadenine tracts in DNA suggested that they
adopt a B’ conformation in which the A - T base pairs exhibit a large
propeller twist with bifurcated hydrogen bonding, and a significant roll angle
at the ends of the tract (Coll ef al., 1987; Nelson et al., 1987). It seems
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probable that this conformation is not available to RNA, which is more
straight as a consequence.

Nuctieic acid junctions

Gel clectrophoresis has been immensely valuable in the study of the confor-
mation of DNA junctions. A number of years ago we showed that the
introduction of a four-way junction into the centre of a DNA fragment
reduced the electrophroetic mobility in polyacrylamide (Gough and Lilley,
1985}, and that the relative retardation increased with the percentage of
polyacrylamide. This was similar to the properties of kinetoplast DNA
(Marini et al., 1982), and was consistent with the presence of a pronounced
bend or kink at the position of the junction. The electrophoretic mobility was
found to be dependent on the concentration and type of cation present
(Diekmann and Lilley, 1987), indicating a role for ion interactions in the
structure. Cooper and Hagerman (1987) developed a technique based on the
study of changes in electrophoretic mobility following extension of pairs of
arms, and concluded that the symmetry of the junction was lower than
tetrahedral.

We employed a closely related gel electrophoretic technique of comparing
the six possible isomeric junctions with two long arms and two short arms
generated by restriction cleavage. In the presence of metal cations {e.g.
100 uM Mg}, a pattern of migration was obtained in which the electro-
phoretic mobilities were grouped into three pairs of bands—the 2:2:2 pattern
(Figure 9). This suggested that the junction adopts an X-shape in the
presence of added cations, since there are two ways by which the long arms
may be related to each other across an acute angle, two ways they may be
related by an obtuse angle and lastly there are two possibilities that they may
be co-linear. An X-shaped junction may be formed from a four-way junction
by the pairwise coaxial stacking of helical arms, followed by a rotation in the
manner of opening a pair of scissors. This generates an increase in base pair
stacking interactions, while reducing steric and electrostatic interaction
between the stacked pairs of arms. Upon alteration of the sequence at the
point of strand exchange we observed that the electrophoretic pattern of our
long-short arm junctions changed, with an exchange of mobilities for the fast
and slow species (Duckett ef al., 1988). This is indicative that the stacking
partners depend upon the local sequence at the junction, and indeed two
isomers of the stacked X-structure are possible, differing in the choice of
helicai stacking partners.

Making the assumption that electrophoretic mobility is determined by
end-to-end distance, then we assign the slower species to those in which the
longer arms are related by the smallest angle of the X-structure. This means
that the structure must be approximately antiparallel, i.e. the two continuous
strands run in opposite directions. This is in contrast to the normal depiction
of Holliday junctions, and to the model of Sigal and Alberts (1972). In the
absence of added ions a quite different gel pattern was obtained {Duckett ef
al., 1988), comprising four slow and two fast species (4:2 pattern); it is
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X

BH BR BX HR HX RX

3 arms

2 arms

Figure 9. Gel electrophoretic analysis of a four-way junction. A junction was constructed from
four 80 base oligonucleotides (strands b, h, r and x: Duckett er ai., 1988). Each arm (B, H, R or
X) contained a unique site for a restriction enzyme, and could thus be selectively shortened. The
gel electrophoretic mobility of the six double digests of the junction were compared in 5%
polyacrylamide in 90 mM Tris-borate (pH 8-3) containing added cations. The six tracks contain
the junctions after restriction digestion; the names refer to the uncleaved arms (e.g. BR is
junction that has been cleaved in the H and X arms). The digests are incomplete, and the slower
species in each track (3 arms) have suffercd cleavage in one arm only. Those that have been
cleaved in two arms (2 arms) cxhibit three types of mability, consistent with a two-fold
symmetrical X-shape. Assuming that gel moability is inversely proportional to the distance
between the ends of the long arms {i.c. the smaller the angle between the long arms, the slower
the species), this leads to the antiparallel X-shape as shown. In this junction there is coaxial
stacking of the B and X arms, and a similar pairing of the H and X arms.

consistent with an extended structure in which the four arms are directed
towards the corners of a square. The antiparallel, stacked X-structure has
been confirmed in all essential details by other techniques, notably by
comparison of fluorescence resonance energy transfer between the termini of
the four arms (i.e. by comparison of the six end-to-end vector lengths:
Murchie ef al., 1989; Clegg e al., 1992). It is also consistent with results of
hydroxyl radical probing (Churchill et al., 1988), and tramsient electric
birefringnce (Cooper and Hagerman, 1989).

Simple modelling suggests (Murchie ef al., 1989) that the most effective
way to avoid stereochemical clash is by means of a right-handed, antiparallel
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structure, as observed experimentally, and this is confirmed by molecular
mechanical energy minimization (von Kitzing, Lilley and Diekmann, 1990).
In this conformation, there is a favourable alignment of strands and grooves
that helps avoid steric clash between backbones, which is most effective if the
small angle is 60°. Such experimental determinations of the angle in the
four-way junction that have been made are all close to the theoretical
expectation of 60°, and a similar packing has been observed in the crystal
structure of a double-stranded oligonucleotide (Timsit ef al., 1989). The
right-handedness of the X-structure was confirmed using FRET (Murchie et
al., 1989). The location of the continuous strands in the major grooves 3’ to
the point of strand exchange is consistent with observed protection against
cleavage by DNasel (Lu er al., 1989; Murchie ef al., 1990).

Three-way DNA junctions are formed from three strands of DNA, but
their folding appears to be quite different from that of the four-way junction.
Our long-short arm gel electrophoretic experiments (Duckett and Lilley,
1990) suggested that the angles between the three arms were more similar to
each other than the inter-arm angles of the four-way junction. This indicated
that the arms do not undergo the pairwise stacking of the four-way junction,
and this was consistent with the chemical reactivity of thymine bases under all
conditions. Model building indicates that a three-way junction in which two
arms are coaxially stacked is not consistent with full base pairing.

RNA junctions

Gel electrophoretic experiments on RNA junctions are much more difficult
to perform than those with DNA junctions. Apart from the general difficul-
ties of preparing long RNA molecules for assembly into junctions, restriction
enzymes cannot be used to shorten arms, and thus all species must be
prepared individually. We have carried out this analysis for one three-way
junction, in which individual arms were sequentially reduced from 40 bp to an
8 bp hairpin loop. The electrophoretic mobility of these three species in
polyacrylamide was compared, whereupon it was observed that there was
close to equal mobility whatever the fonic conditions (S. McAteer, A.
Bhattacharya and D.M.J. Lilley, unpublished data). This suggested that the
three-way junction is an extended, unstacked Y-structure similar to the
three-way DNA junction.

The four-way junction in RNA is likely to be built on different sterochem-
ical principles from its DNA equivalent. The structures of tRNA and
psecudo-knots indicate that coaxial stacking is favourable in RNA where
possible, but the overall folding is unlikely to be the right-handed, antiparaliel
structure found in DNA. An important aspect of the DNA stacked
X-structure is the juxtaposition of strands and grooves (discussed above), but
this will be quite different for an A-form helix. As a consequence, the RNA
junction wiil probably fold according to a different principle. The RNA
junction is harder to study than DNA by electrophoresis because a full
long—short arm gel electrophoretic analysis requires the synthesis of many
long RNA transcripts. However, we have performed a preliminary analysis
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on a junction of one sequence, and the results confirm that the folding
appears to be quite different from that of the DNA junction. However, this
requires more detailed study before a definite structure can be deduced.

Four-stranded structures

Considerable interest has been generated by the discovery of four-stranded
DNA structures, based on a guanine tetrad, which can be parallel (Sen and
Gilbert, 1988, 1990) or antiparallel (Sundquist and Klug, 1989; Williamson,
Raghuraman and Cech, 1989). These conformations have been associated
with immunoglobulin gene switching and telomere function respectively, and
have been the subject of investigation by NMR (Jin et al., 1990; Wang,
Howard and Griffiths, 1991; Aboul-ela, Murchie and Lilley, 1993). Forma-
tion of these structures is strongly cation-dependent, and is associated with a
marked alteration in gel electrophoretic mobility. Wherever oligoguanine
stretches occur there seems to be a propensity to form the tetraplex structure,
and this has been demonstrated for the retinoblastoma susceptibility
(Murchie and Lilley, 1992) and the insulin genes (Hammond-Kosack and
Docherty, 1992). This raises the question of whether these sequences might
undergo tetraplex formation at the RNA level. Kim, Cheong and Moore
(1991) used a gel electrophoretic retardation technique to demonstrate
potassium-dependent tetraplex formation by an RNA molecule derived from
the Escherichia coli 58 RNA, that contains a GGGG sequence. Tetraplex
formation was found to be very slow, but the complexes once formed were
very stable. Such interactions might form the basis of the dimerization of HIV
RNA in the virion (Marquet et al., 1991).

Comparison with other technigues

Gel electrophoresis has been immensely valuable in the study of the shapes of
nucleic acids, especially DNA. It has generated significant insight into a
number of interesting DNA structures, such as curved DNA (Diekmann and
Wang, 1985; Hagerman, 1985; Koo, Wu and Crothers, 1986; Marini et al.,
1982; Wu and Crothers, 1984), bulges (Bhattacharyya and Lilley, 1989a;
Hsieh and Griffith, 1989; Rice and Crothers, 1989; Wang and Griffith, 1991)
and junctions (Cooper and Hagerman, 1987; Duckett et al., 1988; Gough and
Lilley, 1985). On a different size scale, agarose gel electrophoresis has been
indispensable in the study of supercoiled DNA circles (Pulleyblank et al.,
1975; Wang, Peck and Becherer, 1983) and related topological problems such
as knots and catenanes (Kanaar, van de Putte and Cozzarelli, 1988). Yet the
greatest drawback to its use remains the lack of a good theoretical framework
(see above). The most productive way to use gel electrophoresis in the study
of nucleic acid structure is probably in combination with other techniques.
This has certainly been true for DNA, and is likely to be even more so in the
study of RNA structure. We have found that FRET has been extremely
important in complementing other studies of DNA structure (Clegg et al.,
1992; Murchie et al., 1989); it is hard to think of another technique that
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provides such long-range distance information in solution, and the methods
for applying this to nucleic acids are improving all the time. We have made
preliminary studies of RNA structure using FRET, and the number of studies
will greatly increase in the immediate future. Hydrodynamic methods can be
applied to RNA structure, such as light scattering, and Gast and Hagerman
have recently applied transient electric birefringence to the study of RNA
molecules (Gast and Hagerman, 1991). Chemical probing can provide an
indication of the accessibility of bases within the secondary and tertiary
structure of RNA, and a range of such probes are available (Ehresmann ef al.,
1987). A different approach to the problem, which can generate important
insight if used properly, is modelling. Clearly this can never prove a structure,
but it can be useful in testing different stereochemistries, and can suggest new
avenues for experimentation. Modelling RNA tertiary structure may be
strengthened by the inclusion of phylogenetic data.

As a significant component of this armoury of techniques, gel electrophore-
sis has an important role to play in the analysis of the almost limitless number
of interesting and important RNA structures in the cell.
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