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Summary

The high affinity and specificity of nucleic acid base
complementarity has been proven to be a powerful
method for constructing specific molecular assem-
blies. On the other hand, recent structural studies of
RNA have revealed the wide range of tertiary interac-
tions utilized in RNA folding, which may potentially be
used as tools for the design of specific macromolecu-
lar assemblies. Here, RNA building blocks containing
two hairpin loops, based on the dimerization initiation
site (DIS) of HIV RNA, connected by a short linker
were used to construct large RNA assemblies through
hairpin loop-loop (“kissing”) interactions. We show
that specific linear and circular assemblies can be
constructed in a magnesium-dependent manner using
several non-self-complementary loop-loop interac-
tions designed in this study. These results show that
the use of RNA tertiary interactions may broaden the
reportoire of nucleic acid-based nanostructures.

Introduction

Base-pairing interactions observed in nucleic acids, by
virtue of their simplicity, have received considerable in-
terest as a tool for creating specific macromolecular
structures. In particular, DNA has been the material of
choice for the construction of novel topologies [1, 2], in
the design of molecular devices [3-6], and for applica-
tion in molecular computation [7-9]. The assembly of
such DNA structures has been carried out for the most
part by Watson-Crick base pairing; however, noncanoni-
cal base-pairing schemes have also been utilized [6].
Recent progress in the understanding of RNA struc-
ture and folding has revealed a range of secondary and
tertiary interactions, unique to RNA in biological systems
[10-13], that may potentially be used in the construction
of RNA-based assemblies. In a pioneering work by Jae-
ger and Leontis, a tetraloop-internal loop interaction has
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been used to construct dimeric and one-dimensional
RNA structures [14-16], thereby expanding the utility
of nucleic acids in the construction of nanomolecular
structures.

The hairpin loop-loop interaction, or “kissing” interac-
tion, is an interaction that has been found in antisense
RNA control [17, 18], in the dimerization of retroviral
genomic RNA [19-21], and in the folding of ribozymes
[22-24]. The specificity of the kissing interaction is dic-
tated by five to seven complementary base pairs be-
tween the two hairpin loops, while stacking interactions
by surrounding bases provide stability to the interaction.
Such kissing interactions have been shown to be 10?-10*
times more stable than the corresponding loop-linear
interactions, as in the case of tRNAs and their complemen-
tary codons, which are more stable than the linear-linear
interaction between complementary single-stranded re-
gions [25], making loop-loop interactions sufficiently
stable for constructing RNA assemblies.

The dimerization of the genomic RNA of the human
immunodeficiency virus (HIV) is believed to occur first by
a kissing interaction at a region termed the dimerization
initiation site (DIS) and then by isomerization to a ther-
modynamically stable “tight” dimer [19, 26]. The nine-
nucleotide DIS loop contains a self-complementary
hexanucleotide (5'-GCGCGC-3’ in subtype B) flanked
by purine residues that are thought to be important in
stabilizing the kissing complex through noncanonical
base-pairing and stacking interactions [27-30]. In vitro
selection of loop variants capable of kissing complex
formation has shown that the specificity of the interac-
tion appears to be determined by base complementarity,
so that the repertoire of loop-loop interactions that can
be exploited for molecular assembly is potentially large
[31]. In addition, the stability of the kissing interaction
is highly dependent on magnesium concentration [19,
32], as with other known kissing complexes, suggesting
that magnesium can be used as a switch for the assem-
bly and disassembly of the RNA structures.

In this study, we have prepared RNA building blocks
containing two hairpin loops based on the DIS con-
nected by a two-nucleotide linker and studied the ability
of these RNA building blocks to form linear and circular
RNA assemblies (Figure 1A). We have shown by poly-
acrylamide gel electrophoresis that large RNA assem-
blies can be formed with the kissing interaction and that
the formation of linear and circular arrangements of RNA
building blocks is possible using non-self-complemen-
tary loop-loop pairs designed in this study. We also
show by CD spectrometry that the RNA structures con-
structed in this way can be assembled and disassem-
bled in a magnesium-dependent manner by adjusting
the strength of the loop-loop interaction in a process
we refer to as “RNA LEGO.”

Results

Formation of Large RNA Assemblies through
Loop-Loop (Kissing) Interactions

First, the assembly of the 56-mer RNA substrates 1-5
(Figure 1B) that contain two hairpin loops connected by
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Figure 1. The Formation of RNA Assemblies with RNA Building Blocks 1-5

(A) Scheme for the magnesium-dependent assembly of RNA building blocks.

(B) Secondary structure of RNA building blocks 1-5.

(C) Analysis of the assembly of RNA building blocks (18 pmoles per lane) on TBM (0.1 mM Mg?*) and TBE (no Mg?*) gels at room temperature
(23°C), 10°C, and 4°C. Lanes 1 and 7, substrate 1; lanes 2 and 8, 2; lanes 3 and 9, 3; lanes 4 and 10, 4; lanes 5 and 11, 5; lanes 6 and 12, 1
(slow-cooled).

a two-nucleotide linker were studied. Each hairpin loop wise noted, to ensure the formation of the hairpin loop
consisted of a nine-base pair stem and a loop sequence structures and analyzed by polyacrylamide gel electro-
based on the self-complementary HIV dimerization initi- phoresis (PAGE) on Tris-borate (TB) gels containing 0.1
ation site (DIS) loop sequence (AAGCGCGCA,; the self- mM magnesium (TBM gels) and gels lacking magne-
complementary region is underlined). RNA substrates sium, but containing 2 mM EDTA (TBE gels), at several

were heat denatured and quick-cooled, unless other- temperatures (Figure 1C). Low-gel mobility products,
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most likely circular assemblies, were observed for RNA
substrate 1 on TBM gels (Figure 1C, lane 1). On the other
hand, on TBE gels, only small amounts of low-mobility
products, which appear to decrease upon electrophore-
sis at higher temperature, were observed (Figure 1C,
lane 7). This suggested that the majority of low-mobility
products were associated through loop-loop interac-
tions, since the rather weak DIS loop-loop complex has
been shown to dissociate upon electrophoresis on TBE
gels but is stabilized in the presence of magnesium on
TBM gels [19, 32]. This is supported by the fact that the
low-mobility bands are well defined on gels run at lower
temperatures (10°C and 4°C) compared to gels run at
room temperature (23°C) (Figure 1C, lane 1), which pre-
sumably reflects the stabilization of the rather weak kiss-
ing interactions at low temperatures. The smearing of
bands observed in the TBE gel (Figure 1C, lane 7), partic-
ularly at low temperatures, was thought to be due to
such dissociation of the loop-loop interaction during
electrophoresis. By contrast, when 1 was heated and
slow-cooled prior to gel electrophoresis, dimeric and
larger products were observed on both TBM and TBE
gels, indicating that a portion of the RNA building blocks
were not kissing but were extensively base paired (Fig-
ure 1C, lanes 6 and 12) because slow-cooling leads to
intermolecular base-paired structures that are stable in
the absence of magnesium.

In order to provide evidence that the low-mobility
products observed for 1 were indeed assembled via
kissing interactions, we analyzed substrates 2 and 3,
which contain loop mutations that disrupt kissing com-
plexes, as well as substrates 4 and 5, which contain
mutations that complement these loop mutations and
restore kissing complex formation. RNAs with a G to A
mutation in one (2) or both of the loops (3) resulted in the
formation of a dimeric and a monomeric arrangement,
respectively, on the basis of gel mobility (Figure 1C,
lanes 2 and 3). Furthermore, substrates that contain
additional single or double C to U mutations that com-
plement the G to A mutations (4 and 5) were found to
restore formation of dimeric or larger RNA assemblies
(Figure 1C, lanes 4 and 5).

To further show that the low-mobility products ob-

Figure 2. Reanalysis of Low-Mobility RNA
Bands Excised from Polyacrylamide Gels
(A) TBM gel analysis of quick-cooled (Q) and
slow-cooled (S) solutions of 1 at 10°C. RNA
from bands |-V were eluted from the poly-
acrylamide gel.

(B) TBM and TBE gel analysis of RNA (4.5
pmoles per lane) from bands |-V excised from
a TBM gel in (A) at 10°C. Lane 1, 1 (quick-
cooled) (Q); lane 2, band I; lane 3, band II;
lane 4, band lll; lane 5, band IV; lane 6, band
V; lane 7, band Ill (heated and quick-cooled);
lane 8, band Il (heated and slow-cooled); lane
9, 1 (heated and slow-cooled) (S).

123456789

served on TBM gels were held together by kissing inter-
actions, we excised specific low-mobility bands (I-V)
formed upon quick-cooling (Q) and slow-cooling (S) of
substrate 1 from a TBM gel (Figure 2A), and the RNA
was extracted from the gel slices and rerun on TBM and
TBE gels (Figure 2B). Upon rerunning RNA from bands
I and Il, which were formed from quick-cooled samples,
we observed reequilibration of the RNA building blocks
to form a series of bands with differing gel mobility on
a TBM gel (Figure 2B, lanes 2 and 3), while these bands
could not be observed on a TBE gel (Figure 2B, lanes
2 and 3). On the other hand, upon rerunning RNA from
bands Il and IV, which were formed from slow-cooled
samples, we observed defined bands with a mobility
similar to that of the excised band on both TBM and
TBE gels (Figure 2B, lanes 4 and 5), indicating that these
RNA products were extensively base paired. In addition,
when the RNA from band Il was heat denatured and
then quick- or slow-cooled, a series of low-mobility
bands was again observed (Figure 2B, lanes 7 and 8).

Disruption of the Formation of RNA Assemblies

with Competitor Substrates

Since it appeared likely that the low-mobility bands ob-
served for substrate 1 were circular arrangements, a
competition experiment where substrate 2 was added
to disrupt the energetically weak kissing interaction in
the circular complexes of substrate 1 was carried out.
After addition of increasing amounts of 2 to a preformed
solution of 1 and incubation for 30 min at 37°C, the
accumulation of a series of new high-mobility bands,
presumably corresponding to linear arrangements, was
observed (Figure 3A, lanes 2-8). On the other hand,
addition of substrate 3, which is incapable of kissing
with substrate 1, did not disrupt the formation of high-
order assembilies (Figure 3A, lane 9). Next, upon addition
of magnesium (to 1 or 5 mM) prior to the addition of the
competitor, the RNA assemblies were converted to a
competitor-resistant form, as shown in Figure 3B. This
result shows that the conformation of the RNA assem-
blies can be “locked” in position by addition of mag-
nesium.
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The Design of Non-Self-Complementary

Loop-Loop Complexes

In order to construct specific linear and circular arrange-
ments of RNA building blocks through loop-loop interac-
tions, we needed to design pairs of non-self-comple-
mentary loop sequences. We therefore prepared nine
pairs of RNA hairpin loops containing non-self-comple-
mentary loop sequences (Figure 4A, A1/A2-11/12), which
included two previously reported RNA pairs (A1/A2 and
G1/G2) [31], and determined their affinity using a gel
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Figure 3. Disruption of the Formation of RNA
Assemblies by the Addition of Competitor
Substrates

(A) Competitor RNA (2 or 3) in 1X PN buffer
was added to a premixed solution of 1 (18
pmoles) in 1X PN buffer, incubated at 37°C
for 30 min, and analyzed ona TBM gel at 10°C.
Lane 1, 1 alone; lanes 2-8, 1 plus competitor
2 in the amounts indicated; lane 9, 1 plus
competitor 3.

(B) Mg?* was added to solutions of competi-
tor RNA (2; 9 pmoles) and 1 (9 pmoles) that
had been individually heated and quick-
cooled in the usual manner. The two solutions
were mixed, incubated for 30 min at 31°C,
and analyzed on a TBM gel at 10°C.

123 456

mobility shift assay at 23°C and 4°C (Figure 4A). The
stability of the pairs of loop sequences observed by the
gel shift assay corresponded roughly to the thermody-
namic stability calculated with the expanded nearest-
neighbor parameters determined by Turner and cowork-
ers for the formation of RNA duplexes (Figure 4B) [33].
Next, the six pairs of RNA loop sequences showing
the highest affinity (loop sequences A1/A2-F1/F2) were
tested for specificity of binding to their cognate loop
sequences by analyzing all 78 combinations of RNA
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Figure 4. The Design of Novel Non-Self-Complementary Kissing Complexes Based on the DIS Loop Sequence

(A) Gel shift analysis of kissing complex formation of 27-mer hairpin loop RNAs on TBM gels at 23°C and 4°C.
(B) Relationship between relative Kys and calculated thermodynamic stability (AG°5;) of kissing complexes.
(C) Analysis of the specificity of kissing complex formation by loop sequences A-F by mixing equimolar amounts of all 78 combinations of

RNA hairpins on TBM and TBE gels.
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Figure 5. The Secondary Structures of RNA Building Blocks 6-14

In parenthesis, the combination of 5’- and 3’-loop sequences used (WT DIS, A1-F2, or Ade [a hexaadenylate sequence]) and the combination

of 5'- and 3'-stem sequences used (S1-S5) are indicated.

pairs by PAGE on TBM and TBE gels, as shown in Figure
4C. While some promiscuous behavior by loop se-
quences D1 and D2 was observed, as indicated by the
small amount of dimeric species observed in the TBM
gel (Figure 4C), the remaining five pairs (A, B, C, E, and F)
were found to be highly specific for their complementary
partners.

Construction of Specific Linear

and Circular Arrangements

RNA building blocks 6-14 consisting of two hairpin loops
connected by a two nt linker, as in the case of RNAs
1-5, but with 14 base pair stems, were prepared. The
longer stem was expected to reduce potential isomer-
ization to the stable extended dimer (Figure 5). Sub-
strates 6-14 were mixed in specific combinations,
heated, quick-cooled, incubated at 37°C in PN buffer,
and analyzed by PAGE on TBM and TBE gels (Figures
6A and 6B). As expected, defined bands could not be
observed on TBE gels (Figure 6B), while specific low-
mobility bands were observed on the TBM gel as de-
scribed below (Figure 6A).

RNA building block 6 containing the self-complemen-
tary DIS hexanucleotide sequence in both loops formed
a series of circular arrangements, as shown in lanes 1
and 19 (Figure 6A). When substrate 7 containing the DIS
hexanucleotide in one loop and a hexaadenylate in the
other loop was added to this solution of 6, opening of
the circular arrangements to form what were assumed
to be a series of linear arrangements was observed
(lanes 2 and 18). RNA building blocks 8-14 contained
various combinations of the non-self-complementary
loop sequences A1-F2 (Figure 5) and were designed to
assembile into the linear and circular structures shown
in Figure 6C. The specific formation of monomer (M),
linear dimer (I-D), linear trimer (I-Tri), and linear tetramer
(I-Tet) is shown in lanes 3, 4, 10, and 14, respectively,
and corresponded with the series of bands observed in
lanes 2 and 18. The specific formation of circular dimer
(c-D), circular trimer (c-Tri), and circular tetramer (c-Tet)

can be observed in lanes 5, 11, and 15, respectively,
and again corresponded to the series of bands observed
in lanes 1 and 19. Furthermore, as would be expected,
formation of circular dimer (c-D) was accompanied by
the formation of what appeared to be circular tetramer
(c-Tet) and circular hexamer (c-Hex) (lane 5). Similarly,
formation of circular trimer (c-Tri) and circular tetramer
(c-Tet) were accompanied by the formation of circular
hexamer (c-Hex) and circular octamer (c-Oct), respec-
tively, as well as even-higher-order assemblies (lanes
11 and 15). An experiment where RNA substrates were
individually heated, quick-cooled, and then mixed at
specific ratios resulted in an identical distribution of
circular products to that when the mixture of RNAs was
heated and quick-cooled (lanes 5 and 6).

The formation of specific circular arrangements, as
shown in Figure 6A (lanes 5, 11, and 15), was further
supported by experiments where 14 was added as a
competitor to disrupt formation of the circular struc-
tures. Upon addition of increasing amounts of competi-
tor RNA 14 to the solution containing the preformed c-D,
which also contains a considerable amount of c-Tet and
c-Hex, a decrease in the amount of c-D (and c-Tet and
c-Hex) was accompanied by an increase in the amount
of linear trimer (I-Tri) (lanes 7 and 8). Similar treatment of
solutions containing the preformed circular trimer (c-Tri)
and circular tetramer (c-Tet) with competitor 14 led to
the formation of linear tetramer (I-Tet) and linear pen-
tamer (I-Pent), respectively (lanes 12, 13, 16, and 17).
An experiment where the RNA substrates including the
competitor (14) were mixed prior to heating and quick-
cooling resulted in an identical distribution of products
to that when the competitor was added to the preformed
circular dimer (lanes 8 and 9).

Observation of the Magnesium-Dependent
Assembly of RNA Building Blocks by CD

Since the stability of the loop-loop interaction is highly
dependent on magnesium concentration, we attempted
the observation of the magnesium-dependent assembly
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Figure 6. The Formation of Specific Arrangements of RNA Building Blocks

(A) TBM (plus Mg?*) gel analysis of RNA assemblies at 10°C. The total amount of RNA was 12 pmoles with the exception of the competition
experiments. Lane 1, 6; lane 2, 6 and 7 (1:5); lane 3, 9; lane 4, 9 and 14 (1:1); lane 5, 8 and 9 (individually annealed and mixed 1:1); lane 6, 8
and 9 (1:1); lane 7, 8 and 9 (1:1) plus 14 (molecular equivalents); lane 8, 8 and 9 (1:1) plus 14 (5 molecular equivalents); lane 9, 8, 9, and 14
(1:1:5); lane 10, 10, 11, and 14 (1:1:1); lane 11, 8, 10, and 11 (1:1:1); lane 12, 8, 10, and 11 (1:1:1) plus 14 (molecular equivalents); lane 13, 8,
10, and 11 (1:1:1) plus 14 (5 molecular equivalents); lane 14, 10, 12, 13, and 14 (1:1:1:1); lane 15, 8, 10, 12, and 13 (1:1:1:1); lane 16, 8, 10, 12,
and 13 (1:1:1:1) plus 14 (molecular equivalents); lane 17, 8, 10, 12, and 13 (1:1:1:1) plus 14 (5 molecular equivalents); lane 18, same as lane 2;
lane 19, same as lane 1.

(B) TBE gel analysis of RNA assemblies as described in (A) at 10°C.

(C) Proposed structures of the designed circular dimer (c-Di), circular trimer (c-Tri), circular tetramer (c-Tet), linear dimer (I-Di), linear trimer

(I-Tri), and linear tetramer (I-Tet).

of RNA building blocks by CD spectrometry, which is
sensitive to changes in RNA structure. Upon addition of
magnesium to a solution of RNA substrate 1 at 25°C
(Figure 7A, closed diamonds), a small increase in the
CD band centered at ~260 nm was observed (Figure
7A, open circles). On the other hand, upon heating the
solution of 1, a considerable increase in the CD band
centered at ~280 nm was observed (Figure 7A, plus
signs). The latter change was assumed to be due mostly
to the dissociation of the kissing complexes, since the
WT DIS hairpin loop has been shown to “kiss” even in
the absence of magnesium [34].

From this result, it was anticipated that the magne-
sium-dependent formation of RNA assemblies could be
observed by lowering the affinity of the loop-loop com-
plexes. Indeed, upon addition of magnesium (1 mM)

to a solution of 5 (Figure 7B, closed diamonds), which
possesses a GCAUGC in the loop, with an estimated
50-fold-lower affinity compared to the WT DIS loop (on
the basis of the calculated thermodynamic stability),
the increase in the CD band centered at ~260 nm was
accompanied by a decrease of the CD band at 270-290
nm (Figure 7B, open circles). Addition of EDTA to this
solution resulted in a small decrease in the CD band at
250-270 nm, while the magnesium-induced decrease in
the CD band at 270-290 nm persisted. However, by
further heating this solution to 45°C and returning the
temperature to 25°C, the CD band at 270-290 nm re-
turned to the original state of the free RNA (Figure 7B,
plus signs). We believe that the increase in the CD band
at 250-270 nm represents, for the most part, a nonspe-
cific RNA conformational change, while the CD band
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Figure 7. CD Spectra of Substrates 1, 5, 4, and 3 (1.6 M) in 10 mM Phosphate Buffer (pH 7.0) at 25°C

(A) CD spectra of 1 (WT) (closed diamonds) after addition of Mg?* to 1 mM (open circles) and heating to 45°C (plus signs).
(B-D) CD spectra of 5, 4, and 3 (closed diamonds) after addition of MgCl, to 1 mM (open circles), further addition of EDTA to 1 mM, heating

to 45°C, and cooling to 25°C (plus signs).

(E) A comparison of the CD change induced by heat and Mg?* treatment of 1 (open triangles) ([A], open circles minus plus signs) and upon
addition of Mg?* to 5 (closed circles) ([B], open circles minus closed diamonds).

(F) Difference spectra of 3 (plus signs), 4 (open squares), and 5 (closed circles) before and after addition of EDTA.

(G) Difference spectra of 3 (plus signs), 4 (open squares), and 5 (closed circles) before and after 45°C treatment.

(H) Change in molar ellipticity (®) at 285 nm upon magnesium titration of substrates 3 (plus signs), 4 (open squares), and 5 (closed circles).

at 270-290 nm represents the conformational change
induced by kissing complex formation. A difference
spectra of the CD change induced by heating and adding
Mg?* to a solution of 1 (open triangles) and by addition
of magnesium to 5 (closed circles) was found to coin-
cide, as shown in Figure 7E, indicating that the formation
of the kissing complex can be regulated by Mg?* and
by heat.

Similar experiments with 4 (Figure 7C), which can only
kiss through one loop, and 3 (Figure 7D), which is incapa-
ble of kissing, showed that the decrease in the CD band
at 270-290 nm corresponded to the number of potential
kissing complexes (Figures 7C and 7D). A difference
spectra of the CD change induced by the kissing interac-
tion is shown in Figure 7G, while the nonspecific CD
change induced by magnesium is shown in Figure 7F.
A magnesium titration curve of the change at 285 nm
is shown in Figure 7H, where the CD change observed
for 5 was twice that of 4, corresponding to the number
of potential loop-loop interactions.

Discussion

Jaeger and Leontis have previously demonstrated the
use of RNA tertiary interactions in the design of large
macromolecular RNA assemblies. In this case, the GAAA
tetraloop/11 nt receptor interaction was used to form
dimeric and one-dimensional RNA assemblies [15, 16].
We have utilized a similar strategy using the kissing
interaction of the DIS, the dimerization site of HIV RNA,

for the construction-specific linear and circular RNA ar-
rangements. The kissing interaction used in this study
is distinct from the GAAA tetraloop/11 nt receptor inter-
action used in the work of Jaeger and Leontis, in that
the former is mediated primarily by Watson-Crick base
pairing of loop nucleotides, while the latter consists of
non-Watson-Crick pairing. Thus, the specificity of the
kissing interaction of the DIS could be readily switched
by substitution to an alternative complementary loop
sequence, as was suggested from in vitro selection of
DIS variants performed by Marquet and coworkers [31].
When the affinity and specificity of several non-self-
complementary loop-loop pairs was analyzed, the sta-
bility of kissing complexes determined by gel shift analy-
sis was found to roughly correlate with the stability of
the corresponding hexanucleotide duplexes calculated
by thermodynamic parameters determined by Turner
and coworkers (Figure 4B) [33]. This result is in contrast
with the stabilities observed for kissing complexes
based on the E. coli RNA | and RNA Il interaction, where
the melting temperatures of kissing complexes do not
correlate with the calculated stability of the correspond-
ing heptanucleotide duplexes [35]. Thus, the sequence
dependence of kissing complex stability appears to dif-
fer depending on the context of the loop. The ability to
predict the stability of the kissing complex in the DIS
framework enables one to readily adjust the strength of
the interaction to one’s purpose, therefore making it an
attractive tool for the assembly of RNA building blocks.

Since the kissing interaction is known to be stabilized
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inthe presence of magnesium ion, it was anticipated that
the assembly and the disassembly of the RNA building
blocks could be controlled in a manner similar to the way
that protein subunits reversibly assemble into functional
quarternary structures [36]. Indeed, the stabilization of
the RNA assemblies of 1 by magnesium ion could be
observed as the presence of defined RNA bands on
TBM gels (Figure 1C, lane 1) as compared to the absence
of RNA bands on TBE gels (Figure 1C, lane 7). However,
1, which possesses the DIS loop, was shown to be able
to form a kissing complex in the absence of magnesium
at room temperature by CD (Figure 7A). Apparently, in
the absence of magnesium, the weakly associated kiss-
ing complexes of 1 dissociate during PAGE, as indicated
by the smearing observed on TBE gels (Figure 1C, lane
7). On the other hand, since the kissing complex formed
for 1 could be dissociated by heating to 45°C (Figure
7A), it was expected that the assembly of RNA building
blocks could be made to be magnesium dependent
by lowering the stability of the loop-loop interaction.
As expected, by substituting the DIS loop sequence
(GCGCGC) with a weakly binding loop sequence (the
GCAUGC of 5), kissing complex formation was abolished
in the absence of magnesium but was induced by the
addition of magnesium (to 1 mM), as observed by CD.

Significance

A number of characteristics of the kissing complex
make it potentially useful for the design of nucleic acid-
based nanostructures. First, the ability to assemble or
disassemble the RNA building blocks in a magnesium-
dependent manner as shown in this study may be used
as a switch for assembling RNA nanostructures and
in bringing functional groups into close proximity. Sec-
ond, kissing complexes identified in biological sys-
tems often isomerize to a more thermodynamically
stable structure and, by doing so, act as functional
switches [17, 18]. In the case of the kissing complex
formed by the HIV DIS, the isomerization is facilitated
by the RNA chaperone activity of NCp7 protein [37] or
in vitro by heat treatment [19-21, 32]. Therefore, the
protein- or thermally-induced isomerization of RNA
assemblies may be used as a functional switch. RNA
structures constructed in this way may also act as
scaffolds for the construction of complex molecular
assemblies, for example, by the introduction of protein
binding sites. While RNA-based assemblies such as
those presented in the present study may not find
broad applications because of their enzymatic and
chemical instability, they may provide a starting point
for the design of novel functional DNA-based assem-
blies, since unique structures and functions identified
from studies of RNA have often been shown to occur
with single-stranded DNA (ssDNA) [38]. In fact, a DNA
version of the self-complementary DIS has recently
been shown to form a loop-loop complex, although
the details of the interaction are somewhat different
[39]. In addition to the possible importance of such
an approach in constructing specific nanomolecular
structures, we believe that the results are interesting

from a structural perspective, in that they may provide
insights into the way in which large RNA-based struc-
tures are formed.

Experimental Procedures

Materials

RNA substrates were transcribed in vitro with T7 RNA polymerase
and DNA templates that had been prepared from synthetic DNAs.
DNA templates for 56-mer (Figure 1B) and 27-mer (5'-GGCUUGCU
GAANNNNNNACGGCAAGCC-3’, where NNNNNN was one of the
19 hexanucleotide sequences [DIS and A1-12] shown in Figure 4A)
RNA substrates were prepared by annealing the synthetic single-
stranded DNA templates and an 18-mer T7 promoter DNA (5'-GTAA
TACGACTCACTATA-3'). DNA templates for 76-mer RNA substrates
(Figure 5) were prepared by annealing two oligonucleotides comple-
mentary at the 3’-end and by second strand synthesis with Taq
polymerase.

Native Polyacrylamide Gel Electrophoresis (PAGE) Analysis

of RNA Substrates

Native PAGE analysis of the assembly of the 56-mer RNAs 1-5, 76-
mer RNAs 6-14, and 27-mer RNAs was performed by the following
general protocol, unless otherwise noted. RNA substrate(s) (1-5, 36
pmoles; 6-14, a total of 24 pmoles per experiment; 27-mer RNA, 80
pmoles) in H,O (typically 6 pl for 1-14 and 8 .l for the 27-mers) were
heated at 95°C for 5 min and immediately cooled on ice. To this
solution, we added 4x PN buffer (2x for 27-mer RNAs) to give a
final concentration of 10 mM sodium phosphate (pH 7.0) and 50
mM NaCl (1 X PN buffer) and incubated it at 37°C (room temperature
for 27-mers) for 30 min [32]. In the case of slow-cooled samples,
the RNA (36 pmoles) in 1xX PN buffer (8 nl) was heated at 95°C for
5 min and slowly cooled to room temperature over a period of up
to 2 hr. To these solutions, we added one-fourth the volume (an
equal volume for 27-mers) of a loading buffer containing glycerol,
and the solution was divided into two aliquots and analyzed sepa-
rately by electrophoresis on nondenaturing 8% (15% for 27-mer
RNAs) polyacrylamide gels (acrylamide/bisacrylamide ratio of 30:1
for 1-14 and 20:1 for 27-mer RNAs) in TBM-buffer (89 mM Tris, 89
mM borate, and 0.1 mM MgCl,) and TBE-buffer (89 mM Tris, 89 mM
borate, and 2 mM EDTA) at 4°C to room temperature (23°C). RNA
bands were visualized by staining with ethidium bromide and irradia-
tion with a UV transilluminator. When mixtures of multiple RNAs
were analyzed, the RNAs were mixed prior to heating and quick-
cooling, with the exception of the competition experiments, where
a competitor RNA was added to the premixed RNA solutions, and
where otherwise noted.

Excision and Reanalysis of RNA Assemblies with Low
Electrophoretic Mobility

RNA substrate 1 (160 ul of a 4.5 M solution) that had been quick-
cooled or slow-cooled as described above was run on an 8% poly-
acrylamide/TBM gel. RNAs were excised from the gel, eluted from
the gel slice, ethanol precipitated, and redissolved in H,0. Six micro-
liter 1.5 wM solutions of the isolated RNAs were mixed with 4X PN
buffer (2 wl), incubated at 37°C for 30 min or quick- or slow-cooled,
divided into two aliquots, and analyzed as described above on TBM
and TBE gels.

Gel Shift Assays

Internally labeled 27-mer RNAs were transcribed in vitro with T7
RNA polymerase as previously described [40]. A 2 nM solution of
the internally labeled RNA (A2-12) (4 nl) was mixed with an equal
volume of a 0-256 nM solution of the cold RNA (A1-I1), heated at
95°C for 5 min, and cooled immediately on ice. Eight microliters of
2X PN buffer was added to this solution, the mixture was incubated
for 30 min at room temperature, one-forth the volume of a glycerol
loading buffer was added, and the mixture was analyzed on TBM
gels at room temperature and/or at 4°C.
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Circular Dichroism (CD)

CD spectra were measured with an Aviv model 202 spectrometer.
RNA samples (12 pM) in H,O were heated at 95°C for 5 min and
then immediately chilled on ice. To this solution, we added sodium
phosphate buffer (pH 7.0) to a final concentration of 10 mM with a
2X solution. This solution was incubated for 30 min at 37°C, and
the RNA concentration was adjusted to 1.6 .M with 10 mM phoshate
buffer. Spectra were recorded with a 1 cm pathlength cuvette at
25°C, and the signal was averaged for 3 s at each wavelength. Mean
molecular ellipticity was calculated per nucleotide of the RNA.
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