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Abstract: RNA offers a variety of interactions and dynamic conformational switches not available with
DNA that may be exploited for the construction of nanomolecular structures. Here, we show how the RNA
loop—loop, or “kissing”, interaction can be used to construct specific circular RNA arrangements that are
capable of thermal isomerization to alternative structures. We also show how this thermally induced structural
rearrangement can be used to unmask a functional RNA structure, in this case, a peptide-binding RNA
structure, the Rev-response element (RRE) of HIV, thereby acting as a functional peptide-binding switch.
The relative ease with which the RRE could be engineered into the RNA substrates suggested that a
variety of functional RNA structures may be introduced. In addition, the structural rearrangement was
extremely efficient, showing that the “kissing” complexes described in this study may provide a useful
framework for the construction of functional RNA-based nanostructures, as well as aid in our understanding
of the way RNA functions in biological systems.

Introduction an attractive material for constructing artificial self-assemblies.

. . . For example, the tetraloefietraloop receptor interaction, a
Nucleic acid base complementarity has been shown to be a L :
. o frequently observed RNA tertiary interaction, has been used to
powerful means by which to construct specific nanomolecular

. onstruct one-dimensional RNA self-assemBlessd to design
structures. DNA has been preferred because of chemical an . .
. . - . novel self-folding RNAS. However, the repertoire of tetraloep
enzymatic stability, facile synthesis, and well-developed pro- : . o .
. . e tetraloop receptor interactions are somewhat limited, and it
cedures for manipulation and modificatibhOn the other hand, " . .
. . . . would be useful to be have additional interactions that can be
RNA offers a greater variety of interactions as well as dynamic . . :
) . . . utilized for the construction of complex assemblies.
conformational switches not available with DNA that may be The l0oo-100D. or “Kissing”. interaction is an RNA tertiar
exploited3~> Here, we show how an RNA tertiary interaction p-loop, g y

can be used to construct specific RNA structures that are capableglﬁgait(;%;'r;?gw qu?etﬁg %?rieerxs:t;gnR’c\nlﬁrfeotlrf\?i?gmlseigﬁic
of isomerization to an alternative structure, thereby acting as A pNA 1113 Th’e dimerization initiation site (DIS) of thg human
functional switch. . ’ - . L .

RNA structure bears similarities to that of protein in that it Héggggegﬂigcgn:g;ﬁnéﬂyg sfglrfr-]l?)n?pllgrisgr]\?ar?/l?ee;agm?cle-
is hierarchical in nature. In the case of RNA, the primary otide (8-GCGCGC-3) in the loop, which is thought to be the
nucleotide sequence folds into secondary structural elements,ﬁrst step in viral RNA dimerizat,ion (Figure 1A). Since the
which in turn interact with each other through tertiary interac- specificity of the interaction is dictated by complerﬁentary base-
tions to form the tertiary structure. Structural studies have pairing between the two hairpin loops, the ledpop interaction
revegled a wide variety of tfertiary intergctions unique_ o RNA appeared to be an ideal framework fo’r generating specifictoop
that |r_1volve non-Wa_t SOﬁC“.Ck b?‘se‘p‘?‘” a_nd base-triple in- loop interactions that can be used to construct specific structures.
teractions as well as interactions involving ribose and phosphateIndeed we previously showed that RNA building blocks

moieties®~> On the other hand, one distinct feature of RNA o
folding when compared to protein folding is that individually containing two DIS-based stefibops connected by short

prepared secondary structural domains of an RNA can self- () poudna, J. A.; Cech, T. RNA1995 1, 36-45.

assemble to reconstitute a functional strucfuflis makes RNA (7) Jaeger, L.; Leontis, N. BAngew. Chem., Int. EA.999 39, 2521-2524.
(8) Ikawa, Y.; Fukuda, K.; Watanabe, S.-i.; Shiraishi, H.; InoueStucture

2002 10, 527-534.

(1) Seeman, N. C.; Belcher, A. MRroc. Natl. Acad. Sci. U.S.2002 99, (9) Wagner, E. G. H.; Simons, R. WAnnu. Re. Microbiol. 1994 48, 713—
6451-6455. 742.
(2) Seeman, N. CTrends Biochem. Sc2005 30, 119-125. (10) Eguchi, Y.; Itoh, T.; Tomizawa, J.-Annu. Re. Biochem1991, 60, 631—
(3) Hermann, T.; Patel, D. J. Mol. Biol. 1999 294, 829-849. 652.
(4) Batey, R. T.; Rambo, R. P.; Doudna, J. Angew. Chem., Int. EA.999 (11) Laughrea, M.; Jette, IBiochemistry1996 35, 1589-1598.
38, 2326-2343. (12) Paillart, J.-C.; Skripkin, E.; Ehresmann, B.; Ehresmann, C.; Marquet, R.
(5) Schroeder, R.; Barta, A.; Semrad, Kat. Re.. Mol. Cell Biol. 2004 5, Proc. Natl. Acad. Sci. U.S.A996 93, 5572-5577.
908-919. (13) Muriaux, D.; Fosse, P.; Paoletti, Biochemistryl996 35, 5075-5082.
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Mg?+ (TBE gels), while the relatively unstable kissing form
can only be observed on the TBM gel (Figure 1B).
Here, in an attempt to determine whether RNA assemblies

constructed in this way could undergo the structural isomer-
Kissing ization illustrated in Figure 1A, the thermal isomerization of
dimer (K) circular and linear RNA assemblies was studied. It was found
that circular assemblies isomerize more efficiently than their
linear counterparts, presumably due to cooperative melting of
stems upon isomerization of the circular assemblies. We also
demonstrate how the thermal isomerization can be used as a
functional switch to unmask a peptide-binding RNA site.

QQPAQN
M

@
Q
Q
@
AQ QQCANG

Q
o:l’
ot
L
]

p0@”

(]

N

+

b=l

099114
@-0 R
a-a *
a—a ¥

OG)
Q:U
Q —Q
Q—Q

G
8_
DIS -
G-
c-
G-

Materials and Methods

a —
I:;OOO w0 @

I
ol
»

q@ 5

Materials. RNA substrates were transcribed in vitro using T7 RNA

polymerase and DNA templates that had been prepared from synthetic
DNAs as described previouslty.DNA templates for RNA substrates
1-8 were prepared by annealing two oligonucleotides complementary
at the 3-end and by second-strand synthesis using Taq polymerase.
The sequence of the oligonucleotides can be found in the Supporting
Information. The secondary structures of RNA substrdte8 are

, shown in Figure 2.

G, ¢S 3 Assembly of Circular and Noncircular RNA Assemblies HIV

CG eaacaace 2 cecacc? Paucauuc @ GC?I leo, and Their Thermally Induced Isomerization. Specific combinations

6f TUATTIT  Liriil  TIiiitl 1 1acG73

Pk ! ¢ cuvGeue ,,Geecac , CGGCAAG, CC (I-1V) of RNA substrated—4 (24 pmol total) (Figure 3A) in KO (6
c A G

éc‘: ('3U fe uL) were heated at 95C for 5 min and immediately cooled on ice. To
- : this solution was added 2 PN buffer to give a final concentration of
5 Extended duPIex dimer (E) 10 mM sodium phosphate (pH 7.0) and 50 mM NaCk(PN buffer),
and the mixtures were incubated at the indicated temperature for 30
min. In the case of slow-cooled samples, the RNA mixtutes\{)
B (24 pmol total) in 1x PN buffer (12uL) were heated at 95C for 5
K E K E min and slowly cooled to room temperature over a period of up to 2 h.
To these solutions was added one-fourth the volume_j4of loading
dimer | w—— — — buffer containing glycerol, the solution was divided into two aliquots,
and the aliquots were analyzed separately by electrophoresis on
nondenaturing 8% polyacrylamide gels (acrylamide:bisacrylaride
30:1) in TBM buffer (89 mM Tris, 89 mM boric acid, 0.1 mM Mgl
and TBE buffer (89 mM Tris, 89 mM boric acid, 2 mM EDTA) at 23
¥+ °C. RNA bands were visualized by staining with ethidium bromide
+Mgz" -Mgz" and irradiation using a UV transilluminator (Figure 3B,C).
Assembly of Masked RRE-Containing RNAs and Their Isomer-
F_igure 1. (A) Proposed two-step dimeriza_tion_ of_the.dimerizaion initiation  jzation and Peptide-Binding Properties.Mixtures of RNA substrates
site (DIS) of the HIV genome RNA. (B) Discrimination of the loefmop 5 and6, or 7 and8, (16 pmol total) in HO (8 uL) were heated at 95
complex or “kissing” form (K) and the thermodynamically stable extended P ! . . ) .
duplex (E) by PAGE using gels containing and not containingMg C for 5 min and immediately coqled onice. _To this solution was added
2 x PN buffer (8uL), and the mixture was incubated at 37 or €5
linkers can be assembled into specific one- and two-dimensionalfor 30 min. Slow-cooled samples were prepared ir PN buffer as
structures by using a combination of several designed non-self-described above. To these solutions were addedpeptide-binding
complementary loop sequendésThis approach has subse- buffer [7 L, 40 mM HEPES-KOH (pH 7.5), 400 mM KCl, 4 mM
quently been used to construct two-dimensional arrays in a M3Clz 2 mM EDTA (pH 8.0), 4 mM DTT, 8Qug/mL Escherichia
controlled mannet® coli tRNA, 40% glycerol] and the appropriate peptided5 16 pmol),

On the other hand, the DIS kissing complex has been ShoWnand the mixtures were incubated on ice for 10 min and analyzed on

. o h d icall bl ded TBM and TBE gels as described above (Figure 4B,C). The effect of
to lsomer.lze n Vltrp to a thermodynamically stable exten e_ " the peptide on the thermal isomerization was studied by addirg 4
duplex dimer (E) in the presence of the HIV nucleocapsid peptide-binding buffer and the appropriate peptide prior to incubation
protein (NCp7) or by thermal treatment (5&).1116.17 The at 37 or 65°C (Figure 5B).

kissing complex (K) and the stable complex (E) can be
discriminated by native polyacrylamide gel electrophoresis Results and Discussion
(PAGE), since the stable form can be observed on both Tris-
borate (TB) gels containing Mg (TBM gels) and gels lacking

a

NCp7
or
55°C
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Thermally Induced Structural Isomerization of Dimeric
RNA Assemblies. To determine whether RNA assemblies
(14) Horiya, S.; Li, X.; Kawali, G.; Saito, R.; Katoh, A.; Kobayashi, K.; Harada, constructed in a previous StUdy would undergo Isomerization

K. Chem. Biol.2003 10, 645-654. to the thermodynamically stable conformations, combinations
(15) Chworos, A.; Severcan, |.; Koyfman, A. Y.; Weinkam, P.; Oroudjev, E.; _ HRH _ i i
Ransma. H. G Jaeger. Bcience2004 306 2068.2073. (I=1V) of RNA building blocks1—4 were incubated at various

(16) Skripkin, E.; Paillart, J.-C.; Marquet, R.; Ehresmann, B.; Ehresmann, C. temperatures and analyzed by PAGE (Figure 3). An important
Proc. Natl. Acad. Sci. U.S.A994 91, 4945-4949. ; R
(17) Takahashi, K.-i.; Baba, S.; Chattopadhyay, P.; Koyanagi, Y.; Yamamoto, feature of the RNA substrates used in the present study is the

N.; Takaku, H.; Kawai, GRNA200Q 6, 96-102. presence of the asymmetric four nucleotide loops in the stems
4036 J. AM. CHEM. SOC. = VOL. 128, NO. 12, 2006
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Figure 2. Secondary structures of RNA substratés 8) used in this study.

which facilitate melting of the stems upon isomerization (Figure low incubation temperatures (Figure 3B, lane 11). On the basis
2). In addition, the sequence of the stems were designed to avoidof previous studies, we concluded that these low mobility species

incorrect intra- and intermolecular annealing.

Mixtures of pairs of RNA substrates (Figure 3A, combinations
I—1V) were denatured at 95C and quick-cooled to ensure
formation of the stemloop structures, followed by incubation
at 37, 46, 55, and 65C. The samples were analyzed by
electrophoresis on TBM (0.1 mM Mg) and TBE (no Mg")
gels at 23C and visualized by ethidium bromide (Figure 3B,C).

were circular tetrameric, hexameric, and higher kissing com-
plexes!* Upon incubation of the RNAs at higher temperatures,
these low mobility species appeared to be converted to dimeric
species (Figure 3B, lanes424), suggesting that the structural
isomerization had occurred. Indeed, on the TBE gel, where the
thermodynamically stable extended forms were expected to be
predominantly observed as low mobility species, a gradual

It was expected that both the kissing complex and the increase in the amount of the dimeric species was observed as
thermodynamically stable extended complex would be observedthe incubation temperature was raised (Figure 3C, lanes 11

on the TBM gel, while only the stable form would observed on
the TBE gelt116.17A sample that was slow-cooled (S) following

14). Together, this suggested that the thermal isomerization to
the stable conformation had occurred, accompanied by the

denaturation was prepared to indicate the position of the conversion of dimeric and higher order kissing complexes to
thermodynamically stable extended complex (lanes 5, 10, 15, the stable dimeric form.

and 20).
When both loops were designed to form the ledgop
complex (Il ), the presence of dimeric and higher (tetrameric,

Next, when only one loop was allowed to “kiss” (Figure 3A,
combinationll ), resulting in a linear arrangement, on the TBM
gel, dimeric species were observed regardless of incubation

hexameric, etc.) assemblies was observed on the TBM gel attemperature as expected (Figure 3B, lane®) while on the

J. AM. CHEM. SOC. = VOL. 128, NO. 12, 2006 4037
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Figure 3. Thermal isomerization of dimeric RNA assemblies. (A) Schematic illustration of the proposed structural isomerizations for the pairs of RNA
substrates (1 + 2), Il (2+ 3), lll (2 + 4), andIV (1 + 4). (B) Analysis of reactions of—IV containing 1uM (24 pmol total) of each RNA substrate in

PN buffer [10 mM sodium phosphate (pH 7.0), 50 mM NacCl] at 37, 46, 55,

arfiCeflanes -4, 6-9, 11-14, and 16-19) and those slow-cooled (S) by

PAGE on TBM (+Mg?") gels. (C) Analysis of reactions in part B by PAGE on TBEMg?") gels.

TBE gel, a gradual increase in the dimeric species, presumablyof the RNA building blocks5—8 so that the RRE secondary
the stable complex, was observed at higher incubation temper-structure was formed upon thermal isomerization to the extended

atures (Figure 3C, lanes®). Interestingly, the transition of

conformation (Figure 4A). We chose the RRE because the

this linear kissing complex to the stable complex appeared to peptide-binding region is relatively small, consisting of an

require a higher incubation temperaturegb °C) compared to
the circular arrangement of combinatidhl , which was
complete at 55C. The midpoint of the transition for the circular
arrangement could be estimated to be roughly’@Q(Figure
3C, lanes 1%14), while that of the linear arrangement was
between 55 and 68C (Figure 3C, lanes-69). This suggested
that, in the circular kissing arrangemetit §, the isomerization
was promoted by cooperative melting of the two kissing
complexes.

In contrast, stable complex formation was not observed for
combinationl, where kissing hairpins are not available to trigger
isomerization (Figure 3B,C, lanes-4). On the other hand, a
circular arrangemenrV with the 8 to 3 direction reverse that
of combinationlll also appeared to undergo the kissing to stable
transition, but was inefficient, presumably due to topological
constraints (Figure 3B,C, lanes -149).

An RNA Conformational Switch for Peptide Binding. To

internal loop structure that forms canonicat-@& and G-G
base-pairs and the surrounding region, and because the mode
of binding to the HIV Rev peptide is well-characterized, so that
mutant RREs that do not bind to the Rev peptide are knwn.

In addition, an RRE-binding aptamer, the RSG-1.2 peptide,
which binds 6 to 7 times more strongly to the RRE than
the Rev peptide is known, allowing a comparison of binding
affinity on the efficiency of isomerizatiol. The BIV Tat
peptide?® which does not bind to the RRE, was used as a
negative control.

RNA substrates containing sequences corresponding to the
wild-type (WT) RRE & and6) or a mutant (MT) RRE with a
G—C base-pair flipped to a €G base-pair that abolishes
binding to the Rev or RSG-1.2 peptid&sand8) were prepared.
The pairs of RNAs were folded by the quick-cool method and
incubated at either 37 or 68C, after which the appropriate
peptide was added. The mixtures were analyzed on a TBM gel

show how the structural isomerization described above may be(0.005 mM Mg+, Figure 4B) and a TBE gel (no Mg, Figure

used to unmask a functional RNA structure, we designed a

peptide-binding RNA switch that could be turned on by thermal

(18) Battiste, J. L.; Mao, H.; Rao, N. S.; Tan, R.; Muhandiram, D. R.; Kay, L.

E.; Frankel, A. D.; Williamson, J. RSciencel996 273 1547-1551.

treatment. Specifically, sequences corresponding to the Rev-(19) Harada, K.; Martin, S. S.; Tan, R.; Frankel, A. Proc. Natl. Acad. Sci.

response element (RRE) RNA of HIV, the RNA-binding site
of the HIV Rev peptide, were introduced into the linker region

4038 J. AM. CHEM. SOC. = VOL. 128, NO. 12, 2006

U.S.A.1997 94, 1188711892.
(20) Chen, L.; Frankel, A. DProc. Natl. Acad. Sci. U.S.A995 92, 5077
5081.
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_Peptide  RRE affinity mutant RRE (MT ) Peptide RRE affinity tant RRE (MT
Tat (T - G Tat(m) - L mutan { )
Rev (V) 2 Rev (V) +
RSG-1.2 (G) ++ RSG-1.2 (G) ++
B WT MT B
Temp (" C) 37 65 37 65 Temp (*C) 37 46 55 65 S
peptide - T VG - TVG-TVG-TVG peptide - TVG-TVG-TVG-TVG-TVG
dimeric R-P
dimeric C +R-P species L HHH“ R
species IR I + R
1234567 8 910111213 14 1516 1718 19 20
12 3 4 5 6 7 8 910 1112 13 14 15 16
24
TBM gel (0.005 mM Mg2*) TBE gel (nomg*)
C Figure 5. Thermally induced RNA conformational switching in the
WT MT presence of peptide. (A) Proposed thermal isomerization and formation of
. wild-type (WT) and mutant (MT) RREs in the presence of peptide. (B)
Temp (" C) 37 65 7 65 PAGE analysis of the thermal isomerization of WT-RRE containing RNAs
peptide = T VG - TVG=-TVG=-TVG in the presence of peptide on a TBE gel.

Figure 5B). A slow-cooled sample (S) was included as a control
dimeric +RP (Figure 5B, lanes 1720). The isomerization appeared to be
species R nearly complete at 55C (Figure 5B, lanes912) as indicated

by the similar pattern of band shifting compared to the slow-

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

TBE gel (no Mg?*)

Figure 4. Thermally induced RNA conformational switch for peptide-
binding. (A) Proposed thermal isomerization and formation of wild-type
(WT) and mutant (MT) RREs. (B) Analysis of the reactions of WT- and
MT-RRE containing RNAs (16 pmol, 0.6M) incubated at 37 or 65C,
followed by the addition of no peptide-{, Tat (T), Rev (V), or RSG-1.2
(G) peptide (16 pmol, 0.6M) by PAGE on TBM (0.005 mM Mg") and
TBE gels (no M@"). (C) Analysis of reactions in part B by PAGE on TBE
(—Mg?") gels.

4C). In the TBM gel, where both the loefloop complex and
the thermodynamically stable extended form can be observed,
dimeric species were observed for both the WT and MT RNA
regardless of the incubation temperature (Figure 4B). On the
other hand, on the TBE gel, dimeric species were observed only
when the RNA substrates were incubated af@5indicating
that the isomerization to the extended form had occurred (Figure
4C, lanes 58 and 13-16). As expected, peptide-binding to
the RNA was observed only for the RNA substrate bearing the
WT RRE sequence, as indicated by the mobility shift of the
dimeric species only when either the Rev (V) or the RSG-1.2
(G) peptide was present (Figure 4C, lanes 7 and 8). In addition,
the extent of gel shift was found to correspond to the RRE-
binding affinity of the peptide, where, in the case of the RSG-
1.2 peptide, a nearly complete shift to the slowly migrating
RNA—peptide complex was observed, while a considerable
amount of the faster migrating free RNA remained in the case
of the Rev peptide.

Next, to investigate the effect of the peptide on the efficiency
of the isomerization, RNA substrates containing the WT RRE
(5 and6) or the MT RRE 7 and8) were folded by the quick-

cool method, incubated in the presence of the appropriate peptide

at 37, 46, 55, and 6%C and analyzed on a TBE gel (no kg

cooled sample. However, the extent of the isomerization
increased proportionally regardless of the peptide present,
indicating that the peptide did not have a significant effect on
the rate of isomerization.

Conclusions

The above results show how specific RNA assemblies
constructed using kissing interactions can be isomerized to
alternative structures by thermal treatment. We also showed how
this structural rearrangement could be used to unmask a
functional RNA structure, in this case, a peptide-binding RNA
structure. While Schroeder and co-workers have utilized the
isomerization of kissing complexes to construct RNAs that form
ribozymes upon isomerization, RNA substrates with self-
complementary loop sequences were used, necessitating radio-
labeling to visualize the substrate of interest. Furthermore, the
conversion itself was rather inefficietit. We believe that the
approach presented in this study provides a general framework
for the construction of functional RNA-based nanostructures,
since the isomerization reactions of the circular arrangements
were particularly efficient and were complete at approximately
40°C, presumably due to cooperative melting of the stems. The
temperature of isomerization may also be adjusted, in principle,
by changing the length of the RNA stems. In addition, the
functional switch may be triggered thermally, as in this study,
or by an RNA chaperone protein such as the HIV NCp7. The
relative ease with which the peptide-binding RNA structure
could be introduced into the RNA substrates also suggests that
the circular RNA assemblies used in this study may provide a
robust framework into which a variety of functional domains
may be introduced, providing a different means to control RNA

(21) Windbichler, N.; Werner, M.; Schroeder, Rucleic Acids Re2003 31,

6419-6427.
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