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ABSTRACT

We are interested in creating artificial gene repressors
based on duplex DNA recognition by nucleic acids.
Homopyrimidine RNA oligonucleotides bind to duplex
DNA at homopurine/homopyrimidine sequences
under slightly acidic conditions. Recognition is se-
quence-specific, involving rU.dA-dT and rC+-dG*dC
base triplets. Affinities were determined for folded
polymeric RNAs (ca. 100-200 nt) containing 0, 1 or 3
copies of a 21 nt RNA sequence that binds duplex DNA
by triple helix formation. When this recognition
sequence was inserted into the larger folded RNAs,
micromolar concentrations of the resulting RNA
ligands bound a duplex DNA target at pH 5. However,
these binding affinities were at least 20-fold lower than
the affinity of an RNA oligonucleotide containing only
the recognition sequence. Enzymatic probing of folded
RNAs suggests that reduced affinity arises from
unfavorable electrostatic, structural and topological
considerations. The affinity of a polymeric RNA with
three copies of the recognition sequence was greater
than that of a polymeric RNA with a single copy of the
sequence. This affinity difference ranged from 2.6- to
13-fold, depending on pH. Binding of duplex DNA by
polymeric RNA might be improved by optimizing the
RNA structure to efficiently present the recognition
sequence.

INTRODUCTION

We are exploring the design of site-specific transcriptional
repressors based on nucleic acids (DNA or RNA) that can
recognize regulatory sequences in duplex DNA. Such artificial
repressors are of interest both for their therapeutic potential (1-3)
and as possible models for ribonucleoproteins in natural trans-
criptional regulation (4,5).
One approach to the rational design of artificial repressors

involves oligonucleotide-directed triple helix formation. Triple
helix formation can arise in two patterns termed the pyrimidine
motif and the purine motif (1). In the pyrimidine motif,
oligonucleotides bind parallel to the purine strand of the DNA
duplex by Hoogsteen hydrogen bonds [T.A.T and C+-G*C
triplets, see Fig. 1 (6)]. In the purine motif, oligonucleotides bind
antiparallel to the purine strand of the DNA duplex by reverse
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Figure 1. DNA recognition by RNA in the pyriniidine triple helix motif. Purine
bases in homopurine DNA sequences can be recognized by oligonucleotide-
directed triple helix formation in the major groove. Specificity arises from the
formnation of specific base triplets (rU.dA.dT and rC+-dG-dC). Strand orienta-
tions are indicated below (Y, strand containing homopyrimidine sequence; R,
strand containing homopurine sequence).

Hoogsteen hydrogen bonds [T-A.T (or A-A.T) and G-G.C triplets
(7)].

Triple-helical complexes are thermodynamically stable near

physiological conditions and have half-lives of several hours
(8-10). Such complexes can inhibit DNA binding proteins
(11-13) and can repress eukaryotic promoters in vitro (14,15).
Indirect evidence has been presented to suggest that triple helices
can form and alter gene expression after exposure of intact cells
to oligonucleotides (16-18).
We are considering the possibility that RNA transcripts might

be engineered to act as gene repressors, perhaps via triple helix
formation with duplex DNA. Because the pyrimidine motif
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requires slightly acidic pH to promote protonation of oligonu-
cleotide cytosines (6,19,20), the pH-independent purine motif
has been thought to provide a more viable approach for in vivo
applications involving DNA oligonucleotides (14,17,18,21).
However, whereas RNA can participate as the third strand in
triple helices of the pyrimidine motif (22-24), it is not accommo-
dated in the purine motif (24-26). Therefore, our initial studies
of duplex DNA recognition by oligomeric RNA (24) and
polymeric RNA (this report) employ the pyrimidine triple helix
motif and are performed under mildly acidic conditions.
The present study measures triple helix formation by one or three

copies of a short (21-nt) homopyrimidine RNA sequence inserted
into a larger folded RNA. Affinities of the resulting folded polymeric
RNAs for a duplex DNA target are quantitated using a gel mobility
shift assay and compared with the affinity of an oligomeric RNA
containing only the recognition sequence. The results emphasize the
need for strategies to optimize the presentation of the recognition
sequence within a larger folded RNA polymer.

MATERIALS AND METHODS
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Figure 2. Templates for in vitro transcription. Plasmid pB8 was constructed
from pET-15b as described in Materials and Methods. Transcription by T7
RNA polymerase produces a 113 nt RNA. One or three copies of a
homopyrimidine sequence for DNA recognition were cloned at the Sall site
(see enlargement above) to allow synthesis ofRNA polynucleotides containing
homopyrimidine sequences for duplex DNA recognition.

Materials

Radiochemicals were purchased from Amersham. E.coli DNA
polymerase I Klenow fragment, T4 DNA ligase, T4 RNA ligase,
polynucleotide kinase and restriction endonucleases were pur-
chased from New England Biolabs. T7 RNA polymerase was
purchased from Epicentre Technologies. RNase TI was pur-
chased from Boehringer Mannheim. Mung bean nuclease was
purchased from Pharmacia. Monomers for RNA synthesis
(base-protected tert-butyl dimethylsilyl 3-cyanoethyl phospho-
ramidites) were purchased from MilliGen/Biosearch. Solid
supports forRNA synthesis were purchased from Glen Research.
Tetrabutylammonium fluoride (1 M in tetrahydrofuran) was
purchased from Aldrich.

Transcription templates

Plasmid pB8 (Fig. 2) was derived from pET-15b (Novagen) as
follows. Plasmid pET-15b was digested with Bpul 102I and XbaI.
The synthetic duplex:

5'-CTAGTGTCGACAGGGTACCAGCTCGAGT
ACAGCTGTCCCATGGTCGAGCTCAACT-3'

was ligated between the Bpu1 1021 and XbaI sites to introduce
unique SalI, KpnI and XhoI sites in pB8. Plasmid pB8 was
transcribed by T7 RNA polymerase to produce LO (Fig. 3). One
or three copies of the synthetic duplex:

5'-TCGAGTCCTFTTTCTTTCTTI'TTTCCTFITC
CAGGAAAAGAAAGAAAAAGGAAGAGCT-3'

were ligated into the Sall site ofpB8 to produce plasmids pB9 and
pB 11, respectively. The inserts were oriented such that transcrip-
tion produced RNA containing the homopyrimidine sequence.
Ll and L3 were transcribed from plasmids pB9 and pB 11,
respectively, using T7 RNA polymerase (Fig. 3).

Oligonucleotides

Oligodeoxyribonucleotides were prepared, purified and quanti-
tated as previously described (14). Oligoribonucleotides were

synthesized at 1 gmol scale by phosphoramidite chemistry on an
Applied Biosystems 380B synthesizer, with cycle modifications
as suggested by the instrument manufacturer. Oligomers were
removed from the solid support and partially deprotected by 8 h
treatment with concentrated ammonia:ethanol (3: 1) at 55°C. The
dried residue was treated for 48 h with a 0.5 ml solution of 1 M
tetrabutylammonium fluoride in tetrahydrofuran. After addition
of 0.5 ml of 2 M triethylammonium acetate (pH 7.0) and 1 ml
H20, the oligomers were desaltedby chromatography over P6 gel
(BioRad). Fractions containing the oligomer were dried. The
oligomers were then purified by electrophoresis through a 20%
acrylamide gel containing 7 M urea, followed by ultraviolet
shadowing and band excision. After elution overnight into 0.3 M
ammonium acetate, oligonucleotides were desalted using Sep-
pak cartridges, as directed by the manufacturer (Waters). RNA
oligonucleotide concentrations were calculated using the follow-
ing molar extinction coefficients at 260 nm (M-1cm7l): 15 400
(A), 7300 (C), 11 700 (G), 9900 (U).

In vitro transcription

Polymeric RNAs were synthesized from 2.5 ig plasmid DNA
(linearized by digestion with EcoRV) using a T7 RNA polymer-
ase transcription kit (Epicentre Technologies). Transcription
reactions (20 p1) were prepared as suggested by the manufacturer
and incubated at 37°C for 2 h. In vitro transcripts were efficiently
terminated at the T7 terminator just upstream of the EcoRV site.
Transcription reactions were treated with DNase I and stopped by
addition of EDTA and formamide sample buffer. RNA was
heated to 90°C for 5 min, and purified by electrophoresis through
a 5% denaturing polyacrylamide gel. RNA was located by
shadowing with ultraviolet light and excised. After elution
overnight into 200 gl elution buffer (200 mM Tris-HCl pH 7.6,
2.5 mM EDTA, 300 mM sodium chloride, 2% sodium dodecyl
sulfate), the RNA was extracted with phenol:chloroform:isoamyl
alcohol (24:24:1) and precipitated from ethanol. RNA was
resuspended in H20 and concentrations were calculated using the
relationship 1 O.D.260 U/mil = 40 jg/ml.
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Fgure 3. Duplex DNA target and RNA ligands. Duplex DNA Di contains a homopurine target for RNA-directed triple helix formation. RNA ligands assayed for
recognition of I? include 21 nt Si, 113 nt LO (no recognition sequence), 140 nt Li (one copy of recognition sequence) and 195 nt L3 (three copies of recognition
sequence). LO, Li andL3 are depicted in the secondary structures predicted by the folding method ofZuker (35). The homopurine recognition target ofDi is indicated
by a bracket. Cognate homopyrimidine sequences on RNA ligands are boxed. DNA oligonucleotide cSi is complementary (Watson-Crick) to the recognition
sequences of Si, Li and L3.

Electrophoretic mobility shift titrations

Binding reaction mixtures contained (in order of addition) H20,
labeled Dl (50 000 c.p.m.; ca. 0.2 pmol), 1 p1 of 10 x binding
buffer (1 M sodium acetate pH 5 or 0.9M Tris acetate pH 6 or 0.9
M Tris acetate pH 6.5, 100 mM MgC92), 1 g1 of 1 mg/ml yeast
tRNA, 1 p1 of 5 mM spermine tetrahydrochloride (0.5 mM final
concentration) and RNA ligand (to yield the indicated final

concentration) in a final volume of 10 W1. Reaction mixtures were
incubated at 22°C for 2 h and were then supplemented with 1 p1
of an 80% glycerol solution containing bromophenol blue.
Reactions were analyzed by electrophoresis through 5% native
polyacrylamide gels (19: 1 acrylamide:bisacrylamide) prepared in
the appropriate buffer (100 mM sodium acetate pH 5 or 90 mM
Tris-acetate pH 6 or 90 mM Tris-acetate pH 6.5) supplemented
with 1 mM magnesium chloride. Electrophoresis was performed
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(with buffer recirculation) at 4°C overnight (9 V/cm). The
resulting gel was imaged and analyzed by storage phosphor
technology using a Molecular Dynamics Phosphorlmager.

RNA LO Li L3 Si
[]41M 0 ° - 0 - ° - -'4 :0 bo: CS) m M) o

Analysis of gel mobility shift titrations

The apparent fraction, 0, of Dl bound by RNA ligands was
calculated for each gel lane using the definition:

0 = Striplex/(Striplex+Sduplex) (1) 4-.

where Striplex and SdUplex represent the storage phosphor signal for
triplex and duplex complexes, respectively. Values of the
apparent triplex dissociation constant, Kd, were obtained by least
squares fitting of the data to the binding isotherm:

0 = ([R]n/Kdn)/(1+[R]n/Kdn (2)
where [R] is the total RNA concentration and n is the Hill
coefficient (27).

Enzymatic probing of RNA structure

RNA transcripts (1-2 jg) were labeled at their 3' termini using
RNA ligase and [5'-32P]pCp in an overnight incubation at 16°C,
as described by the enzyme supplier. Labeled RNA was purified
by denaturing polyacrylamide gel electrophoresis. After elution
overnight into 200 ,l elution buffer (200mM Tris hydrochloride
pH 7.6, 2.5 mM EDTA, 300 mM sodium chloride, 2% sodium
dodecyl sulfate), the RNA was extracted with phenol:chloro-
form:isoamyl alcohol (24:24:1) and precipitated from ethanol.
Aliquots of labeled RNA (30 000 c.p.m.; ca. 1 pmol) were

incubated for 30 min at 25°C in 5 jl reactions containing 0.1 M
sodium acetate pH 5, 10 mM MgCl2, 0.1 mg/ml yeast tRNA and
0.5 mM spermine tetrahydrochloride. Some reactions contained
2 jiM concentrations of either unlabeled duplex Di or DNA
oligomer cSi. Mung bean nuclease (4 U) was then added at 25 °C
for 2 min. Nuclease treatment was terminated by the addition of
an equal volume of urea loading dyes and freezing on dry ice.
Separate aliquots of labeledRNA were also treated either at 90°C
for 15 min in 50 mM sodium bicarbonate pH 9 (under paraffin
oil), or for 10 min at 55°C in 10 M urea with 10 U RNase TI,
followed by freezing. RNA samples were heated to 90°C for 30
s, chilled on ice and then analyzed on 8% denaturing polyacryla-
mide sequencing gels (19:1 acrylamide: bisacrylamide). The
resulting gels were dried and imaged by storage phosphor
technology using a Molecular Dynamics PhosphorImager.

RESULTS AND DISCUSSION

Experimental design

The duplex DNA target and potential RNA ligands are shown in
Figure 3. Duplex DNA Di contains a 21 bp homopunne/homo-
pyrimidine sequence that can be recognized by DNA or RNA
oligonucleotides in the pyrimidine triple helix motif (24,28). Di
was labeled by filling the recessed left terminus using Klenow
fragment of DNA polymerase I in the presence of radioactive
deoxynucleoside triphosphates. Four potentialRNA ligands were
compared for their ability to bind labeled Di in electrophoretic
gel mobility shift titrations. RNA Si (21 nt) contains only the
appropriate homopyrimidine sequence for recognition of Di in
the pyrimidine triple helix motif. DNA cSl contains the
Watson-Crick complement to Si. RNAs LO, Li and L3 contain

6
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Figure 4. Electrophoretic assay of triple helix formation. Binding of RNA
ligands to labeled Di as detected after electrophoresis through a native 5%
polyacrylamide gel atpH S in the presence of 1 mM MgCl2. The indicated (gM)
concentrations ofRNA ligands LO, Li, L3 and Si were incubated with labeled
Di prior to electrophoresis and quantitation. Position of free Di is indicated by
the arrow.

0, 1 or 3 copies (respectively) of this homopyrimidine sequence
inserted into a 113 nt RNA. Increasing concentrations of
unlabeled RNA ligands were incubated with labeled Di under
slightly acidic pH conditions (pH 5, 6 or 6.5) in the presence of
magnesium chloride (10 mM) and spermine tetrahydrochloride
(0.5 mM). Electrophoretic separation of the resulting complexes
allowed determination of the relative affinities of the RNA
ligands as a function of pH.

Affinities of oligonucleotide and polynucleotide complexes

An example of the electrophoretic separation of triple helices
involving RNA ligands is shown in Figure 4. Incubation of labeled
Di with micromolar concentrations of oligomeric and polymeric
RNAs at pH 5 produced stable complexes that migrated more
slowly in the gel (Fig. 4, compare lane 1 with lanes 4-8). As
expected, no complex was observed with LO, which lacks a
homopyrimidine insert (Fig. 4, lanes 2-3). The mobilities of the
complexes corresponded to the size of the RNA ligand involved.
Thus, compact triplexes involving Si were only slightly retarded
(Fig. 4, lane 8), whereas complexes involving Li and L3 exhibited
greatly reduced mobilities (Fig. 4, lanes 4-7).

Similar experiments were performed for a range ofRNA ligand
concentrations between -10 nM and 1 ,uM in solutions buffered
at pH 5, 6 and 6.5. For each ligand concentration, the fraction of
labeled Di in triplex form, 0, was measured as described in
Materials and Methods. Data from these experiments are shown
in Figure 5. Least-squares fitting of these data to a binding
equation (dotted lines) allowed estimation of the equilibrium
dissociation constant, K, for each ligand at each pH. These
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Figure 6. Equilibrium dissociation constants for RNA-directed triple helix
formation. Dissociation constants (Kd) estimated from data in Figure 5 are
plotted as a function of pH. Standard errors for the Kd estimates are
approximately 10%. (A) Si; (O) Li; () L3.

10

Figure 5. Estimation of RNA binding affinities. The fraction of Dl in
triple-helical form, 0, is plotted as a function ofRNA concentration. (A) Si; (0)
LO; ([1) Li; () L3. Binding curves (dotted lines) correspond to least squares
fits to the binding equation given in Materials and Methods.

results are shown in Table 1 and in Figure 6. Several conclusions
can be drawn from these data.

Tble 1. Dissociation constants for RNA-directed triple helix formation on

DNA

Kd(M)
RNA pH 5 pH6 pH 6.5

LO - --

Ll 3.6x 10-7 8x 1-7 7.1 x 106
L3 1.4x 10-9 2x 1-7 5.4x 10-7

Si 8.9x10-9 5.6x10-9 1.lxlO8

(-): Kd>> 105 M.

First, although micromolar concentrations of all ligands
carrying at least one copy ofthe recognition sequence saturate Di

when tested at pH 5 (e.g. Fig. 4, lanes 4-8), the affinities of Li
and L3 are significantly reduced relative to that of oligomer Si.
This reduced affinity ranges between 20-fold (L3 versus Si, pH
5) and 650-fold (Li versus Si, pH 6.5). This effect presumably
arises from a combination of electrostatic, structural and topo-
logical considerations. Electrostatic repulsion may inhibit triple
helix formation by polymeric RNAs where additional phosphate
charges must approach the DNA duplex without a compensatory
increase in stacking and hydrogen-bonding interactions. The
tendency of polymeric RNAs to adopt folded structures in which
the homopyrimidine sequence is sequestered may also drastically
reduce the effective concentration of this sequence. Another
critical consideration concerns whether the homopyrimidine
domain is topologically disposed to wrap twice around the DNA
duplex. Internal loops of RNA are ill-suited for this purpose,
especially if adjacent stems cannot be readily unpaired. Under
such circumstances, perhaps only a portion of the homopyrimi-
dine domain can engage the duplex DNA target, resulting in a
sub-optimal number of specific contacts.

Secondly, the apparent pH-dependence of ligand binding
between pH 5 and 6.5 is small for Si, but larger for L3 (4-fold
decrease in affinity) and Li (20-fold decase in affinity). Cytosine
protonation may contribute to triplex stability both by creating a
new hydrogen-bond donor within the C-G-C triplet and by
reducing the net charge of the complex. Perhaps the electrostatic
component of this stabilization is more significant for complexes
involving polymeric RNAs. Thus, for a given number of specific
contacts, loss of bound protons at higher pH values might
selectively destabilize complexes ofpolymeric RNAs relative to an
oligomeric RNA with no excess phosphate charges. In addition,
presentation of the recognition sequence may require some
unfolding of RNA secondary structures. This unfolding process
might be facilitated at lower pH. Thus the substantial pH
dependence of Li binding could be attributable to a greater
requirement for releasing inhibitory secondary structures.

Thirdly, L3, which contains three copies of the homopyrimidine
recognition sequence, binds between 2.6- (pH 5) and 13-fold (pH
6.5) more tightly to Di than Li (single copy of homopyritidine
recognition sequence). In the absence of structural considerations,
the effective concentration of homopyrimidine sequences contib-
uted by L3 (per mole of ligand) is 3-fold higher than for Li.
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Therefore, L3 may exhibit a lower dissociation constant because
any of its three recognition sequences can equally initiate triplex
formation. Alternatively, the tertiary structure of L3 may result in
a more favorable presentation ofone homopyrimidine domain (see
below). The latter possibility is also suggested by the observation
that a single predominant L3-D1 complex is observed in gels (e.g.
Fig. 4, lanes 6 and 7). If a Dl molecule could be bound by L3 in
more than one way, or if multiple DI molecules could be
simultaneously bound by L3, a more complex pattern of products
might be expected. Comparison of predicted secondary structures
also emphasizes the differing manner in which the homopyrimi-
dine domain(s) might be disposed within the folded RNAs (Fig. 3).

RNA structures

Enzymatic probing of folded RNAs LO, Li and L3 was
performed for comparison with the predicted structures (Fig. 3)
and to detect any RNA structural changes that occur upon triple
helix formation with Dl. Results of these experiments are shown
in Figure 7. Structural information was obtained by limited
digestion of end-labeled RNAs with mung bean nuclease (single
strand specific) under standard triple helix binding conditions (pH
5). Reference ladders were obtained by partial alkaline hydrolysis
or limited digestion with RNase TI (specific for single-stranded
guanines). Note that although RNase T1 digestions were
performed at elevated temperature in the presence of denaturant,
guanines in the very stable stem of the phage T7 transcription
terminator were uniformly protected (lane 3, nt 75-95; lane 9, nt
100-125; lane 15, nt 135-180).
The major features of predicted secondary structure for RNAs

LO, Li and L3 were confirmed in these experiments. These
features include the stable 5' and 3' hairpins present in each RNA
(accessible loops near nt 10 and nt 90 for LO, nt 10 and nt 118 for
Li, nt 10 and nt 167 for L3). Although details of the secondary
structures between these terminal loops are generally supported
by the nuclease mapping, the accessibility of recognition
sequences in RNAs Li and L3 (bars in Fig. 7) is notably limited
relative to what had been predicted. Lanes 10 and 16 show mung
bean nuclease reactivities of folded RNAs Li and L3. The
homopyrimidine recognition sequences are indicated by bars.
Nuclease cleavage in these regions is irregular and modest
relative to other sites within the molecules. Similar data were
obtained with nuclease P1 (data not shown). These results
emphasize the extent to which recognition sequences are
obscured in these folded RNAs and suggest that these sequences
may be involved in more intramolecular structures than had been
predicted.
Of additional interest is the effect of triple helix formation on

RNA structure. Folded RNAs were incubated with 2 ,uM Dl
(calculated from Kd data to saturate Li and L3 under these
conditions). In the presence of Dl, the pattern of nuclease
reactivity for LO (no recognition sequence) was unchanged as
expected (compare lanes 4 and 5). Despite the documented ability
of Ll to bind Dl under these conditions, only a slight footprint
was observed over the recognition sequence, with an induced
hyperreactivity near nt 25 (compare lanes 10 and 11). Structural
changes were similarly modest upon incubation with cSl, which
is complementary to the recognition sequence (lane 12). These
data suggest that the recognition sequence in Li is only partially
accessible. For L3, triple helix formation with Di caused a
detectable footprint at the recognition sequence predicted to be
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Ti -.- +-.- -
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Dl - - - - - -

cS1 --- +c.
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Figure 7. Enzymatic probing of RNA structures. RNAs LO, Ll and L3 were
labeled at their 3' termini (lanes 1, 7 and 13) and subjected to either partial
alkaline hydrolysis (OH; lanes 2, 8 and 14), partial digestion with RNase Ti
under denaturing conditions (TI; lanes 3, 9 and 15), or partial digestion with
mung bean nuclease (MBN; lanes 4, 10 and 16). Mung bean nuclease digestions
were also performed after incubation of labeled RNA with 2 gM unlabeled
DNA duplex Dl (lanes 5, 11 and 17) or complementary DNA cSl (lanes 6 and
12). Panels depict different gels. Nucleotides exposed in the loop of the T7
terminator stem-loop structure (see Fig. 3) are indicated by brackets.
Homopyrimidine recognition sequences are indicated by bars. Arrow indicates
site of increased mung bean nuclease cleavage in lane 11. Some cleavages
appear as doublets and triplets due to microheterogeneity in T7 RNA
polymerase termination sites in the labeled RNA.

most accessible (lane 17, black bar). Only modest reductions in
nuclease reactivity were observed in the other two recognition
sequences (shaded and open bars adjacent to lane 17). It is
particularly notable that little RNA unfolding accompanies
binding to Di.
Together these results suggest that homopyrimidine recogni-

tion loops within these folded RNAs are structurally constrained
so that they are not highly accessible to nucleases or duplex DNA.
It appears likely that only a portion of the recognition sequence
can form base triplets and/or that only a small fraction of RNAs
unfold in a productive manner. The more obvious induced
nuclease protection of one recognition sequence within L3
(relative to Li) supports the interpretation that L3 binds more
tightly to Di because of the increased availability of this
recognition sequence. The folded structures of Li and L3 appear
to be relatively rigid because only local nuclease sensitivities
(rather than global structures) are altered in the presence of Di.
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Implications for RNA-based repressors

DNA-directed triple helix formation has been suggested as an
approach to the design of arfificial gene repressors (1-3). Conven-
tional pharmaceutical strategies involve exogenous addition ofDNA
oligonucleotides or analogs with the goal of nuclear delivery. We are
interested in RNA-directed triple helix formation as an alternative
strategy. This approach would involve transfer ofan exogenous gene
encoding the appropriate repressor RNA. The current results
demonstrate that the presence of nonspecific RNA sequences
flanking the recognition sequence penrits, but destabilizes, triple
helix formation. Thus, although micromolar concentrations of
polymeric RNAs (100-200 nt) still direct triple helix fonnation at
pH 5, the resulting complexes bind more weakly than oligomeric
RNA and are more sensitive to disruption by increasing pH.
These results emphasize the importance of triple helix stabiliz-

ation by cytosine protonation in the pyrimidine motif. If such
triple helices exist in natural systems, it would appear essential
that they be stabilized at physiological pH by novel structural
features or accessory proteins. This limitation is particularly
evident because of the inability of the pH-independent purine
triple helix motif to accommodate RNA strands (24-26).

Isolated base triplets have been identified in the folded structure
of tRNA, 5S RNA and the Tetrahymena self-splicing intron
(29-31). Some evidence supports the existence of intramolecular
DNA triple helices in living bacterial cells (32), but natural
examples of intermolecular RNA or DNA triple helix formation
have not been observed. As has long been speculated, such
interactions might permit gene regulation through the site-
specific binding of ribonucleic acid or ribonucleoprotein to
duplex DNA (33,34). Indeed, DNA recognition by ribonucleo-
proteins has been reported, although the role of the associated
RNA remains unclear (4,5). If found, natural examples of duplex
DNA recognition by RNA could yield important design prin-
ciples for repressor engineering.
The polymeric RNAs in this study were not designed according

to any presentation strategy except that 1 or 3 copies of the
homopyrimidine domain were inserted between relatively stable
stem-loop structures involving the RNA termini. Much of the
reduced binding affinity for duplex DNA appears to be attribu-
table to unfavorable folding or topology. We are currently
optimizing the presentation of a recognition sequence in the
context of a folded RNA by in vitro selection from a combina-
torial RNA library. These studies will begin to address the role of
RNA folding in promoting both the formation and stability of
triple helices involving duplex DNA.
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