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We recently reported double-stranded DNA as a constraint to
control macromolecular conformation.[1] In these experi-
ments, two short 10- to 20-nucleotide DNA strands were
covalently attached through their 5’-termini to specific
nucleotides within the autonomously folding 160-nucleotide
P4–P6 RNA domain (molecular weight � 51000). When the
attached DNA strands were complementary, a duplex was
formed by Watson–Crick base pairing. If the geometric

constraint imposed by the DNA duplex was incompatible
with the known RNA tertiary structure,[2] then a competition
was established in which either the DNA constraint or the
RNA conformation must be compromised (Figure 1).[1] These

experiments demonstrated a new approach to DNA nano-
technology[3] in which the conformations of other macro-
molecules are controlled by DNA acting as a dynamic
structural element. A fundamental feature of this approach
is that the effect of the DNA constraint on macromolecular
structure should be modulated by external stimuli. Herein, we
show that DNA constraints on macromolecular conformation
can indeed be modulated in several ways. The DNA
constraint can be destroyed irreversibly by degradation with
a nuclease or restriction enzyme. The constraint can also be
destroyed with a reducing agent that cleaves a disulfide
linkage between the RNA and DNA. The DNA constraint
can be modulated reversibly by sequential binding and
removal of oligonucleotides. Finally, when one of the DNA
constraint strands incorporates an aptamer sequence, the
cognate small-molecule ligand can modulate the DNA
constraint. This wide range of methods for the modulation
of DNA constraints upon macromolecular conformation will
expand greatly the applicability of our new approach to DNA
nanotechnology.

The stability of RNA tertiary structure depends much
more strongly on the presence of Mg2+ than does the
formation of DNA duplexes.[4] Under typical in vitro folding
conditions, such as Tris-borate buffer solution (Tris= tris(hy-
droxymethyl)aminomethane; pH 8.3) and 35 8C, the struc-
tured P4–P6 RNA has an empirical Mg2+ concentration
termed the [Mg2+]1/2 value, which characterizes its folding. A
shift in the [Mg2+]1/2 value acts as a sensitive probe for
thermodynamic perturbations upon RNA structures,[5] includ-
ing effects due to DNA constraints.[1] A DNA duplex that is
structurally compatible with the folded RNA conformation
does not affect the [Mg2+]1/2 value; in contrast, an incompat-
ible DNA constraint increases [Mg2+]1/2 because the DNA
duplex must be disrupted for the RNA to fold.[6] The Mg2+-
dependent folding of P4–P6 is monitored quantitatively by
nondenaturing polyacrylamide gel electrophoresis (native

Figure 1. Use of a DNA constraint to control the folding of a macro-
molecule such as RNA. In the absence of the DNA constraint, RNA
folding is characterized by its [Mg2+]1/2 value. The DNA constraint
suppresses native folding even at [Mg2+]> [Mg2+]1/2. Under these
conditions, modulation of the constraint, as described herein, switches
the RNA folding state from misfolded to correctly folded.
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PAGE).[5,7, 8] The [Mg2+]1/2 value for unconstrained wild-type
P4–P6 is � 0.7 mm. Owing to the highly cooperative folding
transition that has a Hill coefficient of n� 4 on native PAGE,
wild-type P4–P6 is almost completely folded when [Mg2+]>
1.0 mm. However, when an incompatible DNA constraint is
attached, the [Mg2+]1/2 value shifts considerably to the right;
for example, to � 12 mm when a 10-bp constraint is attached
at P4–P6 nucleotides U107 and C240, which are too far apart
for the DNA constraint to span and yet allow the RNA
conformation to be maintained.[1] At a fixed intermediate
Mg2+ concentration such as 1.5–2.0 mm, at which the wild-
type (unconstrained) RNA is entirely folded, the DNA
duplex prevents folding of the constrained P4–P6. Modula-
tion of the DNA constraint at the fixed intermediate Mg2+

concentration should then switch the unfolded or folded
status of the RNA. We took advantage of the native PAGE
folding assay and the strong dependence of RNA folding on
Mg2+ concentration to demonstrate modulation of the DNA-
constraint effect in several ways.

First, we established that a DNA constraint could be
destroyed irreversibly with enzymes or chemical reagents.
This was performed with either deoxyribonuclease (DNase)
or exonuclease III, both of which nonspecifically degrade the
20 bp duplex DNA (Figure 2a).[9] Alternatively, the DNA
constraint was cleaved sequence specifically with the restric-
tion enzyme BsrBI. In all these cases, the RNAwas misfolded
at [Mg2+]= 1.5 mm with the DNA constraint intact; removal
of the constraint by the nuclease allowed the RNA to fold

properly. We also modulated the DNA constraint by using the
reducing agent dithiothreitol (DTT). For this purpose, one of
the two DNA strands was attached to RNA not through
reductive amination (N-linked)[1] but instead through disul-
fide formation (S-linked), by using a DNA strand with a 5’-SH
group and an RNA nucleotide with a 2’-OCH2CH2SH
moiety.[10] Disruption of the S-linked constraint with DTT
led to native RNA folding, and the reducing agent tris(2-
carboxyethyl)phosphine (TCEP) gave equivalent results
(Figure 2b).[11,12]

We sought to modulate the DNA constraint reversibly by
adding a complementary (C) DNA oligonucleotide that
competes for one of the two duplex strands (Figure 3a).[13]

The DNA-constraint strand targeted by the complement was
extended at its 3’-end to provide an initiation site for strand
invasion. Modulation of the DNA constraint was entirely
reversible because subsequent addition of a rescue (R) strand
restored the initial constrained state. Full restoration of the
constraint required tuning of the relative DNA:DNA binding
affinities through strategic mutations in the C strand such that
R complemented C perfectly, whereas the affinity of C for the
constraint strand was weakened slightly.[13c,e]

Integration of fluorescence response into the reversible
DNA-constraint modulation would allow simple and rapid
detection of macromolecular conformation changes by spec-
troscopic rather than electrophoretic assays. For this purpose,
we appended a pyrene chromophore to the RNA; pyrene is
known to report well on Mg2+-dependent P4–P6 tertiary
folding.[8,14] The RNA folding state was readily monitored
through repeated cycles of C and R strand addition (Fig-
ure 3b) in accord with the native PAGE experiments.[15]

Modulation of the DNA constraint with a small-molecule
ligand instead of an oligonucleotide would be a potentially
general method to transduce ligand–aptamer interactions into
changes in macromolecular conformation (Figure 4a).
Towards this goal, one of the DNA-constraint strands was
redesigned to incorporate the aptamer sequence for the
ligand hemin (molecular weight 652),[16] such that binding of
hemin would compete with formation of the duplex con-
straint. Exposure of the DNA-constrained RNA to hemin
indeed led to modulation of the constraint, as shown by return
of the [Mg2+]1/2 value to very near to that found for uncon-
strained P4–P6 (Figure 4b). Importantly, restoration of
normal RNA folding upon hemin addition was suppressed
by specific DNA mutations[17] that are known to disable
aptamer–hemin interactions but do not alter the integrity of
the constraint.

In summary, we have demonstrated a variety of
approaches for the modulation of duplex DNA constraints
on the macromolecular folding of RNA. These experiments
provide the fundamental control elements of a new direction
in DNA nanotechnology in which the conformations of other
macromolecules are dynamically controlled by DNA. Our
most generalizable approach is the use of a ligand–aptamer
interaction as the control element (Figure 4). Although the
present experiments used the previously reported hemin–
aptamer combination, in principle it should be feasible to
identify aptamers for nearly any small molecules of interest[18]

and to integrate these ligand–aptamer combinations into

Figure 2. Modulation of the DNA constraint with a nuclease or a
chemical reagent, as monitored by native PAGE. a) Modulation of the
constraint with nonspecific deoxyribonucleases or with the BsrBI
restriction enzyme. The lanes labeled “�site” represent BsrBI treat-
ment of a constraint sequence that lacks the BsrBI recognition site.
The [Mg2+] was constant at 1.5 mm (T=25 8C). F and N denote
foldable and nonfoldable versions of P4–P6 RNA, respectively. Without
nuclease treatment, both F and N migrate equivalently. With nuclease
treatment, F migrates much faster than N, which is the signature of
P4–P6 folding.[5] b) Modulation of the constraint by reduction with
DTT or TCEP (10 mm). Only after reductive cleavage of the S-linked
constraint does F migrate much faster than N.[11] For the N-linked
constraint, both DNA strands were joined to RNA by reductive
amination.[1] For the S-linked constraint, one strand was joined by
reductive amination and the other through a disulfide linkage.
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DNA nanotechnology. The present experiments used RNA as
the macromolecule whose structure is controlled,[1] although
it should be possible to control the structures of other
macromolecules,[19] including nonbiological foldamers.[20] In
future investigations, the combination of DNA-mediated
conformational control with fluorescence detection of struc-
tural changes or with changes in RNA catalytic activity should

allow creation of sensors whose functions are governed by
formation and modulation of DNA constraints.
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Figure 3. Modulation of the DNA constraint by added oligonucleo-
tides, as monitored by native PAGE or pyrene fluorescence. a) Native
PAGE. The [Mg2+] was constant at 1.5 mm (T=35 8C). b) Pyrene
fluorescence under similar conditions. The inset shows reversibility
over several cycles of complement (C) and rescue (R) strand addi-
tion.[15] After each addition, samples were incubated for 1 h, which was
sufficient for completion of the fluorescence changes. Other groups
have also described duplex exchanges that require minutes or
longer.[13]

Figure 4. Modulation of the DNA constraint by competing ligand–
aptamer interactions. a) Design of the competition. b) Native PAGE
data demonstrating experimental validation of the design by using the
hemin aptamer (T=25 8C).[16] Inclusion of hemin decreases the
[Mg2+]1/2 value from �12 mm to 1.2 mm ; the latter value is compara-
ble to that of unconstrained wild-type P4–P6 under the same con-
ditions (data not shown). In contrast, when the known single-
nucleotide G9A mutation that prevents hemin binding[17] is present in
the aptamer sequence, addition of hemin does not affect the [Mg2+]1/2
value. wt=wild-type, mut=mutant.
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