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Herein, we demonstrate the encapsulation of a single
molecule of cytochrome c within a rigid tetrahedral cage
made of DNA. Encapsulation can be used to exert control
over a guest molecule:[1] confinement within chaperone
complexes promotes protein folding,[2] while synthetic cages
have been used to stabilize reactive intermediates,[3] catalyze
reactions,[4] and influence the conformation of peptides.[5]

Containers on all scales down to the molecular level have
been used to protect and target the delivery of drugs.[6]

Capsules that could contain single proteins include multi-
meric fusion proteins,[7] viral capsids,[8] and DNA poly-
hedra.[9–11] DNA polyhedra are cagelike structures with
edges formed from rigid double helices connected by
branch junctions;[12] their dimensions are comparable to
those of proteins and protein complexes. DNA tetrahedra
are particularly attractive candidates for the encapsulation of
other molecules: they can be made rapidly and in high yield
by self-assembly, their braced architecture confers structural
stability, and they can be opened by breaking bars of the
cage.[11]

DNA tetrahedra were made by self-assembly of four
oligonucleotides as described by Goodman et al.,[11a] and their
structure is illustrated in Figure 1a. Each edge of a tetrahe-
dron is a 20-base-pair double helix and is linked to the two
edges that it meets at a vertex through unpaired single-
nucleotide spacers: this double connection prevents rotation
of the edge about its axis. The assembly process is stereose-
lective and forms the diastereomer that has the major grooves
facing inwards at the vertices.[11a] Each oligonucleotide runs
around one face. Four of the six edges of the tetrahedron
contain nicks where the ends of an oligonucleotide meet:
these nicks can be ligated or used as sites for chemical
modification. We estimate that the central cavity of the
tetrahedron could accommodate a sphere of radius of
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approximately 2.6 nm, corresponding to a globular protein
with a molecular weight of roughly 60 kDa.[13] A model of the
tetrahedron with a molecule of cytochrome c (12.4 kDa)[14]

inside the cavity is shown in Figure 1b.
Horse-heart holo-cytochrome c was conjugated to the

5’ end of oligonucleotide s1 through a surface amine before
assembly of the tetrahedron. This protein–DNA conjugate
was then combined with oligonucleotides s2–s4 to form
tetrahedra with the protein attached to one edge (see
Experimental Section and Supporting Information). The
position of the protein relative to the cage was controlled
by altering the sequence of s1: when one nucleotide is
transferred from the 3’ end of s1 to the 5’ end, then the
attachment point of the protein—the nick in the edge formed
by s1 and s4 where the ends of s1 meet—moves 0.34 nm along
the double-helical edge of the tetrahedron and rotates
clockwise by about 358 about its axis. As the edge is not
free to rotate as a result of the double connection to
neighboring edges, the attachment point of the protein on
the edge determines the position of the protein relative to the
tetrahedron cage. This makes it possible to choose whether

the protein is held on the inside or on the outside of the
tetrahedron. For the diastereomer that is selected by the
assembly process,[11a] the attachment point is on the inside of
the tetrahedron for conjugation at nucleotide 8 and on the
outside at nucleotide 13 (counting in the 5’ to 3’ direction,
with the unpaired nucleotide at the vertex as zero). The
stereoselectivity of the synthesis[11a] is essential to the success
of our strategy, as an attachment point that is on the inside of
one diastereomer would be on the outside of the other.

Polyacrylamide gel electrophoresis (PAGE) was used to
compare a group of 11 tetrahedra with cytochrome c con-
jugated at consecutive positions along one edge from the 5th
to the 15th nucleotide (see Figure 1c). The control lane
labeled “T” contains a tight band corresponding to a DNA
tetrahedron without protein: this band is present in all other
lanes (as a result of the presence of residual unconjugated
oligonucleotides s1) and serves as a reference marker. A
slower band corresponding to protein-conjugated tetrahedra
is also visible; this band is broader, consistent with a
distribution of conformations of the flexible DNA–protein
linker. The mobility of the conjugate varies approximately
sinusoidally with attachment position: the mobility difference
between the conjugate and the unmodified tetrahedron is
maximal for conjugation at nucleotide 13 and minimal for
conjugation at nucleotide 8, that is, five bases further along
the helix corresponding to approximately 1808 rotation about
the edge. When the protein is attached at nucleotide 8, the
conjugate band is not separated from the nonconjugated
control. The mobilities of the constructs with protein attach-
ment at nucleotides 5 and 15, which are separated by one turn
of the double helix, are approximately equal. This pattern is
consistent with the expected helical trajectory of the attach-
ment point along the edge.

To confirm this interpretation tetrahedron T13+, with
cytochrome c conjugated at nucleotide 13, the corresponding
unmodified tetrahedron, T13� and T8+/T8� (not resolved on
non-denaturing gels), were purified on gel and analyzed on
both non-denaturing and denaturing gels (Figure 2a and b).
These tetrahedra differ from those shown in Figure 1c only in
that the unmodified oligonucleotides s2–s4 had been ligated
after assembly of the tetrahedron to form linked circles.
Denaturation of T13� (band C) produces the expected frag-
ments of unmodified tetrahedra: linked circles and single
unmodified linear oligonucleotides (unligated s2–s4 or
unmodified s1; see Supporting Information). Tetrahedron
T13+ (band B) contains one additional band corresponding to
s1 conjugated to cytochrome c, thus confirming that this slow-
migrating construct is the protein conjugate as identified
above. Denaturing gel analysis of T8+/T8� (band D) also
reveals the presence of s1 conjugated to cytochrome c, thus
confirming that T8+/T8� , which is unresolved from an empty
tetrahedron on a non-denaturing gel, is not simply an empty
tetrahedron but does contain the protein.

We conclude that when the protein is attached at
nucleotide 13, it is positioned on the outside of the tetrahe-
dron where it decreases the electrophoretic mobility of the
construct. When it is attached at nucleotide 8, it has minimal
effect on mobility as it is encapsulated within the tetrahedral
cage.

Figure 1. Positioning a protein within a DNA tetrahedron. a) Tetrahe-
dron made from four oligonucleotides s1–s4. The black arrow indicates
the protein attachment site at the 5’ end of s1. b) Molecular model
which shows that cytochrome c can fit inside the tetrahedron.
c) Native polyacrylamide gel showing the variation in electrophoretic
mobility with the position of the attachment site. Control T: unmodi-
fied tetrahedron.
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A DNA cage whose bars could be extended or broken
might allow functional control of the encapsulated protein;
for example, a cage that contains cytochrome c could control
access by Apaf-1 (130 kDa), which forms a complex with
cytochrome c to initiate an apoptotic protease cascade.[15] We
have already demonstrated opening of the DNA tetrahedron
cage by nucleases[11] and, through incorporation of a hairpin
motif in one edge, by binding of a specific oligonucleotide
sequence.[16] Conformation changes that could reveal the
encapsulated protein could also be triggered by the following
signals: binding of specific DNA[17] or RNA[18] sequences or,
by incorporation of aptamer domains, proteins or small
molecules;[19] changes in ionic concentrations[20] including
pH;[21] ultraviolet[22] or radiofrequency radiation.[23] In con-
trast to conventional “caging” techniques that achieve func-
tional control by means of photolabile protecting groups,[24]

our strategy for geometric encapsulation does not require
chemical modification or even knowledge of the active site:
all that is necessary is a link between the encapsulated
molecule and an oligonucleotide during assembly of the cage.
Use of a DNA cage may also allow techniques for nonviral
gene delivery[25] to be adapted to deliver the encapsulated
molecule within a target cell.

In summary, we have demonstrated that a protein can be
encapsulated within a DNA cage. Our assembly strategy

requires control of the position of the attachment site on the
cage; this was made possible by the rigid design and
stereochemical purity of the DNA tetrahedron. Responsive
DNA cages may allow functional control of proteins.

Experimental Section
All oligonucleotides were supplied by Integrated DNATechnologies
Inc. (USA); see Supporting Information for sequences. Oligonucle-
otide s1 was synthesized with a C6-amino modification at the 5’ end.
Holo-cytochrome c from equine heart (Sigma) was conjugated to s1
by means of two heterobifunctional cross-linkers, sulfosuccinimidyl 4-
(N-maleimidomethyl)cyclohexane-1-carboxylate (sulfo-SMCC) and
N-succinimidyl 3-(2-pyridyldithio)propionate (SPDP; Pierce Bio-
technology). Conjugates were gel-purified to remove proteins
bound to more than one oligonucleotide. Tetrahedra were assembled
by combining equal amounts of the s1–cytochrome c conjugate and
oligonucleotides s2–s4 to a final concentration of 250 nm of each
oligonucleotide in Tris buffer with 5 mm of divalent cations (either
TM buffer: 10 mm Tris-HCl (pH 8), 5 mmMgCl2; or TC buffer: 20 mm

Tris-HCl (pH 8), 5 mm CaCl2). The reaction mixture was maintained
at 54 8C for 3 min then cooled to 4 8C over approximately 30 s.
Tetrahedra can also be formed by incubation at room temperature,
although the yield of the correctly self-assembled structure is reduced
(see Supporting Information). When required, oligonucleotides s2–s4
were ligated by incubating assembled tetrahedra overnight with T4
DNA ligase (New England Biolabs) at room temperature. See
Supporting Information for a detailed description of the experimental
procedures used.
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