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Three-dimensional (3D) self-assembly is a basic process in
nature. Often multiple components cooperatively assemble
together to form functional biological devices, for example,
viruses and organelles in the cell. Despite extensive efforts to
mimic such a process for the preparation of artificial nano-
devices, it remains a grand challenge. Various types of
materials have been used to study the molecular 3D self-
assembly process. Among them, DNA stands as an excellent
candidate!'! and a range of DNA 3D nanostructures have
been successfully programmed to self-assemble.?2 How-
ever, the complexity of such structures is low. One rational
approach to increase their complexity and introduce func-
tionality is to decorate such DNA 3D nanostructures with
other molecular components, such as proteins. ¥ Herein,
we report an exploration in this direction by assembly of
DNA-protein chimerical 3D nanostructures.

DNA-protein chimerical 3D complexes self-assemble in
two steps (Figure 1): 1) programmed self-assembly of sym-
metric DNA polyhedra followed by 2)immobilization of
proteins onto the DNA scaffolds. Recently a family of star-
shaped, symmetric DNA nanomotifs has been devel-
oped.™® Each motif is assembled from three different
types of DNA strands: a long, repetitive strand (Ln; n=3-5;
blue and red); medium strands (M; green); and short,
peripheral strands (S; black). All DNA motifs share the
same M and S strands, but use different L strands, which
contain different numbers (n) of sequence repeats. The motifs
have been programmed to assemble into symmetric poly-
hedra in a process similar to the self-assembly of viral capsids.
To immobilize protein streptavidin (STV) onto the DNA
polyhedra, we have incorporated a biotin moiety at the 5’ end
of strand S so we can take advantage of the specific and strong
interaction between biotin and STV. Upon DNA self-
assembly, each face of the DNA polyhedra displays three
biotin moieties, which are related by a three-fold rotational
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Figure 1. Schematic representation of the 3D protein organization
directed by DNA nanostructures. DNA strands L (blue and red), M
(green), and S (black; conjugated to a biotin at its 5’ end) self-
assemble, by maximizing the base pairing between complementary
DNA segments, into star-shaped nanomotifs that further assemble
into symmetric DNA polyhedra: tetrahehedron (TET), octahedron
(OCT), and icosahedron (ICO). Each vertex is composed of a corre-
sponding DNA star-shaped motif. All faces of the DNA polyhedra are
identical triangles and display three biotin moieties. Upon incubation
with streptavidin (STV) protein, each polyhedral face will bind to a STV
protein, thus resulting in well-structured TET/STV, OCT/STV, and ICO/
STV complexes. The lower right-hand section shows the details of the
trivalent binding between a STV protein and a triangular face of the
DNA polyhedra. Note that the plastic rods/metal balls are used as

a convenient and intuitive model instead of a precise structural model.

symmetry (Figure 1, lower right). When these polyhedra are
incubated with STV, each DNA polyhedral face can bind to
STV at three biotin binding sites (each STV protein has four
biotin binding sites). The trivalent binding is not only much
stronger than the binding of one biotin to STV, but more
importantly, also greatly reduces the freedom of the bound
STV relative to the DNA scaffolds. Controlling the guest
freedom is a great challenge for DNA-directed guest organ-
ization and has rarely been experimentally addressed in the
literature.!"”

We started our investigation with the organization of STV
onto a DNA tetrahedron (Figure 1 and 2), because the
tetrahedron is the simplest DNA polyhedron. Reported
protocols were followed for the assembly process.*! A brief
explanation of the assembly process is as follows: the
corresponding DNA strands (L;/M/S =1:3:3) were mixed in
a Mg”* containing, neutral, aqueous buffer and slowly cooled
down from 95°C to 25°C over 48 hours, and then incubated
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Figure 2. Experimental characterization of the TET/STV complex.

A) Agarose-gel electrophoretic analysis of the TET/STV binding. B) and
C) Atomic force microscopy (AFM) images of unbound TET and the
TET/STV complex, respectively. Below the images are the height
profiles along the lines shown in the images. D) A cryogenic electron
microscopy (cryoEM) image of the TET/STV complex. E) Three views
of the TET/STV complex structure that is reconstructed from the
cryoEM images of the sample. F) Comparison between the raw cryoEM
images (top) and the 2D projections (bottom) of the reconstructed,
structural model.

with STV at 25°C for approximately 16 hours. After assembly,
we first confirmed the binding of STV by 1% agarose gel
electrophoresis under a native condition (Figure 2 A). Clearly,
STV binds to the DNA tetrahedron (TET) and causes an
electrophoretic mobility shift. Although an STV protein has
four biotin binding sites, neither crosslinking between TETs
nor large aggregates were observed, thus indicating that each
STV binds to only one TET. We attribute this phenomenon to
the cooperative, trivalent interaction between STV and each
TET face (bearing three biotin moieties; see scheme at lower
right in Figure 1). The trivalent binding mode is supported by
a partial denaturation experiment (see the Supporting
Information, Figure S1).'*! After assembly, the TET/STV
complex was denatured under mild denaturing conditions,
such that the DNA duplexes were completely dissociated into
single strands but most of the strong biotin-STV interactions
were unaffected. Then the partially denatured mixture was
analyzed by polyacrylamide gel electrophoresis (PAGE)
under the same denaturing conditions. From the gel, it is
evident that one STV protein binds to three biotinylated
DNA strands and no single STV protein binds to four
biotinylated DNA strands, a result which is consistent with the
designed trivalent binding mode.

Microscopy imaging allows the direct visualization of the
TET/STV complex. Atomic-force microscopy (AFM) imag-
ing shows that TET/STV complex is significantly taller than
TET itself (Figure 2B and C). The absolute height values are
not accurate, because of dehydration and strong interactions
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between the sample and substrate, but the relative height
change is consistent with the expected value. The AFM
imaging also confirms that the TET/STV complex particles
are quite uniform in size and no crosslinking between TETSs
happens. We have further characterized the TET/STV com-
plex by cryogenic electron microscopy (cryoEM). A very thin
layer of TET/STV solution was flash frozen, which is believed
to keep the DNA/STV complex in its native conformation
and allow visualization of the protein arrangement in 3D. In
the raw cryoEM images (Figure 2D), most visible particles
have a tetrahedral shape and are of the expected size. The
observed edges are 14 nm long, thus matching the designed
model (13.8 nm), if it is assumed that a DNA duplex has
a pitch of 0.33 nm per base pair and a diameter of 2 nm. For
the experimentally observed particles, the structure of the
TET/STV complex (Figure 2E) at a resolution of 2.9 nm was
revealed by single particle 3D reconstruction, a well-devel-
oped technique used in structural biology.!'>-?! 2D projections
computed from this structural model match with the individ-
ual, raw-particle images (Figure 2F) and the class averages of
raw particles with similar orientations (Figure S2). In the
reconstructed structural model, extra density exists at the
center of each TET face and corresponds to STV protein. It is
also clear that each STV protein binds to one TET face
through three binding sites. Such a structural feature is
consistent with our design.

STV is not passively organized by the DNA scaffold, but
actively impacts on the DNA scaffold. At least two phenom-
ena emerge upon STV binding. First, STV binding causes
distortion to the DNA struts in TET (Figure 2E and Fig-
ure S3). The DNA struts are straight rods in the unbound
TET,™ but become bent in the DNA/STV complex. We
speculate that it is because of the subtle distance mismatch
between the biotins displayed by the TET and the biotin
binding sites of the STV protein. Because of the strong biotin—
STV interaction, TET becomes slightly deformed during the
binding of STV to allow binding of the STV to the biotin. It
remains to be tested whether such a guest-induced structural
change is a general phenomenon in DNA-directed guest
organization. Second, binding of the STV increases the TET
stability. For the unbound TET, the DNA motifs are held
together solely by DNA hybridization. In contrast, for the
TET/STV complex, the DNA motifs are held together by
both DNA hybridization and the binding between the STV
and biotin. Hence, the TET/STV complex is expected to be
more stable than the unbound TET. To test this hypothesis, we
performed a thermal denaturation experiment by monitoring
the hydrodynamic radius (Ry;) of both TET and the TET/STV
complex with dynamic light scattering (DLS) at different
temperatures (Figure 3). When the temperature is increased
to a certain value, the complexes will dissociate and the Ry of
the particle will dramatically decrease. This temperature is
the melting temperature (7,,) of the complex. The DLS study
shows that the T, for the TET/STV complex is approximately
5°C higher than that of TET itself, thus confirming that TET/
STV is indeed more stable than TET itself.

The strategy of organizing proteins by self-assembled
DNA polyhedra is a general strategy. In addition to using
TET as the scaffold to organize STV, we have demonstrated
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Figure 3. Thermal stability of the TET and TET/STV complex. The
hydrodynamic radius (Ry) is monitored by dynamic light scattering
(DLS). Each point is an average of five repeated measurements and
the standard deviation is indicated by a vertical bar.

that other discrete DNA 3D structures (OCT and ICO) can
equally serve as scaffolds to organize STV into structurally
well-defined, discrete 3D assemblies (Figures 4 and 5).

This strategy can also be extended beyond STV to other
proteins as long as specific interactions can be engineered
between the protein and the DNA scaffolds. To demonstrate
this application, we have used TET to organize antibody (Ab)
protein. Antibodies are a huge family of proteins involved in
the immune system. To immobilize antibodies onto TET, the
biotin moiety is replaced by a specific antigen (here we used
fluorescein as the antigen) at the 5" end of the S strand. Upon
DNA self-assembly, TET displays antigen (fluorescein)
instead of biotin. Through strong and specific antibody—
antigen interactions, the anti-fluorescein antibody (IgG; MW

>
A) 7

+

=

Q

==
500 nm 0 500 nm
OCT/STV

H/inm — o
) SO =NW

on

v T
A2nm 4.0 nm
i i) X

010203 0405um 0 0.1 0.2 0.3 0.4pm

Figure 4. OCT/STV complex. A) Electrophoretic analysis. AFM images
of unbound OCT (B) and OCT/STV complex (C). D) A cryoEM image
of a sample of the OCT/STV complex. E) Three views of the recon-
structed structural model. F) Comparison between the raw cryoEM
images (top) and the 2D projections (bottom) of the reconstructed,
structural model.
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Figure 5. 1CO/STV complex. A) Electrophoretic analysis. AFM images
of unbound CO (B) and ICO/STV complex (C). D) A cryoEM image of
the ICO/STV complex sample. E) Three views of the reconstructed
structural model. F) Comparison between the raw cryoEM images
(top) and the 2D projections (bottom) of the reconstructed, structural
model.

~ 150 kD) can specifically bind to fluorescein. The fluorescein
3D distribution will determine the antibody 3D organization.
Figure 6 provides experimental proof that antibodies are
organized onto the TET. Because of the steric hindrance, an
antibody will not simultaneously bind to two fluorescein
moieties on one DNA strut. Instead, it will bind to two
fluorescein moieties displayed on one triangular face. Note
that an antibody can have three different binding modes in
each trianglular face (Figure S7). During single-particle
reconstruction, the final density map is the average of more
than one thousand particles and a threefold rotational
symmetry is applied to each triangular face (the symmetry
is imposed for quick convergence). Thus in the reconstructed
structure, each triangle is an average of the three different
binding modes. The average introduces an artifact to the
individual protein structure. However, it does not affect the
overall antibody arrangement in the TET/Ab complex and,
clearly, the antifluorecein antibody is well organized by the
TET scaffold.

In summary, we have developed a strategy to use self-
assembled DNA nanostructures to organize proteins in 3D
space for the preparation of symmetric, discrete 3D protein
assemblies. Such structurally well-defined, multicomponent,
protein-containing structures can not be systematically pre-
pared by other means. This strategy can be applied to
different 3D DNA nanostructures and different proteins. It is
conceivable that if aptamers® (which are short strands of
nucleic acids and can strongly bind to specific ligands) are
introduced, the DNA scaffolds could organize an even wider
range of objects. The DNA/protein complexes shown in this
study superficially resemble many virus structures. Both
contain nucleic acids and multiple copies of a few protein
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Figure 6. TET/antibody (Ab) complex. A) Electrophoretic analysis.
AFM images of unbound TET (B) and TET/Ab complex (C). D) A
cryoEM image of the TET/Ab complex sample. E) Three views of the
reconstructed structural model of the TET/Ab complex. F) Comparison
between the raw cryoEM images (top) and the 2D projections
(bottom) of the reconstructed, structural model.

components and are highly symmetric. We believe that our
engineered DNA/protein binary structures would provide
a platform for biophysical study of viruses such as their self-
assembly, stability, mechanic properties, and biological multi-
valent interactions. It is also possible to use such nano-
structures as multivalent vaccines as they resemble virus
structures and display multiple copies of identical proteins
(potential antigens). We believe that these nanostructures will
induce much stronger immune responses than individual
protein antigens.
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