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Reciprocal Self-Assembly of Peptide–DNA Conjugates into
a Programmable Sub-10-nm Supramolecular Deoxyribonucleoprotein
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Abstract: To overcome the limitations of molecular assem-
blies, the development of novel supramolecular building blocks
and self-assembly modes is essential to create more sophisti-
cated, complex, and controllable aggregates. The self-assembly
of peptide–DNA conjugates (PDCs), in which two orthogonal
self-assembly modes, that is, b-sheet formation and Watson–
Crick base pairing, are covalently combined in one supra-
molecular system, is reported. Despite extensive research, most
self-assembly studies have focused on using only one type of
building block, which restricts structural and functional
diversity compared to multicomponent systems. Multicompo-
nent systems, however, suffer from poor control of self-
assembly behaviors. Covalently conjugated PDC building
blocks are shown to assemble into well-defined and control-
lable nanostructures. This controllability likely results from the
decrease in entropy associated with the restriction of the
molecular degrees of freedom by the covalent constraints.
Using this strategy, the possibility to thermodynamically
program nano-assemblies to exert gene regulation activity
with low cytotoxicity is demonstrated.

Although many different types of supramolecular building
blocks and assembly strategies have been devised,[1] human
control of the self-assembly process is still far behind that of
nature. Biopolymers such as peptides[2] and nucleic acids
(DNAs and RNAs)[3] are important supramolecular building
blocks for nanotechnology. Most bottom-up nanostructures
assembled from these biopolymers have been constructed
utilizing only one type of building block. However, in
biological systems, there are many examples of functional
supramolecular complexes composed of multiple proteins
and nucleic acids, known as nucleoproteins. For example,
viruses can be viewed as supramolecular complexes of DNA/
protein (deoxyribonucleoproteins; DNPs) or RNA/protein
(ribonucleoproteins; RNPs), depending on their genome
type. Other important examples of nucleoproteins include
nucleosomes, ribosomes, telomerase, heterogeneous nuclear
ribonucleoproteins (hnRNPs), and small nuclear RNPs
(snRNPs).

The fundamentally different properties of nucleic acids
and proteins can potentially provide synergistic effects when
combined properly. Thus, combining these two biopolymers

into one supramolecular system may be a strategy for
constructing artificial nanostructures with new and superior
functions. However, the construction of such structures
through supramolecular approaches has proven challenging
because of the difficulty of controlling the self-assembly
process. For example, a DNA/polymer complex for gene
delivery, that is, an artificial virus, is one of the most widely
used examples of a synthetic nucleic acid/biopolymer com-
plex.[4] Although some success has been achieved in forming
relatively well-defined artificial viruses[5] and molecular
assemblies of DNA–polymer conjugates,[6] supramolecular
complexes of polymer and DNA have mostly resulted in the
formation of heterogeneous particles. In contrast, nature has
developed a precisely controllable DNA packaging mecha-
nism, nucleosome formation, by utilizing histone proteins.[7]

Although nature uses a totally noncovalent strategy, human
control of the self-assembly process is still too immature to
construct discrete multicomponent supramolecular assem-
blies solely using noncovalent interactions.

Herein, we report the development of a well-defined
supramolecular DNP through self-assembly of peptide–DNA
conjugates (PDCs), in which the disparate assembly modes of
DNA and peptides are exquisitely combined into one
supramolecular nanostructure (Figure 1). We hypothesized
that the use of covalently conjugated peptides and DNA
would reduce the number of degrees of freedom that the
supramolecular building blocks need to sample, thus simpli-
fying the overall assembly process and increasing the
probability of fabricating well-defined nanocomplexes. In
this report, the peptide and DNA used b-sheet formation and
Watson–Crick base pairing as modes of interaction, respec-
tively.

Figure 1. Pathways for the dual-mode self-assembly of complementary
peptide–DNA conjugates into a toroidal global minimum state.
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The synthesis of self-assembling PDCs can be complicated
by the aggregation propensity of the peptide segment. We
therefore used a solid-phase fragment condensation method
that combines the advantages of in-line synthesis and frag-
ment conjugation methods.[8] In-line synthesis methods, in
which the peptide and DNA chains are assembled on a resin
by stepwise coupling reactions, are often limited by the
incompatibility of the deprotection chemistry of peptides and
DNA.[8a,b] The fragment conjugation method utilizes the
deprotected peptide and DNA, and the conjugation reaction
is typically performed in an aqueous solution, a good solvent
for both peptides and DNA. Owing to the aggregation
propensity of self-assembling peptides, this method can elicit
solubility problems. The solid-phase fragment condensation
method ligates the deprotected peptide, while the protected
DNA remains bound to the solid support. An organic solvent
that effectively suppresses the aggregation of the peptides can
be used to solvate the reactants in on-resin fragment ligation
because both the self-assembling peptides and protected
DNAs typically have high degrees of nonpolar character.
Using this on-resin fragment ligation, we successfully con-
jugated DNA oligonucleotides to a self-assembling b-sheet
peptide (Supporting Information, Figure S1). The self-assem-
bling peptide, b-suRGD, contained a b-sheet self-assembly
segment and an Arg-Gly-Asp (RGD) segment for cell
internalization. The b-suRGD peptide was conjugated to
a 20-mer antisense (AS) DNA targeted against green
fluorescent protein (GFP) and an 18-mer sense (S) DNA to
yield b-suRGD-AS and b-suRGD-S, respectively.

For dual-mode self-assembly of the peptide-DNA con-
jugates, b-suRGD-AS and b-suRGD-S were mixed at a 1:1
molar ratio and their self-assembly behavior was examined.
Owing to the presence of disparate self-assembly modes, that
is, b-sheet interactions and Watson–Crick hybridization, and
two different molecules, the assembly pathways and the final
state can be complex. We hypothesized two probable
scenarios for the formation of the thermodynamically stable
supramolecular complex (Figure 1). First, a condition that
enables the formation of a peptide b-sheet followed by DNA
hybridization was investigated (pathway 1). Equimolar
amounts of both conjugates were dissolved in hexafluoroiso-
propanol (HFIP). HFIP has a strong propensity to induce the
formation of a-helices in any peptide.[9] This tendency,
combined with the nonpolar characteristics of HFIP, will
destabilize the b-sheet self-assembly mode of the b-suRGD
segment. After prolonged incubation, the HFIP was evapo-
rated and the dried mixture was redissolved in TE buffer. The
aqueous mixture was vigorously sonicated, incubated at
a temperature above the melting temperature (Tm) of the
duplex (see below), and subsequently cooled down slowly to
anneal the duplex. Second, the duplex was hybridized first,
and then b-sheet formation was induced (pathway 2). An
equimolar mixture was dissolved in aqueous solution at
a concentration below the critical aggregation concentration
(CAC) of the b-sheet peptide. After annealing the duplex at
this low concentration, the solution was slowly concentrated
using a centrifugal filtration device to induce assembly of the
peptide.

Investigation of the assembly status using various tech-
niques revealed that the two pathways resulted in the
formation of identical nanostructures with a homogeneous
distribution. Thus, both pathways led to the formation of
thermodynamically stable b-suRGD-AS/b-suRGD-S com-
plexes (supramolecular deoxyribonucleoprotein; suDNP).
By comparison, simple dissolution of the aqueous mixture
resulted in the formation of a heterogeneous population of
nanostructures, suggesting the coexistence of kinetically
trapped states and a thermodynamically stable state.

The circular dichroism (CD) spectrum of the suDNP
revealed negative bands at 207 nm and 254 nm and a positive
band at 280 nm (Figure 2a), which is a typical characteristic of
B-form DNA.[10] The CD spectrum of the duplex revealed
a similar spectral pattern (Supporting Information, Fig-
ure S5a). Figure 2a also shows a weak shoulder at approx-
imately 215–220 nm, a signature of b-sheet structures. Iso-
lation of the contribution from the peptide, achieved by
subtracting the duplex-only spectrum from the spectrum of

Figure 2. Characterization of the suDNP. a) CD spectrum of the
suDNP. b) CD difference spectrum. c) Melting curve analysis of the
suDNP. d) An electron micrograph of a negatively stained suDNP.
Upper right: Enlargement of a region of the electron micrograph.
Lower right: line plot display of the suDNP. Bar = 50 nm. e) Single
particle analysis of TEM images. The 50 representative class average
images from 5035 suDNP particles from different projection direc-
tions. Bar= 10 nm.
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the suDNP, confirmed b-sheet formation, as indicated by the
strong negative band at approximately 217 nm (Figure 2 b).
This difference spectrum was also similar to that of the
peptide only (Supporting Information, Figure S5b). Fourier
transform infrared spectroscopy (FTIR) revealed amide I
bands at 1633 cm�1 and 1695 cm�1, indicating the formation of
antiparallel b-sheets (Supporting Information, Figure S6).[11]

Thus, the suDNP forms through the bipartite assembly mode
of double-stranded B-form DNA hybridization and antipar-
allel b-sheet formation. The cooperative melting transition
behavior of the suDNP further confirmed the formation of
double-stranded DNA (Figure 2c). The melting temperature
(Tm) of suDNP, 62 8C, was similar to that of the duplex only,
63 8C (Supporting Information, Figure S7). Transmission
electron microscopy (TEM) revealed that the size of the
suDNP particles was approximately 9 nm (Figure 2d). The
line plot display of the suDNP revealed a concave region in
the middle of the suDNP in many particle populations. The
presence of central pores within the spherical nanostructures
was corroborated by 2D reconstruction of electron micro-
graphs to obtain the class average images of single particles
and 3D reconstruction (Figure 2e and the Supporting Infor-
mation, Figure S8). A group of images corresponding to the
same projection direction were grouped together and aver-
aged to produce the class average image.[12] Atomic force
microscopy (AFM) investigation showed the formation of
discrete objects with spherical shapes (Supporting Informa-
tion, Figure S9). The diameter of the nanostructures mea-
sured by AFM was slightly larger than that obtained by TEM,
possibly due to the tip-broadening effect.[13] Dynamic light
scattering (DLS) further confirmed that particles with
approximately 9 nm in diameter exist in solution with
a homogeneous size distribution (Supporting Information,
Figure S10).

These results allowed us to construct a model for the self-
assembled suDNP (Figure 1. For a DNA helix diameter of
2 nm and an intersheet distance of 10 � for bilayered b-sheets
(b-sandwiches),[15] the diagonal line across the circular object
of circa 9 nm would consist of four DNA helices and one b-
sandwich. The presence of the central pore is due to the
electrostatic repulsion among the central DNA helices, which
results in the formation of toroidal objects. Due to the
antiparallel arrangement of the b-sheets, the RGD peptides
are located at both faces of the toroid. Although there was
a possibility of supramolecular polymerization[16] that would
compete with the formation of the toroids, the covalent
constraint of the peptide–DNA conjugates effectively sup-
pressed this possibility and enabled the formation of homo-
geneous toroids.

The suDNP was designed such that the AS DNA/mRNA
duplex (20-mer/20-mer) is slightly more stable than the AS
DNA/S DNA duplex (20-mer/18-mer) owing to differences in
their free energy (DG) values of hybridization (Figure 3a).
We anticipated that the 18-mer S DNA segment in the suDNP
would be exchanged in the presence of mRNA containing
a 20-mer sequence complementary to the AS DNA, thus
leading to the inhibition of translation through an antisense
effect.[17] Indeed, an in vitro strand-exchange experiment
produced a mobility shift of the suDNP band following the

addition of sense RNA complementary to the 20-mer AS
DNA of the suDNP (Figure 3b, lane 4). Interestingly, TEM
investigation of the suDNP and S RNA mixture revealed
a transition of the toroid into entangled fibers, which suggests
the formation of amyloid-like cross-b structures. DLS analysis
also confirmed the formation of larger objects after S RNA
binding (Supporting Information, Figure S10). The binding of
S RNA and the subsequent AS DNA/S RNA duplex
formation would suppress the reciprocal (orthogonal) self-
assembly and increase the volume fraction of the hydrophilic
segment (that is, the oligonucleotide segment, which would be
switched from the double-stranded DNA to the DNA/RNA
duplex). The consequence would be the formation of a b-
sheet-mediated 1D fiber, which can be further entangled to
form higher-order structures. Occasionally, giant toroids of
approximately 300 nm could be observed. Although deter-
mining the exact structure of these giant toroids would need
further studies, the structure is reminiscent of the DNA
toroid, a structure in which DNA is packaged at its physical
limit.[18] The structural transition to entangled fibers and
higher-order structures can be an advantageous factor during
the interference of mRNA binding to ribosomes. The
structural stability of the suDNP might be further controlled
by adjusting the thermodynamic stability of the DNA/DNA
duplex within the suDNP relative to that of the DNA/mRNA
duplex.

We investigated the antisense effect of the suDNP in
a tissue culture gene knockdown experiment. HeLa cells were
first transfected with a GFP expression vector for 4 h. The
cells were then washed and treated with the suDNP for 4 h or
8 h. As a control, single-stranded AS DNA (ssAS DNA) or
AS DNA/S DNA duplex was transfected using a commercial

Figure 3. Supramolecular nanostructures for programmable antisense
effects. a) Antisense inhibition of gene expression by the suDNP
through DNA and RNA strand exchange. b) Strand-exchange experi-
ment. Lane 1, DNA ladder; lane 2, suDNP; lane 3, 20-mer sense RNA
(S RNA); and lane 4, suDNP+ S RNA. Electrophoresis was performed
in a 2% agarose gel after 1 d of the strand exchange reaction. A
negative-stain TEM image shows the sample under the same condi-
tions as in the lane 4. The DG values were calculated using nearest-
neighbor models.[14]
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transfection agent, Lipofectamine 2000 (lipoplex), for 4 h or
8 h. The cells were washed and further incubated for 1 d, and
changes in the GFP expression level were monitored with
fluorescence-activated cell sorting (FACS; Figure 4a, and the
Supporting Information, Figures S11 and S12). The results
showed that the suDNP did exert the antisense effect and the
degree of inhibition for the suDNP was approximately 50%
that of the lipoplex. Considering the high transfection
efficiency of Lipofectamine 2000, the suDNP had a substantial
antisense effect. We then synthesized a suDNP in which the
RGD sequence had been replaced with RAD. Such a muta-
tion has been reported to weaken the binding affinity to the
integrin receptor.[19] A gene knockdown experiment showed
a decreased level of GFP expression with the RAD-based
suDNP, which supports the enhanced uptake of RGD-based
suDNP through RGD-integrin interactions (Supporting

Information, Figure S13). The cytotoxicity of the material
was measured under the same treatment conditions as for the
inhibition experiment (Figure 4b). Interestingly, the suDNP
did not exhibit notable cytotoxicity at the concentration range
tested. In contrast, significant cytotoxicity was observed for
the lipoplex.

Although many factors are likely responsible for the
observed difference in cytotoxicity between the suDNP and
the lipoplex, we would like to discuss the benefits of
programming the DG of hybridization in the duplex platform.
Utilizing duplex instead of ssAS DNA can be advantageous
by decreasing nonspecific binding. In contrast to ssAS DNA,
which is fully exposed to the external environment, a pro-
grammed duplex is less likely to bind to other single-stranded
oligonucleotides unless the final state of the strand-exchange
reaction has a lower free energy. Experimentally, we demon-
strated this notion using a model mismatch-recognition
system in which target single-stranded DNAs with different
numbers of complementary bases were incubated with ssAS
DNA (20-mer) or AS DNA/S DNA (20-mer/18-mer) duplex
(Figure 4c and the Supporting Information, Figure S14).
Increasing the degree of complementarity tended to promote
more efficient target DNA recognition in both groups;
however, the formation of AS DNA/target DNA duplexes
occurred with lower degrees of complementarity for the ssAS
DNA than for the AS DNA/S DNA duplex. Thus, the duplex
with programmable stability exhibited higher specificity than
the simple ssAS DNA. The result demonstrates that the
consideration of the thermodynamic stability during the
design of the suDNP can be a strategy for decreasing the
side effects of an antisense system.

In this study, we have demonstrated the assembly of well-
defined and programmable supramolecular peptide/DNA
complexes from PDCs. The covalent linkage between the
two orthogonal building blocks likely constrains the structural
space of the assembled states, thus reducing the probability of
nonspecific aggregate formation. The gene regulation func-
tion of the suDNP can be fine-tuned by adjusting the stability
of the DNA duplex segment. We envision that further
supramolecular controls from this prototype will enable the
development of artificial DNPs with more sophisticated
structures and functions.
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Figure 4. Antisense effect of suDNP. a) Inhibition of GFP expression
levels. The numbers in parentheses indicate the amount of AS DNA
used in mg. The experiment was replicated in the laboratory five times.
b) MTT assay for cytotoxicity measurement. Mean � s.d. (n = 3).
c) Mismatch recognition experiment. 24-mer single-stranded target
DNAs with complementary sequences of different lengths (?). AS
DNA/target DNA duplex (#). Electrophoresis was performed in 15%
polyacrylamide. Lane 1, marker; lane 2, ssAS DNA; lane 3, target DNA
with 4-complementarity; lane 9, AS DNA/S DNA duplex; mixtures of
ssAS DNA (lanes 4–8) and AS DNA/S DNA duplex (lanes 10–14) with
target DNAs containing variable degrees of complementarity (shown
below the image of the gel).
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