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N
ucleic acids have been convenient
materials in the field of nanotech-
nology due to their ability to self-

assemble and self-organize.1,2 In addition to
base-complementarity similar to that of
DNA, RNA with unique higher-order struc-
tures and biological functions has been
utilized as another class of these materials.
Naturally occurring RNA molecules often
show highly complicated three-dimensional
structures and consist of various structural
modules, and they can be used as building
blocks for designing and constructing artifi-
cial nano-objects.3 Thus far, a variety of RNA
nano-objects have been reported4�13 that
are useful in the fields of nanomedicine,
nanotechnology, and synthetic biology.14,15

Many RNAs play biological roles as
molecular complexes with proteins. Highly
evolved RNA�protein complexes, such as
the ribosome and spliceosome, have extre-
mely complicated structures with sophisti-
cated functions. We have shown that a
naturally occurring RNA�protein interact-
ing module (RNP module) in the complexes

can be used to design and build a new
artificial RNP. In our previous study, we
demonstrated the design and construction
of triangular nano-objects created with
the box C/D RNA�L7Ae protein interacting
module found in a ribosome.16 The RNP
objects were used as scaffolds for functional
RNAs and proteins.17 Moreover, they are
able to quantitatively regulate the signal
transduction from a human cell surface
receptor depending on the distance
between the attached receptor-binding
proteins.18

A variety of modules are needed to
design and constructmore usefulmolecules
with elaborate structures that enable
sophisticated functions. However, only a few
naturally occurring RNP modules have been
employed. Thus, we are exploring a variety of
RNP modules for further development.
Here, we used an RNP module consisting

of the ribosomal protein RPL1 (from a
thermophilic archaea, Methanocaldococcus

jannaschii) and the corresponding RNA
motif (Figure 1a). RPL1 binds to a specific
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ABSTRACT RNA nanotechnology has been established by employing the molecular architecture of

RNA structural motifs. Here, we report two designed RNA�protein complexes (RNPs) composed of

ribosomal protein L1 (RPL1) and its RNA-binding motif that are square-shaped nano-objects. The

formation and the shape of the objects were confirmed by gel electrophoresis analysis and atomic force

microscopy, respectively. Any protein can be attached to the RNA via a fusion protein with RPL1,

indicating that it can be used as a scaffold for loading a variety of functional proteins or for building

higher-order structures. In summary, the RNP object will serve as a useful tool in the fields of

bionanotechnology and synthetic biology. Moreover, the RNP interaction enhances the RNA stability

against nucleases, rendering these complexes stable in cells.
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region in 23S rRNA, and the domain composed of the
complex is implicated in the deacylated tRNA release
from the ribosome during translation.19,20 RPL1 also
binds to a specific site on its own mRNA, thereby
downregulating its protein expression.21�23 These
two RPL1-binding RNA motifs share a common se-
quence and a similar three-dimensional structure
(Supporting Information Figure S1a). In the RNP com-
plexes, both RNAs are fixed at a right angle.24,25 Thus,
both RNP complexes can be used as an equivalent
building block for constructing new RNP nano-objects,
although their binding affinities differ considerably.26

We confirmed that the rRNA motif possesses superior
binding affinity and specificity compared to the mRNA
motif (Supporting Information Figure S1b). Therefore,
we used the RPL1�rRNA motif as the building block.

RESULTS AND DISCUSSION

We designed a regular tetragon-shaped RNP nano-
structure by using the right-angle RNP motif. Four RNP
motifs were connected with four double-stranded
RNAs (dsRNAs) to build a planar square structure and
minimize distortion. Two classes of regular tetragon
molecules were designed because two directions are
available for inserting the RPL1�rRNAmotifs. One class
is a flip-flop type in which the two RPL1 proteins
located on the diagonally opposite corners protrude
from the same face, while the other two proteins
located on the other corners protrude from the other
face (Figure 1b and Supporting Information Figure S2a).
The other class is a unilateral type in which all of the
RPL1 proteins protrude from the same face of the
square plane (Figure 1c and Supporting Information
Figure S2b). These constructs consist of two RNAs
(RNA1 (blue) and RNA2 (green) in Figure 1 and Support-
ing Information Figure S2) and four RPL1s.
RPL1 is likely to induce a structural alteration

to its RNA counterpart, as in the case of the L7Ae

protein and its RNA counterpart. The bound RPL1s
that fix the corners to a right angle should induce
a square shape to the RNA that is otherwise flexible
(Figure 1d).
The electrophoretic mobility shift assay (EMSA) was

performed to examine the interaction between the
RNA and the RPL1 in the complex. Retardation of the
RNA band was observed for both flip-flop and unilat-
eral complexes upon increasing the concentration of
RPL1, indicating that the RNA interacted with the
protein (Figure 2). The band shift seemed to proceed
with only one instead of four gradual steps under these
conditions, indicating that the RNA and the four RPL1s
interacted cooperatively. For instance, one bound RPL1
might have stabilized the whole RNA structure to
promote facile interactions with the additional RPL1.
Meanwhile, smeary upper bands appeared in the lanes
with highly concentrated RPL1 for both cases. This is
presumably due to nonspecific interaction of excess
RPL1 protein with the RNA that is consistent with the
result in Supporting Information Figure S1b. Under
these conditions, 50 nM RNA with 200 nM RPL1-bind-
ing motifs was completely gel-shifted in the presence
of 600 nM RPL1 for both constructs. Therefore, the
same ratio was adopted in subsequent experiments.
The hydraulic size of the RNP was analyzed by

dynamic light scattering. In both constructs, the RNA
with the RPL1 protein was larger than that without the
protein (Supporting Information Figure S3), implying
the formation of the RNP complex. The formation of
the RNP complexes with the four proteins was con-
firmed by using the atomic force microscope (AFM),
as we discuss later.
To evaluate the structures, AFM imaging was per-

formed on the RNA alone and with RPL1 under air
conditions. In the case of the RNA alone, most of the
objects were rod-shaped, although some linear and
large circular objects were observed for both constructs

Figure 1. Design of square-shaped RNP. (a) Three-dimensional structure (top) and its schematic representation (bottom) of
the RPL1�rRNA motif. RPL1 (orange)-bound RNA is kinked and fixed at ∼90�. (b,c) Three-dimensional models of square-
shaped RNPs. Both squares consist of two RNA strands (blue and green) and four RPL1 proteins (orange). (d) Schematic
representation of the regulation of structural changes by RPL1.
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(Supporting Information Figure S4). The structural het-
erogeneity likely reflects the flexibility of the RNAs. In
contrast, square-shaped objects were observed, and
linear and large circular-shaped objects were barely
visible in the presence of either RNAwith RPL1, indicat-
ing that the RPL1 protein induced the structural altera-
tion (Figure 3a,b).
The sizes of the RNP squares were measured by the

lengths between the midpoints of the opposite sides.
The average size in the flip-flop and unilateral RNP was
12.9( 1.3 and 12.8( 1.4 nm, respectively (Figure 3c,d).
The values corresponded well to their 3D models
(Figure 1b,c). The average height at the side was
1.48 ( 0.42 and 1.47 ( 0.43 nm for the flip-flop and
unilateral RNP, respectively (Supporting Information
Figure S5). These heights are consistent with the
∼1.5 nm reported height of other square-shaped
RNA particles.5 In addition, the heights at the corners
were 1.83 ( 0.37 and 1.72 ( 0.41 nm for the flip-flop
and unilateral RNP, respectively, suggesting that
the small increase was due to the bound RPL1s
(Supporting Information Figure S5).

The rhombus-shaped quadrilaterals were more of-
ten observed in the flip-flop than in the unilateral type.
The ratio of the diagonal lengths and the ratio of
the widths were measured (Supporting Information
Figure S6). The rhombus-shaped particles (36%) were
more abundant than the squares (30%) in the flip-flop
type, whereas the squares (36%) were more frequently
observed than the rhombus-shaped ones (26%) in the
unilateral type. This finding could be attributed to the
flatness of the structure. Presumably, theflip-flop square
has to bedistorted on the planarmica surface because it
is lessflat than theunilateral square (Figure 1b,c). The 3D
models support the observed difference.
High-resolution analyses were attempted with high-

speed AFM under liquid conditions. The complex with
four RPL1s was not identified for the flip-flop type.
Most of the complexes included only one or two RPL1s
(Supporting Information Figure S7a). This is presum-
ably due to their three-dimensional structure because
all of the possible complexes (four, three, two, and one
RPL1) were visible on the RNA in the unilateral square
(Supporting Information Figure S7b). Their bent struc-
ture is likely unsuitable for interaction with the planar
mica surface compared to the unilateral type. The
bound proteins presumably protrude and decrease
the flatness (Figure 1a) to weaken the interaction.
The reason that fewer fully loaded complexes were

observed by high-speed AFM could be attributed to
the detachment of the proteins from the RNA during
the experimental manipulations (e.g., dilution, fixation
to themica surface, and tapping by a cantilever). In fact,
the dissociation of the proteins from RNA was ob-
served during the imaging, indicating that the actual
yield of the complete complex was higher than that
observed in the AFM data.
The RNP squares can be used as a carrier for func-

tional RNAs, such as siRNA or aptamers. As an example,
the RNA aptamer was introduced into the unilateral
square RNPs (Supporting Information Figure S8a�c).
The malachite green (MG) aptamer was introduced
to the RNA stems to increase the fluorescence of MG
on the RNA when the aptamer specifically binds to
MG.12,27�29 As expected, the RNP square containing
the MG aptamer resulted in enhanced fluorescence
in the presence of MG (Supporting Information
Figure S8d). The interaction between the RNA and
RPL1 had no influence on the binding ability of the
aptamer, demonstrating that the RNP can be functio-
nalized with a functional RNA.
The chemical and biochemical instabilities of RNA

have been a problem for its applications in cells.
Chemical modifications, such as 20-fluororibose, can
confer resistance to RNases.12 However, these modifi-
cations sometimes have adverse impacts on the inher-
ent structures and functions of the RNA. Interestingly,
it was shown that RNPs are more tolerant to RNases
than unmodified RNA.17

Figure 2. Electrophoretic mobility shift assay. Interactions
between designed RNA and RPL1 proteins were confirmed
by EMSA in both flip-flop (a) and unilateral (b) squares. The
delayed mobility of the band by increasing RPL1 protein
indicates the RNP complex formation. Marker, DNA ladder
marker; RPL, RPL1 (1000 nM).
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To assess whether RPL1 has a protective effect
in the RNP, the flip-flop and unilateral RNAs were
incubated at 37 �C in 20% fetal bovine serum (FBS)-
containing buffer with or without RPL1 (Supporting
Information Figure S9). For both constructs, more
than 50% of the RNAs remained intact after 24 h in
the presence of RPL1, while the RNAs by themselves
were completely degraded after 8 h of incubation
(Figure 4). This protection is presumably due to steric
hindrance by the RPL1 that protects the RNA from
RNases. Thus, the RNP constructs are likely more

stable than the RNA by itself in the presence of
RNases, indicating that they are useful for applica-
tions in cells. Further improvement seems possible by
introducing additional modifications to the marginal
regions.
We performed the melting curve analysis with

SYBR Green by employing a real-time polymerase
chain reaction (PCR) device (Supporting Information
Figure S10). The temperature-dependent decrease
of the fluorescence showed very similar tendency
either in the presence or in the absence of RPL1

Figure 3. AFM imaging of the RNP complex. AFM images (500 � 500 nm, top) and magnifications of square-like particles
(50 � 50 nm, middle) for flip-flop (a) and unilateral (b) squares. Three-dimensional surface images are also shown (bottom).
(c,d) Size distribution of square-like particles; N = 232 and 171, respectively.
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(Supporting Information Figure S10), implying that
RPL1 does not influence the RNA thermostability.
One advantage of using RNPs in biological applica-

tions is that the RNA and protein can be synthesized
in cells by introducing their corresponding genes,
indicating that the RNP nanostructures can also be
constructed in cells. To implement the in-cell construc-
tion, it is necessary for the RNP to fold accurately under
isothermal conditions28,30 instead of the denaturing-
to-renaturing conditions employed in this study.
Thus, we attempted to determine whether the square
RNP could be formed under isothermal conditions. The
RNAs with or without the proteins were mixed and
incubated at 37 �C in vitro (Supporting Information
Figure S11). The results showed that the RNAs were
hybridized effectively, but the yieldwas lower than that
with the denaturing-to-renaturing conditions. The effi-
ciency can be improved by optimizing the sequences
at the dsRNA regions or appropriately controlling
the quantity and time of expression in the target cells.

The RNP production in cells could be beneficial in
future applications, such as the design of scaffolds
to collect desired proteins to exert artificial cell
functions.31,32 As described, the RNP complex includ-
ing RPL1 has improved resistance against RNases. This
development will be advantageous for future applica-
tions, including drug delivery systems.

CONCLUSION

In conclusion, we have demonstrated that the
RPL1�rRNA motif can be used as a building block with
a right-angle shape for constructing two types of
square-shaped RNP structures. The RPL1�rRNA motif
can regulate the RNA structure in the presence or
absence of RPL1, in contrast to the previously reported
RNA that forms roughly quadrangular structures by
itself.5

The RNPswill be useful as carriers of functional RNAs,
such as siRNA and aptamers.7,9,12,13,17,29 Furthermore,
any protein can be attached to the RPL1 to form the
RNP containing the desired fusion proteins. The result-
ing fusion proteins will be located toward the center of
the square due to the positions of the termini in RPL1,
unlike triangular RNP, which presents the fusion
proteins outward.16,17 This feature will be useful for
specifically assembling a target protein in a desired
manner by employing the flip-flop or unilateral RNP.
For example, the flip-flop type can be used to assemble
multiple cells by attaching a specific cell-binding anti-
body fused to RPL1, whereas an individual cell can
be the target of the unilateral type without inducing
cell assembly. Moreover, the square-shaped RNP could
serve as a basic unit for building higher-order struc-
tures. For example, a large filament-like structuremight
be formed when a dimeric RPL1 and the flip-flop type
RNA are used.
Recently, protein nanostructures have been

reported.33�35 These protein nanotechnologies can
be easily and directly combined with the RNA nano-
technology through the RNP module and RNP nano-
structures. Many naturally occurring RNP structural
motifs are available other than RPL1 and L7Ae.36 Thus,
further development of this class of RNP bionanotech-
nology is possible and promising.

METHODS
Design of Square RNPs. Our RPL1 construct was from a thermo-

philic archaeon, M. jannaschii (construct referred to as MjaL1).
The crystal structure of its complex with an mRNA motif has
been determined (PDB ID: 1U63),25 but no structure in complex
with an rRNA motif exists. A structure of another complex
with rRNA was reported using RPL1 from a thermoacidophilic
archaeon, Sulfolobus acidocaldarius (PDB ID: 1MZP; construct
referred to as SacL1).24 To use the 3D data of the SacL1�rRNA
complex instead of MjaL1, we compared their 3D structures.
Both protein structures were similar, and the amino acid
residues interacting with RNA were well conserved. The

protein-interacting surfaces on the RNAs also shared similar
structures.25 Therefore, we expected that MjaL1 could interact
with an rRNAmotif and fix the RNA to a 90� angle, as with SacL1.
The binding between MjaL1 and the rRNA motif was confirmed
(Supporting Information Figure S1b). Accordingly, we applied
the 3D data of the SacL1�rRNA complex (ID: 1MZP) for compu-
tational design and used MjaL1 for the actual experiments. The
design of square RNPs was performed using the molecular
modeling software Discovery Studio (Accelrys). Four RPL1-
binding rRNA motifs were connected with four linear dsRNAs
to build the square-like structure. The lengths of the dsRNAs
were adjusted to form the planar structure and minimize the

Figure 4. RNA protection by RNP complex formation. The
square RNAs with/without RPL1 protein were incubated in
20% FBS-containing buffer (see also Supporting Informa-
tion Figure S8). In both flip-flop (red) and unilateral (blue)
squares, the RNP complex (solid box and solid line) showed
increased stability compared to RNA alone (open box and
dashed line).
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distortions on the rRNAmotif�dsRNA linking regions, as shown
in Supporting Information Figure S2. To avoid the formation of
any undesirable structures, suitable sequences were selected
from randomly generated sequences and adopted into the
side dsRNA regions. All RNA sequences were analyzed by
Mfold (http://mfold.rna.albany.edu/) and CentroidFold (http://
www.ncrna.org/centroidfold/).

Protein and RNA Synthesis. RPL1 Protein:. The RPL1-containing
plasmid pMjaL1.4 was kindly provided by Dr. Wolfgang Piendl.
The RPL1-encoding region was removed by restriction enzyme
digestion and then inserted into the protein expression
vector pET-28b(þ) with a His-tag for affinity purification. The
pET-28b(þ)-RPL1 plasmid was transformed into Escherichia coli
KRX competent cells. Protein expression was induced with
rhamnose (final 0.2%), and the culture was incubated over-
night at 37 �C. The cells were harvested by centrifugation at
6000 rpm for 20 min at 4 �C and resuspended in sonication
buffer (100 mM Tris-HCl, 800 mM NaCl, 100 mM MgCl2, 5 mM
2-mercaptoethanol) at 4 �C. The suspension was sonicated
on ice and centrifuged at 6000 rpm for 30 min at 4 �C. After
filtration through a 0.22 μm filter (Merck-Millipore), the super-
natant was purified with a nickel affinity column HisTrap
(GE Healthcare) with imidazole gradient elusion using AKTA
explorer 10S (GE Healthcare). The purity of the protein was
confirmed by SDS-PAGE. The eluted protein was dialyzed and
concentrated using a YM-3 microcon (Merck-Millipore). The
protein concentration was determined using the Bio-Rad pro-
tein assay (Biorad) and stored in storage buffer (50 mM Tris-HCl,
10 mM MgCl2, 100 mM KCl, 1 mM 2-mercaptoethanol, 50%
glycerol, pH 7.5) at �25 �C.

RNAs:. DNA templates for in vitro transcription were
synthesized by PCR with KOD -Plus- version 2 (Toyobo). Oligo
DNAs (shown in the table in the Supporting Information) were
purchased from Operon. PCR products were purified with a
QIAquick PCR purification kit (Qiagen) and used for in vitro
transcription using the MEGAshortscript T7 kit (Ambion).
Transcribed RNAs were purified by denaturing polyacrylamide
gel electrophoresis. The RNA concentration was measured with
a NanoDrop spectrophotometer (ThermoScientific).

Electrophoretic Mobility Shift Assay. EMSA samples were pre-
pared containing 50 nM RNA and varying concentrations of
RPL1 in 5 μL volumes. For this, 0.25 μL of each RNA (1 μM), 0.9 μL
of 5� RPL1-binding buffer (250 mM Tris-HCl, 50 mM MgCl2,
500 mM KCl, pH 7.5), 0.5 μL of 0.1% Nonidet P-40 (Sigma), and
2.6 μL of Milli-Q water were mixed. The mixture was heated at
90 �C for 5min and then cooled at room temperature for 10min
to fold RNA. Next, 0.5 μL of RPL1 protein (10� concentration)
was added to the mixture and incubated at room temperature
for 15min. Themixture combinedwith 1μL of gel loading buffer
(0.05% dye, 30% glycerol) was loaded into 5% polyacrylamide
gel. Electrophoresis was conducted with 0.5� TBE buffer at
room temperature. The gel was stained with SYBR Green and
observed by an FLA-7000 gel imager (Fuji film).

Atomic Force Microscope Imaging in Air Conditions. RNA or RNP
samples were prepared similar to those for EMSA. The sample
was diluted 20-fold with 1� RPL1-binding buffer (50 mM Tris-
HCl, 10 mM MgCl2, 100 mM KCl, 0.01% Nonidet P-40, pH 7.5).
A quantity of 20 μL of the diluted sample solution was applied
onto the spermidine-coated mica (treated with 40 μL of 10 mM
spermidine for 5min, diameter: 12mm) and incubated for 5min
at room temperature for adsorption and fixation. After being
washed with 1 mL of Milli-Q water, the mica was dried by a flow
of N2 gas. Then, the mica was observed by NanoScope AFM
(Veeco) in tapping mode with an OMCL-AC160TS cantilever
(Olympus). To analyze the obtained images, Nanoscope soft-
ware (Veeco) was used.

RNA Stability Assay. RNA or RNP solutions were prepared as in
the EMSA experiment but on a 10 μL scale. These solutions were
incubated with 20% FBS (Cell Culture Bioscience) at 37 �C for
0, 0.5, 1, 2, 4, 8, 16, and 24 h. The reactionwas stopped by adding
190 μL of stop solution (10 mM EDTA, 0.5% SDS). To remove the
proteins, the sample was extracted with TE-saturated phenol
and chloroform. After the ethanol precipitation, recovered
RNAs were loaded into 5% polyacrylamide gel. Electrophoresis
was conductedwith 0.5� TBE at room temperature. The gel was

stained with SYBR Green and observed by FLA-7000. The
densities of residual RNA bands were quantified using Multi-
Gauge software (Fuji-film). The values were normalized to the
value at time 0. The experiments were repeated six times for
0�2 h and three times for 4�24 h, and the average values were
obtained.
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