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Abstract

Programmable nucleic acids have emerged as powerful building blocks for the bottom-up
fabrication of two- or three-dimensional nano- and microsized constructs. Here we describe the
construction of organic—inorganic hybrid RNA flowers (hRNFs) via rolling circle transcription
(RCT), an enzyme-catalyzed nucleic acid amplification reaction. These hRNFs are highly adaptive
structures with controlled sizes, specific nucleic acid sequences, and a highly porous nature. We
demonstrated that hRNFs are applicable as potential biological platforms, where the hRNF
scaffold can be engineered for versatile surface functionalization and the inorganic component
(magnesium ions) can serve as an enzyme cofactor. For surface functionalization, we proposed
robust and straightforward approaches including in situ synthesis of functional hRNFs and
postfunctionalization of hRNFs that enable facile conjugation with various biomolecules and
nanomaterials (i.e., proteins, enzymes, organic dyes, inorganic nanoparticles) using selective
chemistries (i.e., avidin—biotin interaction, copper-free click reaction). In particular, we showed
that hRNFs can serve as soft scaffolds for S-galactosidase immobilization and greatly enhance
enzymatic activity and stability. Therefore, the proposed concepts and methodologies are not only
fundamentally interesting when designing RNA scaffolds or RNA bionanomaterials assembled
with enzymes but also have significant implications on their future utilization in biomedical
applications ranging from enzyme cascades to biosensing and drug delivery.
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1 Introduction

Nanoscale engineering has advanced the fabrication and application of materials, with
transformative impacts in a number of scientific fields. Different types of patterned
organizations and highly ordered nanoscale structures have been constructed through either
top-down or bottom-up approaches. In particular, nucleic-acid-based nanomaterials have
emerged as powerful building blocks for the controlled bottom-up fabrication of highly
structured two- or three-dimensional nano- and micrometer-sized constructs.!

Nucleic acid-based nanostructures possess advantageous properties such as sequence-driven
programmability, nanoscale addressability of the created objects, and versatile
bioconjugation strategies with other molecules. The DNA origami field, for example, utilizes
self-assembled DNA constructs with nanometer precision built on the basis of nucleic acid
hybridization. These sophisticated nanostructures can serve as excellent scaffolds to
immobilize biomolecules and have been shown to effectively enhance catalytic activity23
and enzyme stability.? Particularly, the precise localization of enzyme cascades on DNA
origami scaffolds* and the resulting enhancement of the cascade throughput have generated
much excitement. Various types of DNA origamis® have been created and shown to provide
a programmable tool not only for the spatial organization of enzymes at specific sites, but
also for the regulation of their activities on the nanoscale.6=8 However, the synthesis of DNA
origami requires hundreds of unique oligonucleotides and suffers from the shortcomings of
multiple annealing steps, complicated purification procedures, and small-scale production.®
Therefore, of great importance is the concern of how the assembly of nucleic acid
nanostructures and further conjugation with biomolecules could be achieved in a robust and
cost-effective manner.

RNA nanotechnology resembles the characteristic features of DNA-based architectures built
via canonical base pairing, while providing structural flexibility, functional diversity, and
thermal stability over DNA nanoparticles.1%11 RNA commonly forms well-tailored,
relatively stable, and complex three-dimensional structures by adopting such properties
including canonical or noncanonical base pairing, base stacking, and secondary or tertiary
structural motifs. This is typically found in many biological RNAs and found less often in
DNAs. Functional RNAs such as RNA aptamers, ribozymes, riboswitches, sSiRNA, miRNA,
and other protein-mimicking or noncoding RNA molecules can be simply fused or
hybridized into RNA constructs, adding multiple functionalities to the tailored RNA
nanostructures. Thus, RNA architectures would provide a promising direction for creation of
multifunctional RNA scaffolds with thermodynamic stability compared to their DNA
counterparts. Despite their potential, RNA materials possess limitations such as difficulties
in mass production and high cost, similar to limitations for DNA origamis. With regard to

ACS Appl Mater Interfaces. Author manuscript; available in PMC 2019 October 04.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Wang et al.

Page 3

this, isothermal nucleic acid amplification techniques as an alternative method have been
recently explored to construct soft scaffolds for many biomolecules.12

Rolling circle replication (RCR)-based nucleic acid amplification,3 including rolling circle
amplification (RCA) and rolling circle transcription (RCT), has attracted tremendous interest
as a powerful tool for large-scale nucleic acid production. In RCR, DNA or RNA
polymerases cyclically navigate a small circular template DNA (typically 25-100
nucleotides in length) and generate large quantities of elongated, theoretically single-
stranded DNA or RNA molecules, which are periodically complementary to the template
sequences. The synthesized DNA and RNA reach several kilobase pairs in molecular weight
after a few hours of reaction, and they tend to form spherical particles by nucleic acid
condensation resulting from inter- or intramolecular forces. Highlighted by the large amount
of nucleic acid as well as the versatility of its technique, RCR has become one of the most
promising approaches to construct nucleic acid-based nano-structures. The versatility of
RCR has been demonstrated with the design of various functional DNA nanostructures
including microsponges,4 nanoflowers, 1516 nanoclews,1718 nanococoons,® along with
RNA nanostructures, such as microsponges,20-2! free-standing membranes,?2 siRNA
nanosheets,23 nanovectors,?4 and RNA cargos.2® Therefore, this rapid and specific
isothermal amplification reaction has led to the application of nucleic acid nanostructures as
for example therapeutic and imaging agents.

In this work, by taking advantage of RCR, we developed robust and straightforward
approaches to fabricate multifunctional organic—inorganic hybrid RNA particles, facilitating
direct immobilization of various payloads through the selected chemistries. Hybrid RNA
particles with a flower-like morphology (termed hRNFs hereafter) were synthesized by RCT,
where complexation of inorganic Mg,PPi crystals and RNA strands resulted in the growth of
RNA spheres in a time-dependent manner. The hRNFs comprised highly compact,
multilayered thin petals that branch hierarchically outward from an inner core. Functional
hRNFs were made by the in situ incorporation of modified uridine triphosphates (UTP)
during the reaction or by electrostatic adsorption of positively charged proteins. This
allowed selective surface decoration with various functional units such as small fluorescent
dyes, proteins, quantum dots (QDs), and gold nanoparticles (GNPs). Moreover, the
structural feature of as-synthesized hRNFs including large surface area, ease of surface
functionalization, unique local environments created by the high charge density of RNA and
abundant magnesium ions provided by Mg,PPi crystals, make them ideal platforms to
immobilize biological molecules such as enzymes. To explore this, we coupled g
galactosidase (B-gal) enzymes to hRNFs and observed enhanced enzymatic activity and
improved stability in comparison to free enzymes.

2 Results and Discussion

2.1 Controlled Synthesis of Porous Hybrid RNA Flowers (hRNFs)

The construction of RNA structures was achieved via enzyme-assisted RCT amplification as
illustrated in Figure 1. First, a 5" -phosphorylated linear template DNA was hybridized with
a T7 promoter and further ligated with T4 DNA ligase to form a circular DNA. The resulting
products were confirmed by both native and denatured polyacrylamide gel electrophoresis
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(Figure S1). Then, the as-synthesized circular DNA template was transcribed to synthetic
RNA by a DNA-dependent RNA polymerase (RNAP), here T7 RNAP, in the presence of
ribonucleotide triphosphates (rNTPs) in the reaction buffer at 37 °C, generating amplified
single-stranded RNA with a high molecular weight. In this process, each ribonucleotide was
covalently bound into the growing RNA chain, releasing pyrophosphate ions (PPi4~ or
P,0747) simultaneously. Divalent metal cations, here magnesium ions (Mg?*), are crucial in
polymerase-catalyzed nucleotidyl transfer reactions, both as activators for nucleophiles and
as electrostatic stabilizers for negative charges of nucleic acids.26 The Mg2* ions coordinate
with phosphates, acidic residues of a polymerase, and water molecules, assisting the release
of PPi, whereas free Mg?* also easily binds to PPi#~, forming inorganic magnesium
pyrophosphate (Mg,PPi or Mg,P,0+). Subsequently, the interactions between Mg,PPi and
RNA lead to the formation of hybrid nanomaterials consisting of RNA and Mg,PPi, where
long flexible RNA strands can actively mediate the nucleation and growth process of
Mg,PPi precipitates.2”-28 Consequently, RNA-based structures were formed predominantly
through a nucleic-acid-driven Mg,PPi crystallization process with a minor contribution from
Watson—Crick base pairing,1227 leading to RNA-inorganic hybrid particles with
characteristic structural properties. We further performed a series of optimization
experiments to maximize the performance of enzymatic transcription, where the yield of
RNA and PPi in the hRNF products was found to be affected by the concentration of
reaction components, including the concentrations of rNTPs (Figure S2), template DNA
(Figure S3), and T7 RNAP (Figure S4). Interestingly, the size of hRNFs could also be
controlled by adjusting the concentration of the above components (Figures S2 and S3). To
obtain relatively monodispersed hRNFs with sufficient amounts of RNA and Mg,PPi, we
performed the optimal RCT reaction in a 50 L solution containing circular template DNA
(0.6 tM), rNTPs (2 mM), and T7 RNAP (5 U/l at 37 °C for 20 h.

Structural characterization of RNA products was performed by scanning electron
microscopy (SEM) and transmission electron microscopy (TEM) analysis. As shown in
Figure 2a, b, the synthesized RNA products displayed a flower-like shape with petal
structures (hereby termed as RNA flowers, RNFs), and were found to be uniformly 1-2 ym
in diameter. The compositions and structures of the particles were further characterized by
TEM imaging and elemental mapping using a scanning transmission electron microscopy
(STEM) equipped with a high-angle annular dark-field (HAADF) detector (Figure 2c—k).
The porous and hierarchical structure of the RNF is clearly observable in the HAADF-
STEM image (Figure 2d). Energy-dispersive X-ray spectroscopy (EDS) mapping further
showed that carbon (C), nitrogen (N), oxygen (O), magnesium (Mg), and phosphorus (P)
were present in the particle, which confirmed the presence of RNA and Mg,PPi in hRNFs.
By merging the elemental distribution of C and N with Mg, C and N were also found to be
localized in the outer shell around the particle. These particles therefore represent hybrid
materials consisting of organic (RNA) and inorganic (MgoPPi) networks, hereby referred to
as hybrid RNFs (hRNFs).

It is worth noting that apparent areas of bright and dark contrast inside the hRNFs were
observed from the TEM and STEM images, respectively (Figure 2c, d), suggesting the

existence of hollow cavities inside the hRNFs. To confirm this, we sectioned an hRNF

particle by focused ion beam (FIB) and imaged it with SEM. This “slice and view”
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technique enables simultaneous electron microscopy imaging while the ion beam is milling
the sample. With this method, the inner structure of hRNFs could be directly visualized once
the cross-section was exposed. The hRNFs were embedded in resin to preserve the
topological and morphological features of the sample, followed by sputter coating with
chromium. With cross-sectioning by FIB and imaging by SEM, we observed that a central
cavity with various nanopores appeared to be spread throughout the particle (Figure 2I). To
further explore this structural feature, we carried out a transcription reaction in the presence
of cyanine 5 dye (Cy5)-labeled UTP, allowing direct replacement of rUTP with Cy5-UTP
and subsequent production of fluorescently labeled RNA. After purification, the localization
of fluorescent RNA strands within the particles was examined by structured illumination
microscopy (SIM).29:30 As shown in the z-stacks of the SIM images (Figure 3), the Cy5
fluorescence was predominantly localized on the surface of the particles, rather than
homogeneously distributed within the particles. These results indicate that the prepared
hRNFs have a characteristic internal cavity with a highly porous structure and present a high
content of RNA strands on the periphery of the particle surface.

2.2 Approaches toward hRNF Functionalization

The fabrication of hRNFs through RCT enables the incorporation of versatile functional
groups on the surface of the RNA structures. Herein, we demonstrated two strategies for
hRNF functionalization, namely: covalently incorporating a chemical group (i.e., biotin and
DBCO) using modified-UTP (i.e., biotin-UTP and DBCO-UTP) during the RCT reaction,
and electrostatically assembling positive biomolecules (i.e., avidin) on hRNFs (Figure 4).

In a first approach, we introduced modified-UTP units (biotin- or DBCO-coupled UTP) into
the RCT reaction mixtures, which were expected to be directly incorporated into the RNA
sequences in place of the equivalent natural counterpart UTP. Consequently, the elongated
RNA building blocks carried a sufficient amount of concatemers with functional moieties to
offer numerous binding sites on the compact RNA particles for further modification.
However, the relative RNA yield of the RCT reaction was found to decrease upon the
addition of Bio-UTP or DBCO-UTP to the RCT reaction mixtures (Figure S5). This could
be attributed to restrictions of steric mechanisms that RNA polymerase utilizes for ensuring
accurate nucleotide incorporation and genome replication.31:32 Modifications on bases
would easily increase the error rate of the T7 RNA polymerase and affect the reverse
transcriptase fidelity.33 Therefore, to achieve both high production of RNA and functional
groups within the functional hRNFs, we chose 40 4 as the optimal concentration for both
UTPs in this work (Figure S5).

The incorporation of biotin and DBCO groups in the RCT did not cause notable structural
changes or size variations in the hRNFs (Figure 5a, b). The presence of these two functional
groups (biotin and DBCO) on the functionalized hRNFs was confirmed by the conjugation
of QDs.34 As shown in Figure 5, streptavidin-conjugated QDs (STV-QDggs) and azide-
functionalized QDs (N3-QDsp5) could be coupled onto Bio-hRNFs (Figure 5a) and DBCO-
hRNFs (Figure 5b) via biotin-streptavidin interaction and copper-free azide-DBCO click
chemistry, respectively. The magnified TEM images of hRNF particles (site 1, core region;
site 2, edge region) showed that QDs were predominantly located on the periphery of the
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particle surface, especially on the petals of the hRNFs (site 2). As further confirmed by SIM
analysis (Figure 5a and Figure S6), fluorescence of QDggs-labeled Bio-hRNFs appeared to
distribute throughout the outer layer of the particle, which is very similar to the fluorescence
signals from Cy5-labeled hRNFs (Figure 3). These results demonstrate that the Bio and
DBCO-UTP groups were successfully incorporated in the RNA sequences of hRNFs,
allowing selective interaction with STV-QDggs and N3-QDgps.

Because of the broad applicability of biotin—streptavidin affinity, it is possible to label Bio-
hRNFs with different cargos such as avidin-modified Alexa Fluor 488 (Av-AF488) and
streptavidin-modified horseradish peroxidase (STV-HRP). The loading of biotin on Bio-
hRNFs via direct incorporation during RCT was confirmed by a commercial biotin
quantification kit (Figure S7). The SIM images showed well-distributed green fluorescence,
suggesting successful conjugation of the Av-AF488 onto the Bio-hRNFs (Figure S8). The
high affinity (K ~ 10~ mol/L)3 of biotin—avidin interaction ensured that the kinetics of
fluorophore adsorption was fast and efficient. Next, the assembly of STV-HRP on Bio-
hRNFs was achieved using a similar method. As shown in Figure S9, the addition of STV-
HRP onto Bio-hRNFs slightly altered the morphology and surface roughness. STEM-EDS
analysis revealed the structural and elemental features of the Bio-hRNFs after HRP coating
(Figure S10). The HAADF-STEM image of the STV-HRP coupled Bio-hRNFs (STV-HPR/
Bio-hRNFs) shows a similar porous and hierarchical structure as to that observed in the Bio-
hRNFs. EDS analysis of the STV-HRP/Bio-hRNFs showed that the average atomic ratio of
C, N, and O elements relative to Mg increased in STV-HRP/Bio-hRNFs compared to those
in the hRNFs, whereas the P/Mg ratio in both particles remained approximately consistent.
This confirmed the presence of STV-HRP on the surface of Bio-hRNFs.

In a second approach, the positive biomolecule avidin (isoelectric point of ~10.5) was bound
to negatively charged hRNFs via electrostatic interaction, leading to the formation of avidin-
coated hRNFs (Av-hRNFs). Compared to unmodified hRNFs, the surface roughness and the
petal thickness of the Av-hRNFs were increased (Figure 5c¢ and Figure S11). Significant
morphological changes of the Av-hRNFs were observed upon varying the mass ratio of
avidin to RNA in hRNFs. At the 1:1 ratio, the hRNF petals were found to be thicker,
whereas the surface morphology was maintained (Figure S11b). A further increase in hRNF
petal thickness was observed with the increase of the avidin to RNA ratio (2:1 and 5:1,
Figure S1ic, d). The porous features of the hRNFs were fully blocked by the adsorbed
avidin molecules when the avidin to RNA ratio reached 10:1 (Figure S11e). The STEM-EDS
analysis further supported the presence of both avidin and RNA on the Av-hRNFs.
Compared to hRNFs (Figure 2d), Av-hRNFs with the dense coverage of avidin showed a
less porous and hierarchical structure in HAADF-STEM images (Figure S12a). Merged EDS
mapping of C and N with Mg yielded a further evidence for the avidin attachment. The
average atomic ratios of C, N, O, and P normalized to Mg in Av-hRNFs were higher than
those in hRNFs, which we attribute to the addition of avidin to the hRNFs, whereas the ratio
of P to Mg remained unchanged (Figure S12b—i). The coating of avidin on hRNFs therefore
enabled successful labeling of QDs (Figure 5¢) and GNPs (Figure S13).
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2.3 Kinetics of Enzymatic Reactions on Bio-hRNFs

Hybrid assemblies of nucleic acids and proteins have been constructed for fundamental
understanding of nucleic acid—protein interactions as well as for use in various biomedical
applications.2:36:37 \ery interesting opportunities in the design of protein-nucleic acid
complexes exist to develop efficient enzyme incorporation strategies, in which the enzymes
could be encapsulated or attached via noncovalent or covalent bonding. Recently, new
classes of organic—inorganic hybrid nanoflowers that integrate organic components, such as
proteins and enzymes, and inorganic ions (i.e., Cu?*, Ca?*, and Fe2*) have been created by
bioinspired mineralization methods.38-42 The enzymes incorporated into such types of
hybrid materials have shown significantly improved enzyme activity and biological stability
to free ones, offering their potential use in biocatalytic systems.

In this study, we focused on the remarkable features that hRNFs are not only highly
adaptable structures for assembly with proteins but also comprise RNA and magnesium ions.
Thus, the versatile functionalization and hydrophilic nature of the hRNFs make them an
attractive platform for enzyme immobilization. Of note, the presence of surface-bound
water, highly negative charges, and magnesium ions are anticipated to exert an important
effect in regulating enzyme activity and stability. To explore this, the enzyme g-gal
(streptavidin-conjugated S-gal used in this study, referred to as STV-B-gal hereafter) was
selected to be immobilized on the Bio-hRNFs, and the enzymatic activity was studied. g-gal
is an essential lysosomal enzyme involving in the breakdown of glycosphin-golipids (e.g.,
GM1 ganglioside),*3 and its deficiency can result in GM1 gangliosidosis, a lysosomal
storage disorder.*4 Moreover, as a typical allosteric enzyme, B-gal can be activated by
magnesium ions, undergoing a conformation change upon metal ion binding. Nonfluorescent
resorufin-B-p-galactopyranoside (RBG) was chosen as a model substrate, and the activity of
B-gal can be monitored by the fluorescence emission at 584 nm because of the enzyme-
catalyzed hydrolysis of RBG (nonfluorescent) into resorufin (red-fluorescent) and galactose
(Figure 6a).

To prepare S-gal enzyme-loaded hRNFs, we incubated STV-£-gal with Bio-hRNFs for 30
min prior to the addition of RBG substrate. The resulting STV-B-gal/Bio-hRNFs were
directly used for kinetic experiments without further purification so as to keep the same
enzyme concentration in both free STV-S-gal and STV-$-gal/Bio-hRNFs. -gal exists as an
active homotetrameric enzyme with four subunits and undergoes transitions from active
tetramers to inactive monomers upon thermal denaturation.® These conformational
transitions of B-gal along with its activity are greatly affected by divalent cations such as
Mg?2*.48 We therefore hypothesized that efficient recruitment and surface immobilization of
STV-A-gal on Mg2*-rich hRNF constructs may assist the enzyme activation and
stabilization. To verify this, the kinetic experiments were conducted in magnesium-free PBS
buffer (pH 7.4). As shown in Figure 6b, depending on the concentrations of STV-£-gal (200,
400, and 600 ng/mL), the fluorescence of the resorufin was observed to increase
immediately after the addition of RBG substrate and reached a plateau after 20 min. A
higher amount of enzyme generated fluorogenic enzymatic products at a faster rate.
Interestingly, the free STV-g-gal displayed much lower catalytic activity against RBG
hydrolysis as the fluorescence increase was obviously slow, and the reaction was not
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complete even after 30 min (Figure 6b). The Michaelis—-Menten constant K, and the
maximum reaction velocity Viax of STV-5-gal were calculated using the Michaelis—Menten
and Lineweaver—Burk plots (Figure 6c, d). As shown in Table 1, the STV-$-gal/Bio-hRNFs
yielded a Km of 38.6 + 5.7 1M, approximately 4.1-fold lower than that of free STV-£-gal
(160.5 + 31.5 £M). In addition, the Viax of STV-B-gal/BiohRNFs was determined to be
hRNFs was determined to be 3736.0 £ 77.1 AFlu/min, 2.5 times higher than that of free
STV-£-gal (1522.6 + 133.3 AFlu/min), suggesting that the immobilized STV-£-gal on the
Bio-hRNFs had a higher efficiency in converting RBG into its products. The initial reaction
velocities () of both free STV-$-gal and STV-£-gal/Bio-hRNFs were obtained from the
Kinetics curves in the presence of different RBG concentrations (Figure S14). Under the
same test conditions with 400 xM of RBG, the overall activity of the immobilized STV-g-
gal in the STV-g-gal/Bio-hRNFs was ca. 6.6-11.2 fold higher than that of free enzyme at the
same enzyme concentration. Moreover, at a fixed enzyme concentration, the catalytic
activity of S-gal was found to be dependent on the concentration of Bio-hRNFs, where a
higher concentration of Bio-hRNFs resulted in a faster hydrolysis reaction (Figure S15).
Finally, the thermostability of STV-£-gal was compared with that entrapped in Bio-hRNFs
over the temperature range of 30-70 °C. As shown in Figure 6e, both the free STV-£-gal and
STV-£-gal/Bio-hRNFs showed high activity after incubation at 30 °C. However, the
enzymatic activity of free STV-B-gal dramatically dropped to ca. 60% after incubation at

40 °C, whereas the activity of STV-8-gal/Bio-hRNFs remained ca. 90% of the enzyme
activity at 30 °C. Further, increases in temperature to (above 60 °C) resulted in little catalytic
activity of the enzyme in both systems (Figure 6e).

Clearly, the catalytic activity of the STV-g-gal immobilized on the Bio-hRNFs was
substantially enhanced compared to free STV-g-gal. We ascribe this to the unique
environment of the hRNFs, particularly the high charge density of RNA strands, large
amount of surface-bound water, and abundant Mg2* ions provided by either the Mg,PPi
crystals or Mg2*-stabilized RNA molecules. First, enzymes immobilized on the hRNFs were
extensively exposed to an environment full of negative charges that may resemble the
relative abundance of polyanionic nucleic acid. As reported previously, the negative charges
on large nucleic acid structures, such as in DNA origami, play an important role in
regulating the activity of conjugated enzymes.36 Second, the hRNFs are expected to attract a
strongly bound hydration layer, and in turn to form a hydrogen-bonded water molecule
network around the hRNFs, because phosphate is a known kosmotropic anion that increases
the extent of hydrogen-bonded water structures.? Enzymes are likely to be more stable and
active in a highly ordered hydrogen-bonded water environment. Third, it is well-known that
cationic ions, such as monovalent or divalent ions, are of great importance in the regulation
of enzymatic function by coordinating protein residues, functional groups of substrates, and
water molecules. In particular, Mg?* is known to play an important role in securing the
active site of the S-gal, thereby protecting the active form of the enzyme from being
thermally unfolded.*’:48 The active sites of enzymes tend to be more susceptible to
denaturation than their native forms as a whole, indicating that Mg2*-free or Mg?*-deficient
S-gal could be easily unfolded by heating, rapidly losing its activity. It has been well
documented that monovalent (i.e., Na* and K*)49 and divalent (i.e., Mg2*)°0 cations are
essential to increase catalytic activity and binding affinity for substrates. Concerning the
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MgZ*-rich microenvironments around the hRNFs, the strong dependence of B-gal activity
upon exposure to Mg2* is an important consideration. Mg2* has a strong influence on both
the structure and function of B-gal. As previously reported, there are at least two Mg2*
binding sites within the -B-gal enzyme. The Mg?2* that binds to the primary Mg?* site
(ligated by Glu416, His418, Glu461, and three water molecules, as shown in Figure 6a) can
cause K, to decrease and modulate the chemistry of the active site.51:52 The metal binding
would also cause a conformational change of the enzyme, which is believed to benefit its
structural stability.53 Because of the positive modulation effects of Mg?*, the immobilized
STV-£-gals stayed in an active and stable form.

3 Conclusion

In summary, we have presented enzyme-assisted, RCT-driven RNA assembly into flower-
shaped porous structures, termed as hRNFs, and demonstrated their use as a loading
platform for biomolecules. We systematically investigated the composition and structure of
hRNFs with combined characterization techniques including (S)TEM, FIB-SEM, and SIM
and showed that the hierarchical porous structures were formed as a hybrid composite of
organic and inorganic RNA/Mg,PPi species. The RCT approach provided significant
advantages for surface functionalization by in situ incorporation of functional groups (i.e.,
DBCO and biotin) into the hRNFs, allowing surface modification via copper-free click
chemistry and biotin—avidin affinity. We also demonstrated a postfunctionalization method
for effective surface conjugation through electrostatic interactions and biotin-avidin
recognition. Because of the high surface area, the hRNFs offered a large capacity for on-
demand payload immobilization. Furthermore, we showed that hRNFs increased the
catalytic activity and thermal stability of STV-£-gal enzymes immobilized onto the surface,
which was ascribed to the unique local environment created by the high charge density of
RNA strands and abundant Mg2* ions. We envision that these RNA-based hybrid structures
can be further engineered as versatile platforms for a broad range of biological targets such
as small molecules, nucleic acids, and proteins, which will lead to potential applications in
biomedicine. For example, the hRNFs can be developed into a delivery system for
intracellular delivery of S-gal, which is considered as one of the preferable methods to treat
lysosomal storage disorder.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Schematic illustration of the proposed mechanism of RCT-mediated hRNF formation. The

formation of hRNF particles results from the electrostatic attraction and van der Waals
forces between RNA, magnesium (Mg?*) and pyrophosphate ions (PPi4~ or P,0747), in
which long synthetic RNA strands actively participate in modulating the nucleation and
growth process of Mg,PPi crystals.
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Rein

Figure 2.

Ci?aracterization of the hRNFs. Representative (a, b) SEM images, (c) TEM image, (d)
HAADF-STEM image, (e-i) STEM-EDS elemental maps (C, N, O, P, and Mg)
corresponding to d, merged images of (j) C and Mg maps, (k) N and Mg maps, and (I) SEM
image of the orthogonal cross-section of a single hRNF sliced by FIB. Scale bars: 500 nm.
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Figure 3.
Characterization of Cy5-labeled hRNFs by SIM imaging. (a) Representative SIM image of

Cy5-labeled hRNFs and (b) a higher-magnification view of the particle in the white box in a.
(c) Individual frames of the z-stack (step size: 100 nm) of the hRNF particle in b are shown
in the right panel. Scale bars: 5 ym (main panel), 1 ¢m (inset and right panels).
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Figure 4.
Schematic illustration of two synthetic approaches toward hRNF functionalization: (i) in situ

introducing modified uridine triphosphates (UTP) (i.e., biotin-UTP and DBCO-UTP) during
the RCT reaction and (iia, iib) electrostatically adsorbing positively charged proteins (i.e.,
avidin) onto the as-synthesized hRNFs to which biotinylated cargos can bind via biotin—
avidin recognition. Biotin- or DBCO-conjugated UTP (Bio-UTP or DBCO-UTP); biotin-,
DBCO-, or avidin-modified hRNFs (Bio-hRNFs, DBCO-hRNFs, or Av-hRNFs).
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Figure 5.

Sugrface functionalization of hRNFs: (a) biotin-labeled hRNFs (Bio-hRNFs), (b) DBCO-
labeled hRNFs (DBCO-hRNFs), and (c) avidin-coated hRNFs (Av-hRNFs). (i) SEM images
of functional hRNFs, and (ii) TEM images and (iii) SIM images of QD-labeled functional
hRNFs. The insets in the TEM images represent the magnified views of the selected region
denoted as 1 and 2 in each particle. (d—f) Schematic illustration showing labeling of each
functional hRNFs with surface-modified QDs through selective interactions. The functional
hRNFs are labeled with QDs as follows: streptavidin-modified QDs (STV-QDggs) for Bio-
hRNFs, azide-modifed QDs (N3-QDsy5) for DBCO-hRNFs, and biotin-modified (Bio-
QDs75) for Av-hRNFs. Scale bars: 500 nm (SEM and TEM images), 50 nm (TEM insets),
and 1 zm (SIM images).

ACS Appl Mater Interfaces. Author manuscript; available in PMC 2019 October 04.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Wang et al. Page 18

Rate / AFlu min™

H,0

o

H,O" *

R A e ®  Active sites 5
(;,G; ;«"ﬂ;ﬁ of B-gal T: 2.5x10"
[t} Py ) =
4 Ny @
STVRgal {5 CH,OH RBG $ 2.0x10°-
.. o o o o) £
\ Mg L— " OH 3 4
A =g W N S 1.5x10°
Pla | Mo OH N %
— 4—
Resorufin Galactose S 1000
[T

5.0x10°%

2 H.,O :
§ - Hgze 3.0x10°-  STV-pgal/Bio-hRNFs

e CH,OH
" HO. O. O O o.OH :
\‘~,_~’ + OH T T
T - & e
OH

20 30
STV-B-gal/Bio-hRNFs Time / min
d 1.2
3.5%10° . . 3.0x10°{ ® Free STV-p-gal e B Free E AR SE b
S ot 5 e STV-p-gal/Bio-hRNFs * 104 N STCH CAECEEES

s ’ T 2.5x10° d i

2.5x10° < e S 08

J ® Free STV-p-gal E 20x10°A y b
20x10°{ ® ® STV-p-galBio-hRNFs 2 / > . 6.
/ < 3 ‘ | 5] .0 -
2 1 7

1.5x10° ] e . e
| [ ] ° L =

1.0x10°{ | e X0 B U]
® = ° &

2 |
5.0x10"1 | 5.0x10*- ca oo 0.2
0.04 | P S
T T T T T T T 0-0 T T T T OAO—
0 100 200 300 400 500 600 0.0 5.0x10°1.0x1021.5x1022.0x10? 30 40 50 60 70
[RBG]/ uM [RBG]'/ uM” Temperature / °C

Figure 6.
(a) Schematic illustration of the STV-B-gal activity assay using the RBG substrate. The

catalytic activity of STV-g-gal was measured by monitoring the red fluorescence signal of
resorufin with an emission maximum at 584 nm. The active sites of S-gal containing a Mg2*
ion bound to three amino acid residues (His418, Glu416, and Glu461) and three water
molecules are shown. (b) Catalytic kinetics of free STV-S-gal and STV-S-gal/Bio-hRNFs at
different enzyme concentrations (200, 400, and 600 ng/mL). (c) Michaelis—Menten and (d)
Lineweaver—Burk plots of free STV-8-gal and STV-£-gal/Bio-hRNFs. (e) Relative activity
of free STV-B-gal and STV--gal/Bio-hRNFs at various temperatures (30-70 °C). The
relative enzymatic activity was obtained by normalizing the fluorescence signals of both free
STV-p-gal and STV-g-gal/Bio-hRNFs to that of free STV--gal or STV-£-gal/Bio-hRNFs
heated at 30 °C, respectively. Results represent mean + s.d. of three independent
experiments.
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Table 1
Kinetic Data Showing the Michaelis—Menten Constant (K,;,) and Maximum Velocity

(Vmax) of Free STV-B-gal and STV—,B;gaI/Bio-hRNFsa

sample

Km (UM) Vax (AFlu/min)

free STV--gal

160.5+31.5 1522.6 +133.3

STV-p-gal/Bio-hRNFs 38.6£5.7 3736.0£77.1

a . .
Data represent mean + s.d. of three independent experiments.
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