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Bottom-Up-Assembled Nanostar Colloids of Gold Cores and Tubes
Derived From Tobacco Mosaic Virus**
Fabian J. Eber, Sabine Eiben, Holger Jeske, and Christina Wege*

Ordered biogenic molecular complexes, such as filamentous,
tubular, or spherical virus particles, expose a high density of
regularly arranged functional groups on their surfaces, which
allows for the coupling of further functional groups or for
genetic modification.!! Some of them are non-pathogenic to
humans, stable under a wide range of conditions, and can be
produced in suitable hosts at high yields. In combination with
the high surface-to-volume ratio of the nanostructures, this
has led to their use as versatile biological scaffolds,” and as
capture elements in sensor devices or diagnostic tools.”! Their
controlled integration with inorganic components still
remains a challenge, but is essential for nanotechnology
advancements enabling, for example, a physical read out of
biological interactions. Inorganic nanoparticles in this context
may be magnetic, fluorescent, plasmonic, or electrically
conductive, properties which are not only important for
mediating signal transduction by optical methods or electrical
fluxes, but also for enabling bioseparation procedures.!
However, conventional methods have thus far typically
made use of relatively simply coated surfaces of inorganic
particles such as metal beads, which often induce unpredict-
able folding of adsorbed capture proteins, which leads to
significant losses of activity, and offers only limited surface
area.” Novel composite materials, which combine the advan-
tages of densely exposed coupling groups on high soft-matter
surface-area nanostructures with robust inorganic carrier
beads may therefore be a key to substantially improved
separation and detection performance, namely for the
immobilization of active protein species. Accordingly, an
initial study on suitable architectures recently evaluated the
capacity of pre-assembled M13 bacteriophages to modify
magnetic microparticles.) However, the coupling of the
nucleoprotein fibers to the metal cores was not very efficient:
different methods achieved a maximum surface enhancement
factor of less than 1.1. We have investigated an alternative
production route for highly defined virus—inorganic nano-
particle adducts with a multitude of readily protruding
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proteinaceous carrier templates, based on the stiff tobacco
mosaic virus (TMV).

Whereas a number of studies have focused on the site-
specific equipment of individual plant or bacterial viruses
with one or more metal beads,! we describe here an RNA-
directed bottom-up assembly procedure yielding bioinorganic
hybrid nanostars with numerous virus-derived arms, and thus
an exceptionally high and tunable ratio of protein surface area
to the metal cores. This was achieved by encapsidating
immobilized RNA on gold beads with TMV coat protein
(CP). The specificity of RNA hybridization to oligodeoxynu-
cleotides exposed on gold nanoparticles of different diame-
ters allowed the simultaneous fabrication of star colloids with
distinct pre-determined arm-length distributions in single-
batch processes.

TMV is a nanotubular plant virus with an outer diameter
of 18 nm, an inner diameter of 4 nm and 300 nm length. The
tube is formed by about 2130 identical copies of CP, which
encapsidate a single genomic RNA of 6395 nucleotides (nts)
in infected plant cells. TMV CP may also package non-viral
RNA if expressed in plant, yeast, or bacterial cells.®! In vitro,
TMYV CP self-assembles under appropriate conditions to yield
tubes, spheres, or disk-like aggregates.”’ RNA-mediated
control over the self-assembly of TMV CP determines the
length and, thereby, may alter the chemical or physical
properties of the tube-shaped particles formed in vitro.”
TMYV RNA both initiates and limits the bidirectional growth
of the helical protein coat, which integrates and protects the
nucleic acid. A specific interaction of an internal stem—loop-
forming RNA sequence, the origin of assembly (OA), with
a two-layered ring-shaped multimer of 34 TMV CP subunits
(a 20S disk) triggers the self-assembly: transformation of the
CP aggregate into a helical “lockwasher” inserts the RNA
strand between the protein layers and thereby draws the 5’
portion of the RNA into the nascent tubular complex. Further
disks are then added serially, to build a continuous protein
helix through conformational switching, which encapsidates
the RNA until its 5’ terminus is reached. The 3’ terminus of the
RNA is packed at a slower rate by the addition of only
trimeric or monomeric CP subunits (A protein). We were
recently able to demonstrate that this mechanism is not only
suitable to grow nanorods with programmed longitudinal
domains,"Y but also to interconnect the biomolecular tem-
plates with a synthetic environment: TMV-like rods were
assembled bottom-up on planar silica substrates with RNA
linked at its 3’ end to an oligonucleotide anchor on the
surface, but the surface coverage was difficult to control.'”

To obtain densely packed free-floating nanotube ensem-
bles in this study, gold nanospheres (AuNPs) were function-
alized with oligonucleotides,™ which are readily accessible
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Table 1: Characteristics of the different RNA molecules, of their 3’ end sequences, and of the capture oligomers used in this study.

RNA 3’ End sequence Capture oligomer
name
Length  Origin  Position™ Length Name Sequence Name G/C T,
[nts] [nts] % [q
RNA,- 2253 pGEM-T 472 35 SeqA  5'-...CCACAGAAUCAGGGGAUAACGCAGGAAAGAACAUG-3' HS-T;s-SeqA 49 84
SeqA
RNA,- 1989 ™MV 6249 31 SeqB  5'-...GAUUGUGUCCGUAAUCACACGUGGUGCGUAC-3’ HS-T;s;-SeqB 52 72
SeqB
RNA- 7025 T™MV 62491 31 SeqB  5'-...GAUUGUGUCCGUAAUCACACGUGGUGCGUAC-3’ HS-T;s-SeqB 52 72
SeqB

[a] Position in base pairs or nucleotides, respectively. [b] Nearest neighbor calculation"® with parameters for RNA-DNA hybrids;"”! monovalent salt
correction of 0.85 m,I"® oligonucleotide concentration of 0.15 nm. [c] See [15].

for hybridization of nucleic acids."! AuNPs were first
functionalized through thiol-Au bonds with the deoxyoligo-
nucleotide HS-T}5-SeqA, which is reverse complementary to
the 3’ end of the RNA-SeqA, but not to RNA-SeqB, which
served as a control (for details of abbreviations and sequence
characteristics, see Table 1). To adjust the surface density of
assembly-inducing RNA per nanobead, one end of OA-
containing RNAs was hybridized to the immobilized DNA
under variable conditions. The effects of the resulting RNA
surface concentrations on the assembly of TMV CP were
investigated.

After molecular hybridization of the RNA to the DNA,
and purification of the nucleic acid—gold complexes, assem-
bly-competent TMV CP was added under conditions promot-
ing RNA-guided tube growth. Transmission electron micros-
copy (TEM) revealed efficient formation of star-shaped
architectures for RNA-SeqA, with gold nanoparticles as
cores and numerous straight arms of TMV-like nanotubes
(Figure 1a and c). The reaction went to completion, with all
gold beads that were initiated with DNA experiencing
nucleation events. The density of nanotubes nearly reached
surface saturation, without displacement of the non-cova-
lently immobilized RNA from the solid support. Importantly,
nanostars were not observed if the DNA-modified gold
particles were incubated with preassembled nanotubes (Fig-
ure 1e and f), excluding nonspecific binding of the ends of the
nucleoprotein tubes to the beads. Moreover, no nanostars
were generated upon the use of gold particles treated with
control RNA-SeqB in the hybridization step (Figure 1b and
d), which lacked complementarity to the DNA oligomers on
the AuNPs. Hence, interactions between RNA scaffolds and
DNA targets were fully sequence specific.

To vary and regulate the number of arms on the gold
cores, different amounts of RNA per AuNP were used for
hybridization. The RNA load on two species of AuNPs of
different sizes increased with the concentration of RNA
applied for hybridization, as indicated by decreased mobility
of the complexes during native agarose gel electrophoresis
(Figure 2a). Their distinct RNA load was also reflected by the
number of arms of the resulting nanostars after assembly of
TMV CP (Figure 2b,c), with up to about 15 arms for AuNPs
of 10 nm diameter and up to about 30 arms for AuNPs of
50 nm diameter.

Taking into account the surface area of the AuNPs
(314 nm? for 10 nm diameter NPs, 7854 nm* for 50 nm
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Figure 1. Generation of nanostars after site-specific hybridization of
TMV-derived synthetic RNA,-SegA to gold-nanoparticle-bound oligonu-
cleotides HS-T;5-SeqA, followed by RNA-guided assembly of viral CP
(a, c). As control for non-specific RNA binding, RNA,-SeqB lacking the
targeting sequence was used (b, d). RNA was either subjected to CP
assembly before incubation with the gold nanoparticles, denoted as
preassembly (e and f), which acts as a control for unspecific nanotube
binding, or after its hybridization to the gold nanoparticles, denoted as
bottom-up assembly (a-d). Samples were negatively stained and
visualized by TEM. Arrows indicate free gold nanoparticles.

diameter NPs), the spacing of adjacent RNA anchor points
of nanotubes on a single AuNP amounts to only about 5 nm or
16 nm, respectively. As we observed the structures as

www.angewandte.de

dte

Chemie

7345


http://www.angewandte.de

Angewandte

7346

Zuschriften
a) d)

RNAJ/ng pl—"

L O]c.., ‘:3 ) 1407 —= _AUNPo o, AuNP 50 o,

o 2 3 o »

R 120
5 = - 4 100
o 80
E . IInm 60

PR 40
£ B 5 *VW 20
z ﬁi’s — 33 100 333 33 100 333
< [RNAJ/ng pl-1
b) [RNA}/ng pI~'

10
3
=
Q
= |
o
o
w
\l | ‘l ‘l
Number of amms per AUNP
© [RNAJ/ng pi-*
33 100

g
Q
=]
o
[
w

Number of ams per AuNP

Figure 2. Influence of different RNA,-SeqA surface concentrations and
AuNP diameters on nanostar formation. a) Native gel electrophoresis
of oligonucleotide-equipped AuNPs with different RNA loads achieved
by varying the concentration of RNA per AuNP equivalent in the
hybridization reaction. Purified products were separated in a 1%
agarose gel. b) and c) TEM images (upper row) and distribution
(lower row) of nanostar types arising from self-assembly of TMV CP on
10 nm (b) and 50 nm (c) AuNPs with different RNA surface concen-
trations. d) Comparison of the length (/) distributions of the arms of
the nanostars on AuNPs of different diameters and of different RNA
surface concentrations. As a reference, the length distribution of
assembly products directed by free RNA-SeqA (2253 nts in length) is
provided (—); median values (m), upper and lower quartiles (gray
boxes); error bars indicate the maximum and minimum values.

a projection in two dimensions, we underestimated the
amount of nanotubes on the larger AuNPs, which resulted
in a higher apparent distance. The dense packing of TM V-like
tubes leads to a 240-fold increase in surface area for the 10 nm
AuNP hybrids with 15 arms, and its surface-to-volume ratio
approaches that of the cylindrical arms (2.3 x 10° m*m~?). The
surface concentration of nucleoprotein tubes obtained with
our bottom-up strategy (47700 particles per um?) is a huge
improvement, taking into account that the deposition of
preassembled M13 phages on magnetic particles resulted in
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an average surface concentration of only four particles per

2 [6]
um-.

Immobilization of scaffolding RNAs on planar silica
supports led to an assembly of rods shorter than those
grown on the same RNAs in solution.'”! Correspondingly,
the immobilized RNA of 2253 nts (RNA,-SeqA) yielded only
84 nm long nucleoprotein arms on the gold beads, compared
to 103 nm long nanotubes formed in solution (Figure 2c;
median values). This deviation indicates that about 400 nts
were not encapsidated, a value independent of the RNA
surface concentration on the gold cores. Tube lengths did not
differ significantly between AuNPs of 10nm and 50 nm
diameter, which indicates that the effect also does not
correlate with the surface curvature to a detectable extent.

The difference was more pronounced for longer RNA.
AuNPs were conjugated with the oligonucleotide HS-Ts-
SeqB, which bound the 7025 nts long RNA-SegqB in a con-
centration-dependent manner similar to the first combination
of oligonucleotide and RNA, as confirmed by gel-mobility
assays (Figure 3a). For unknown reasons, this particular
AuNP preparation already showed two distinct bands
during electrophoresis before oligonucleotide conjugation
(not shown).

After RNA-directed assembly of TMV CP (Figure 3b),
the rod length was decreased from 315 nm for free RNA to
a median value of 110 nm for immobilized RNA ; longer arms
were formed only sporadically. The reduction of nanotube
length was independent of the surface concentration of RNA
(Figure 3¢). In summary, the growth of TMV-like arms of
around 100 nm length was possible in close vicinity to each
other, without further interference with their final size. Long
RNAs did not efficiently scaffold proportionally elongated
surface-linked tubes. We conclude that the characteristically
decreased length of bottom-up-assembled nucleoprotein
tubes does not mainly result from steric hindrance between
adjacently growing nucleoprotein tubes. We rather suspect
that shortened tubes result from a combination of both
incomplete 3’-terminal packaging of RNA close to the liquid-
solid interface, and premature 5’ termination. The latter may
apply more frequently to long RNAs, if yet unencapsidated
stretches cannot be drawn through nascent tube portions, for
example, due to interactions with the support or locally
accumulated CP oligomers.

With the two different AuNP sizes functionalized with
distinct oligonucleotides, and the two different lengths of
scaffold RNA, the specificity of hybridization was further
confirmed by mixed batch approaches (see the Supporting
Information for details). This indicates the possibility of
configuring the nanostar structures in a sequence-specific
manner, which provides opportunities for multiplexing
approaches and might also serve as basis for the development
of cost- and effort-efficient one-pot production routes.

The experiments demonstrate for the first time that
bottom-up self-assembly of TMV CP tubes guided by immo-
bilized RNA can occur on inorganic nanoparticles with very
high surface concentrations. We first bound the assembly-
triggering RNA on gold beads to generate a complex
composite scaffold for the subsequent directed self-organiza-
tion of TMV CP. No restriction on the nucleoprotein tube
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Figure 3. Nanostar formation directed by RNA-equipped AuNPs with
long RNA molecules (RNA-SeqB, 7025 nts). a) Gel electrophoretic
analysis of hybridization products. Different concentrations of RNA
were used to achieve different surface concentrations of RNA on the
AuNPs. The purified hybridization products were separated in a 1%
agarose gel and documented under UV light after ethidium bromide
staining. b) TEM images and distribution of nanostar types arising
from self-assembly of TMV CP directed by RNA-equipped AuNPs.

c) Comparison of the lengths of the arms of the nanostars that arise at
different RNA densities. The lengths of assembly products of TMV CP
directed by free RNA-SeqB are provided as a control; median values
(m), upper and lower quartiles (gray boxes); error bars indicate the
maximum and minimum values.

surface density was imposed by the assembly process. In
contrast, the surface coverage of TM V-like rods grown on flat
substrates through similar approaches only locally achieved
saturation sensitive to control."”

The star-like bio-inorganic hybrid architectures might be
developed further into high-protein-surface-area carrier col-
loids, for example, to densely expose captured molecules for
magnetic bioseparation or cytometric bead arrays.!"”! Notably,
a twofold specificity could be achieved with this new method:
1) only one specific end of the nanotubes was addressed, and
2) only nanospheres bearing nucleic acids complementary to
the assembly-directing RNA were modified. The free energy
released upon the nucleoprotein self-organization process did
not separate the DNA/RNA hybrids; upon storage at 4°C, the
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nanostars were stable for at least several days. In comparison
to reported virus-derived composites,”?” among them a sin-
gular type of radial TMV fragment arrays formed inside
nascent silica nanoparticles, these hybrid virus-metal nano-
architectures differ substantially:?" 1) Single inorganic cores
were equipped with multiple freely protruding nucleoprotein
arms 2)in a tunable way 3)by bottom-up in vitro self-
assembly. This was achieved by selectively addressing one
end of a scaffolding RNA, another unique aspect in nano-
particle functionalization, which may open new routes
towards multiplexing during the fabrication of complex
functional nanoassemblies.

In conclusion, the tightly controlled combination of an
inorganic nanoparticle with the precisely organized biomo-
lecular complex of a virion has yielded a novel generation of
large ordered multicomponent nanocomposites.
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