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While conventional Top-down”™ approachas, for axample, photolithography
allow tor the fabrication of miniaturized elements down to about 100 nm, the
‘bottom-up” assembly of molecular building blocks enables the construction
of elerments up to about 10 nm. To close the gap currently existing in the accessibili-
by of structures, semisynihelic conjugates of nucleic acids and proteins are currantly
explored as components for genarating micrometer- and nanometer-sized elements.
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Abstract: Semisynthetic DNA —protein conjugates are
versatile molecular tools useful, for instance, in the self-
assembly of high-affinity reagents for immunological
detection assays, the fabrication of highly functionalized
laterally microstructured biochips, and the biomimetic
“bottom-up” synthesis of nanostructured supramolecular
devices. This concept paper summarizes the current state-
of-the-art concerning the synthesis, characterization, and
applications of such hybrid molecules, and also draws
perspectives on future developments.
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Introduction

An important goal of synthetic supramolecular chemistry is to
understand and to mimic nature’s fascinating principles, in
particular, to form complex and highly functional supra-
molecular aggregates from small molecular building blocks by
means of self-assembly processes.!] Basic studies on such
biomimetic “bottom-up” approaches have strong implications
on the development of artificial nanometer-scaled elements,
currently elaborated due to commercial requirements of
producing microelectronics and micromechanical devices of
increasingly minimized dimensions. Current technologies
hardly allow the generation of technical elements smaller
than 100 nm, but, to refer to the famous lecture of the Nobel
physicist Richard Feynman, “there is plenty of room at the
bottom” Pl Tt is apparent that a further reduction of the
available microsystems through photolithographic “top-
down” methods is becoming increasingly uneconomical,
and, thus, the biomimetic bottom-up assembly is considered
a highly attractive alternative. In this context, the ribosome
has to be mentioned as a brilliant natural example of this
approach; it demonstrates the power of biologically pro-
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grammed molecular recognition. This cellular nanomachine is
capable of synthesizing polypeptide chains by using an RNA
molecule as the informational template. The ribosome
spontaneously self-assembles from its more than 50 individual
building blocks, driven by an assortment of low-specific,
noncovalent contacts between discrete amino acids of the
protein components interacting with distinct nucleotide bases
and the phosphate backbone of the ribosomal RNAs.l
Motivated by such fascinating models, early researchers have
suggested to fabricate synthetic nanometer-sized elements
from biomolecular building blocks.™ Under these, DNA is a
particularly promising construction material for the fabrica-
tion of nanometer-sized elements owing to its unique and
simply predictable recognition capabilities, high physico-
chemical stability, mechanical rigidity, and high precision-
processing ability.P!

Self-Assembled Oligomeric Networks That Consist
of DNA and Streptavidin

Despite the enormous biological importance, only little has
been reported on the synthesis of artificial nucleic-acid—
protein conjugates.*”l A convenient approach to readily
produce semisynthetic DNA - protein conjugates is based on
the remarkable biomolecular recognition of the water-soluble
molecule biotin (vitamin H) by the homotetrameric protein
streptavidin (STV). The affinity constant of the STV -biotin
interaction of about 10" dm?mol-! indicates the strongest
ligand —receptor interaction currently known.®l Another
great advantage of STV is its extreme chemical and thermal
stability. Since biotinylated materials are often commercially
available or can be prepared with a variety of mild biotin-
ylation procedures, biotin—STV conjugates form the basis of
many diagnostic and analytical tests.”) For example, biotin-
ylated oligodesoxyribonucleotides, prepared on a routine
basis by today’s automated nucleic acids synthesis, are
versatile tools in the various applications of molecular biology
and nucleic acid analyses. Although broadly applied, the
formation and structure of conjugates of STV and biotinylated
nucleic acids are not yet fully exploited.

We have recently reported on the self-assembly of STV 1
and 5,5-bisbiotinylated double-stranded DNA fragments 2
(Scheme 1).1% The bivalent double-stranded DNA (dsDNA)
molecules cross-link the tetravalent STV, thereby generating
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Scheme 1. Synthesis of DNA —streptavidin (STV) conjugates. Noncova-
lent oligomers 3 were assembled from STV 1 and 5',5-bis-biotinylated
DNA 2. Note that the schematic structure of 3 is simplified, since a portion
of the STV molecules function as tri- and tetravalent linker molecules
between adjacent DNA fragments (see the SFM image in the inset below
3). The supramolecular networks of 3 can be disrupted by thermal
treatment, leading to the formation of DNA - STV nanocircles 4 (see also
the SFM image in the inset below 4). DNA - STV conjugates 6 are obtained
by covalent coupling of a 5'-thiol-modified oligonucleotide 5 and STV. Due
to their bispecificity, the adducts 6 can be functionalized by the coupling of
biotinylated compounds, such as proteins and gold nanoclusters. Stoichio-
metrically controlled, nanostructured aggregates can be generated from a
set of conjugates 6 with distinct nucleotide sequences, for example a
through f. The adducts self-assemble in the presence of a single-stranded
nucleic acid carrier molecule, which contains complementary sequence
stretches, to form supramolecular aggregates 7. An antibody-containing
biometallic construct 7b was fabricated from gold-labeled 6a—6e and a
conjugate of 6 f and a biotinylated immunoglobulin, previously coupled in
separate reactions. The 3'-end of the oligonucleotides is indicated by an
arrowhead, the spacer-chains between DNA and protein are represented
by wavy lines. The transmission electron microscopy image shown in the
inset on top of 7b was obtained subsequent to the specific immunosorption
of 7b to surface-immobilized complementary antigen.

three-dimensionally linked networks. Studies with nondena-
turing gel electrophoresis and scanning force microscopy
(SFM) indicated that 1 and 2 reproducibly self-assemble to
form oligomeric DNA-STV conjugates 3, which, most
strikingly, predominantly contain bivalent STV molecules
that bridge adjacent DNA fragments. Despite of the tetrava-
lency of the STV protein, trivalent STV branchpoints occur
with a low frequency, and the presence of tetravalent STV in
the supramolecular networks is scarce (see image in
Scheme 1). As a consequence of the STV’s low valency, the
oligomeric conjugates have a large residual biotin-binding
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capacity that can be utilized for further functionalization of
the complexes. As an example, biotinylated antibodies can be
coupled with the oligomers 3. The resulting conjugates can be
applied as reagents in immunoassays. Due to the tremendous
amplification potential of DNA by the polymerase chain
reaction (PCR), the DNA —protein conjugates can be detect-
ed by PCR amplification at levels far below those available for
the detection of proteins by conventional antibody-based
enzyme-linked immunosorbent assay (ELISA). The combi-
nation of the ELISA with the amplification power of the PCR
was originally developed by Sano etal.l'l This method,
termed immuno-PCR (IPCR), generally allows for an about
1000-fold enhancement of the detection limit of the analogous
ELISA.["?l The use of the DNA -STV oligomers 3 as reagents
in IPCR leads to an additional about 10-fold sensitivity
enhancement compared with the conventional IPCR proce-
dure .l

The oligomeric DNA —STV conjugates 3 might also serve
as a molecular framework for the generation of DNA-based
nanomaterials. For instance, the biotin-binding capabilities
can be used for the attachment and positioning of biotinylated
macromolecules, such as enzymes and antibodies,!**" low
molecular weight peptides and fluorophores,['3¢ 1] and even
inorganic metal nanoclusters!'* or polymers.[”l Moreover, due
to their size, connectivity and topography, the oligomeric
DNA -STV aggregates 3 can be used as a model system for
nanostructured particle networks, for instance, serving to
establish basic immobilization and characterization techni-
ques as well as novel approaches for the generation of
switchable nanoparticle networks.*¢ Since the oligomers 3
are formed by statistical self-assembly, distinct supramolecu-
lar species might either be isolated and further functionalized
on a preparative scale, or else, obtained by controlling the
self-assembly process. As an example of the latter, we have
recently established that networks of 3 can be effectively
transformed into supramolecular DNA —STV nanocircles 4
by thermal treatment (Scheme 1).1'% Since the endogeneous
protein molecule within the DNA —STV nanocircles 4 allows
for convenient attachment of other functional molecules,
potential applications of such nanostructures include their use
as building blocks and templates for nano- and microstruc-
tured surface architecture,’! their utilization as soft material
topographical standards for the development of SFM meas-
urement modes,[*" and their employment as molecular tools
in novel immunological assays.!']

In addition, functional analogues of the conjugates 3 and 4
can be obtained from the use of STV covalently functional-
ized with a single-stranded oligonucleotide. These DNA —
STV adducts 6 are synthesized from 5'-thiol-modified oligo-
nucleotides 5 and STV 1 by means of a heterobispecific
crosslinker, such as sulfosuccinimidyl-4(p-maleimidophenyl)-
butyrate (Scheme 1). The covalently bound oligonucleotide
moiety in 6 provides a specific recognition domain for the
complementary nucleic acid sequence in addition to the four
native biotin-binding sites. Thus, 6 can be used as a versatile
molecular adaptor in a variety of applications, ranging from
the the assembly of nanostructured protein arrays (Scheme 1)
to the generation of laterally microstructured protein biochips
(Scheme 2). We have demonstrated that 6 can be incorpo-
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Scheme 2. Schematic drawing of the “DNA-directed immobilization”. A
set of adducts 6a—c were functionalized by the coupling of biotinylated
antibodies. Capture oligonucleotides immobilized as an array on a solid
support are used as positioning elements on a microstructured surface. The
various DNA-tagged antibodies are then allowed to bind to their comple-
ments by formation of a DNA double helix. Note that due to the enormous
specificity of DNA Watson— Crick base pairing, many compounds can be
site-specifically immobilized simultaneously in a single step.

rated as building blocks within the self-assembled supra-
molecules 3.137 This allows for the efficient attachment of
functional molecular components, such as antibody mole-
cules, thereby opening novel routes to the utilization of
DNA -STV conjugates in life-sciences and nanobiotechnol-

ogy.

Microstructured DNA - Protein Arrays

The covalent DNA-STV conjugates 6 can be utilized to
generate laterally microstructured protein arrays. Such devi-
ces are currently of tremendous interest due to the demands
of high-throughput biomedical analysis and proteom re-
search.l”1 While comparable microarrays comprised of
oligonucleotides® can easlily be fabricated by automated
deposition techniques, the stepwise, successive immobiliza-
tion of proteins on chemically activated surfaces is obstructed
by the general instability of sensitive biomolecules, often
revealing a high tendency for denaturation. DNA-directed
immobilization (DDI) provides a chemically mild, site-
selective process for the attachment of multiple delicate
proteins to a solid support (Scheme 2).[% 131 This method uses
DNA microarrays as a matrix for the simultaneous, site-
selective immobilization of many different DNA-tagged
proteins and other molecular compounds. Since the lateral
surface patterning is carried out at the level of the phys-
icochemically stable nucleic acid oligomers, the DNA micro-
arrays can be stored almost indefinately, functionalized with
proteins of interest by DDI immediately prior to use, and
subsequent to hybridization, they can be regenerated by
alkaline denaturation of the double helical DNA cross-
linkers.[13"]
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As an early demonstration of the feasibility of the DDI
approach, the “self-sorting immobilization” of a set of anti-
body molecules, tagged with distinct oligonucleotides by
means of the covalent STV conjugates 6, was demonstrated by
the site-selective hybridization to distinct positions of an
array, containing the complementary capture oligonucleo-
tides.’l Later evaluation, carried out with oligonucleotide-
modified enzymes, indicated that DDI not only proceeds with
a higher immobilization efficiency than conventional immo-
bilization techniques, but is also completely reversible. Series
of more than 150 cycles of hybridization and subsequent
regeneration were carried out with various DNA-tagged
proteins allowing for the reproducible functionalization of
sensor-surfaces with adjustable amounts of proteins. As a
particular advantage of using the DDI method in immuno-
sensor applications, the intermolecular binding of the antigen
target by the antibodies can be carried out in homogeneous
solution instead of using a much less efficient heterogeneous
solid-phase immunosorption. Subsequently, the immuno-
complex formed can be captured by means of DNA-directed
immobilization.[?!a-l

These features should allow us to use the DDI technique in
a variety of applications ranging from the recovery and
reconfiguration of biosensor chips,*®! the fabrication of
mixed arrays containing both nucleic acids and proteins for
genome and proteome research,’! to the generation of
miniaturized multiplex sensor elements.[3*" 2221 Despite
these fascinating biotechnological perspectives, special em-
phasis has to be given to the chemical and structural features
of the nucleic acid constituents employed in the DNA-
directed assembly, since they determine the immobilization
efficiency of the individual components. As an example, solid-
phase hybridization studies have shown that the attachment of
the voluminous STV protein to an oligonucleotide leads to up
to a fivefold decrease in hybridization kinetics.['*® This study
also revealed that variations in the oligonucleotide sequence
induce up to 100-fold changes in the immobilization efficien-
cy, correllating with the presence of nucleic acid secondary
structures, such as intramolecular hairpin loops. Solutions to
this problem might be obtained from the incorporation of
chemical groups into the DNA-tagged bioconjugates to
modulate its hybridization characteristics,*¥ or else, from
the employment of artificial nucleic acid analogues, such as
peptide nucleic acids,” which are less susceptible to sec-
ondary structure formation.

Nanostructured Protein Assemblies

Besides the lateral functionalization at the micrometer scale, a
nanostructuring of surfaces can also be achieved through the
DNA-directed immobilization. For this, surface-bound nucle-
ic acids of the appropriate length are used to generate
nanostructured complexes from various molecular building
blocks, for instance enzymes or other functional proteins. The
concept of using DNA as a framework for the precise spatial
arrangement of molecular components, initially suggested by
Seeman,* was experimentally demonstrated by positioning
several of the covalent DNA-STV conjugates 6 along a
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single-stranded RNA or DNA carrier molecule that contained
a set of complementary sequences (Scheme 1).1 Owing to the
adapter properties of 6, almost any type of biotinylated
compound can be organized within a supramolecular aggre-
gate.[> 1314 Ag an additional attractive feature, the tetrava-
lency of the streptavidin even allows the DNA-STV con-
jugates 6 to be functionalized with two different types of
biotinlyated molecules.'*! Subsequent to the coupling of a
voluminous macromolecular compound, such as an enzyme,
the remaining biotin binding sites are saturated with low
molecular weight biotinyl compounds. For instance, a pos-
itively charged biotinylated peptide was coupled in order to
fine-tune the bioconjugate’s nucleic acid hybridization prop-
erties. Moreover, the coupling of the biotinylated peptides can
be applied to supplement the bioconjugate’s functionality, for
instance, to enhance the catalytic turnover of enzymatic
transformations or to exhibit high sensitivity as a detection
tool in biosensor applications.!*d

Similar as described for the DDI technique, the chemical
and structural features of the nucleic acid constituents
employed in the supramolecular assembly of DNA-tagged
components are essential for the aggregation efficiency of the
individual components. Often the carrier molecule contains
stable intramolecular secondary structures, and, thus, an
equilibrium is formed that involves both the uncomplexed
carrier and the protein —carrier conjugate. This equilibrium
can be affected by “helper” oligonucleotides that bind to
uncomplexed regions of the carrier, thereby disrupting its
secondary structure and shifting the aggregation equilibrium
towards completion.['3s I Moreover, it was demonstrated that
DNA molecules are superior templates for the supramolec-
ular assembly relative to RNA carriers, because of the lower
stability of the intramolecular folding in DNA.['*l These
results again underline the necessity to overcome the prob-
lems associated with intramolecular secondary structure, for
instance, by either chemical means, such as the employment of
synthetic DNA analogues, or else by developing model
algorithms that allow for the computational a-priori design
of appropriate nucleic acid fragments.

Two key publications describing the assembly of DNA-
functionalized gold colloids and nanoclusters have largely
spread out the common interest in the nucleic-acid-directed
assembly of molecular compounds. The work of Mirkin et al.
4 and Alivisatos et al. ! was motivated by the requirements
of material sciences to generate well-defined superstructures
of nanocrystal metal clusters and semiconductor quantum
dots, which are investigated for new material properties and
potential applications in microelectronics and optics. Mean-
while, both groups have impressively demonstrated the power
of the DNA-directed assembly to generate novel, program-
med materials, ranging from stoichiometrically defined nano-
scale assemblies to macroscopic repetitive DNA —nanocluster
aggregates and binary networks, which can even be used for
biosensor applications.?®! Stimulated by these advances, the
DNA -STV conjugates 6 have also been applied as auxiliaries
to organize gold nanoclusters.'¥! Subsequent to biotinylation,
gold nanoclusters were coupled with 6, and the cluster-loaded
proteins were assembled by nucleic acid hybridization, there-
by generating novel biometallic nanostructures such as 7 in
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Scheme 1. As a particular advantage of this system, the
DNA -STV conjugates 6 can be used like components of a
molecular construction kit. Thus, functional proteins, such as
an immunoglobulin molecule, can be conveniently incorpo-
rated into the biometallic nanostructures. The proof of
feasibility was achieved by the assembly of construct 7b
(Scheme 1), which is capable of specifically binding to sur-
face-immobilized complementary antigen.'*) Such experi-
ments clearly demonstrate the applicability of DNA-directed
assembly to construct novel inorganic/bioorganic hybrid
nanomaterials.

Towards Oligofunctional Protein Constructs

The use of specific nucleic acid hybridization opens up a
novel, uncomplicated yet powerful strategy for supramolec-
ular synthesis. Various molecular devices are coupled with a
distinct oligonucleotide sequence and are subsequently or-
ganized on appropriate nucleic acid scaffolds. This should
allow even the fabrication of highly complex supramolecular
structures by means of a modular construction kit. Seeman
and co-workers have impressively demonstrated the power of
using DNA in the rational construction of one-, two-, and
three-dimensional DNA molecular frameworks.*?! They use
branched DNA molecules, “DNA-junctions” or “double-
crossover” molecules, that contain three, four, and more
double helical arms as modular building blocks to fabricate
extended one-dimensional structures, periodic two-dimen-
sional lattice structures, and even complex three-dimensional
supramolecules of DNA. For instance, they have fabricated
the “truncated octahedron”, a DNA polyhedron that contains
an individual arm at each of its 24 vertices, which might be
used for the selective spatial positioning of proteins, inorganic
nanoclusters, or other functional molecular devices.

Although these examples demonstrate the significant
progress achieved in the fabrication of artifical DNA nano-
structures, the use of such framework to realize dense protein
and biochip assemblies, suggested earlier by Seeman,*! has
not yet been accomplished. However, it should be noted in
this regard that Smith and co-workers have reported on the
site-selective arrangement of several proteins, DNA (cytosin-
S)-methyltransferases, along a one-dimensional double-
stranded DNA fragment.’”) Their approach is based on the
specific binding of methyltransferases to distinct recognition
sequences within double helical DNA and their ability to form
covalent adducts if the synthetic DNA base analogue
S-fluorocytosine is present in the recognition site. Interest-
ingly, methyltransferases have also been shown to be capable
of modulating the charge transport that can occur along the
DNA double helix.”! Since the methyltransferase extrudes
the target base cytosine completely out of the double helix,
this local distortion effectively reduces the photoinduced
charge transfer through the DNA duplex. These results give
rise not only to the development of electrochemical sensors
for the study of protein—DNA interactions, but also to the
development of novel bioelectronic devices.

Future applications of DNA-directed protein organization
will include the manufacturing of stoichiometrically and
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spatially defined aggregates from multiple enzymes and
antibody fragments. As an example, the rational assembly of
oligospecific antibodies is highly attractive, since the presence
of multiple binding domains leads to an enhanced affinity for
the target structure. Supramolecular constructs that contain a
DNA structural backbone to control the spatial arrangement
of the binding sites should allow for specific recognition of the
target’s topography, even when the individual epitopes are
either not nearby or reveal only weak antibody-antigen
interactions. These type of applications will require a stringent
regioselective control over the positioning of the binding
domains, which should be obtainable by the use of single-
chain antibody fragments?)! or aptamers.’” Both types of
receptor molecules are small enough to ensure that the
distance between the supramolecule’s binding sites is pre-
dominantly determined by the structure of the DNA back-
bone. An additinal great advantage of DNA-based, nano-
scaled receptor constructs is that the backbone can be
detected or modified by enzymatic means. For example, the
supramolecular constructs are traceable at extremely low
levels and even in rather complex environments owing to the
enormous detection potential of PCR techniques.'”) More-
over, enzymatic or cytotoxic groups might be incorporated to
allow for therapeutic applications.!]

Spatially arranged multienzyme constructs, which are not
accessible by conventional chemical cross-linking, are another
class of attractive targets. In biological systems, multienzyme
complexes reveal mechanistic advantages during the multi-
step catalytic transformation of a substrate, since reactions
limited by the rate of diffusional transport are accelerated by
the immediate proximity of the catalytic centers. Further-
more, the “substrate-channeling” of intermediate products
avoids side reactions. Besides serving to explore proximity
effects in biochemical pathways, artifical multienzymes will
allow the development of novel catalysts for enzyme process
technology that are capable of regenerating cofactors, or else
to perform the multistep chemical transformation of cheap
precursor molecules into drugs and fine chemicals.??

Conclusion

In conclusion, it seems likely that DNA - protein conjugates
and nucleic-acid-based molecular fabrication of nanostruc-
tured elements will contribute to the rapid establishment of a
novel discipline termed as “biomolecular nanotechnology”, or
perhaps “nanobiotechnology”. The supramolecular arrange-
ments may find applications as biological encapsulation and
drug-delivery systems, artificial multienzymes, or light-har-
vesting devices. Moreover, nucleic-acid-based conjugates
might be utilized for the self-assembling nanoscale fabrication
of technical elements and hybrid composites, such as dense
arrays of ultra fast molecular switches, transistors, or logical
elements, ! as well as chimeric hybrid devices for applications
in material sciences, biomedical diagnostics, and interface
structures between electronic and living systems. However, a
variety of serious technical obstacles remain to be solved,
ranging from the currently limited availability of large
amounts of synthetic DNA fragments to the refinement of
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appropriate analytical techniques. Nevertheless, it seems safe
to predict that besides electrophoresis, optical spectroscopy,
and nuclear magnetic resonance, in particular the rapid
improvements of scanning probe microscopy®® and real-time
affinity measurements®! will soon allow for the comprehen-
sive understanding of biomolecular structure and reactivity of
synthetic nucleic-acid-based supramolecular components.
Thus, the examples presented above give the promise of a
rapid and highly exciting development of DNA-based tech-
nology.*l
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