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Conjugation with artificial nucleic acids allows proteins to be modi-
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approaches to generate DNA—protein conjugates as well as recent
advances in their applications. For example, DNA-protein conjugates
have been assembled into model systems for the investigation of

catalytic cascade reactions and light-harvesting devices. Such hybrid
conjugates are also used for the biofunctionalization of planar surfaces
for micro- and nanoarrays, and for decorating inorganic nanoparticles
to enable applications in sensing, materials science, and catalysis.

1. Introduction

Nature has evolved numerous highly functional nano-
machines comprised of proteins, nucleic acids, and other
(macro)molecules to conduct complicated tasks in living
systems. Many of these fascinating nanomachines are built by
the self-assembly of various protein and nucleic acid compo-
nents.!!' The ribosome, for example, spontaneously self-
assembles from at least three nucleic acid and more than 50
protein building blocks. This self-assembly is driven by an
assortment of noncovalent contacts between distinct nucleo-
tides and the phosphate backbone of the ribosomal RNAs
with amino acids of the proteins.”! Such magnificant examples
of biological self-assembly have stimulated intensive research
on the development of biomimetic, so-called “bottom-up”,
approaches for the generation of artificial devices with
dimensions in the range of 5 to 100 nm, a regime which is
difficult to address by conventional microstructuring or
chemical approaches.”! Consequently, early visions on the
fabrication of artificial nanometer-scaled objects from bio-
molecular building blocks (for example, proteins and nucleic
acids),[*”! have in the meantime evolved into a well estab-
lished research field, which is often referred to as nano-
biotechnology.*”

In this bottom-up fabrication of nanoscaled systems,
synthetic DNA oligonucleotides have proved to be extra-
ordinarily useful as a construction material.®'"! The
extremely high specificity of Watson—Crick base pairing
allows one to readily design artificial receptors by using the
predictable adenine-thymine (A-T) and guanine—cytosine
(G-C) hydrogen-bonding interaction between complemen-
tary nucleic acids. DNA molecules are also readily accessible
by synthetic chemical means and they possess high physico-
chemical stability. Furthermore, the short double helices
reveal great mechanical rigidity, and nature provides us with a
comprehensive range of highly specific DNA-modifying
enzymes, such as ligases and nucleases, which can be used
for processing and manipulating the DNA with atomic
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precision. These features render the
genetic material suitable for molecular
nanoconstruction.

The generation of semisynthetic
DNA-protein conjugates allows the
unique structure-directing properties
of DNA to be combined with an
almost unlimited variety of protein
functionality. Proteins have been tailored by billions of
years of evolution to perform highly specific functions, such
as catalytic turnover, energy conversion, or translocation of
other components across membranes. This Review gives an
overview on current methods for generating such hybrid
DNA-protein conjugates as well as examples of their
application in bioanalytics and nanoscience.

2. Synthesis of DNA—Protein Conjugates

Various methods for the chemical coupling of synthetic
DNA oligomers with proteins are known, which rely on either
covalent or noncovalent strategies. Since comprehensive
overviews on the seminal achievements have already been
published,™ this Review will focus in particular on recent
developments in this area.

2.1. Noncovalent Coupling
2.1.1. Biotin—(Strept)Avidin Interaction

A frequently applied and simple approach to generate
semisynthetic DNA-protein conjugates is based on the
remarkable biomolecular recognition of D-biotin (vitamin H)
by the homotetrameric proteins avidin or streptavidin (STV).
The enormous high affinity constant of the biotin—(strept)-
avidin interaction (ca. 10" dm*mol™), the extreme chemical
and thermal stability of the STV, and the availability of
numerous biotin derivatives and mild biotinylation proce-
dures have resulted in biotin—-STV conjugates forming the
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basis of many diagnostic and analytical tests."*'¥ Biotinylated
oligonucleotides can conveniently be accessed by automated
solid-phase phosphoramidite chemistry and are commercially
available. It is straightforward to prepare DNA-protein
conjugates by simple mixing of biotinylated DNA and the
protein-of-interest (POI in Scheme 1a), conjugated to (strept)-
avidin by either a chemical means or by genetic engineering.
This approach has indeed been used frequently to generate
reagents for bioanalytical assays (see Section 3.1.1) and it also
proved feasible in a number of examples concerned with
nanofabrication (see Section3.2.1). The high affinity of
biotin—(strept)avidin interactions means that dissociation of
the conjugates is usually not an issue; however, intrinsic
problems stem from the tetrameric nature of (strept)avidin.
This makes it difficult, if not impossible, to control the
stoichiometry of the respective DNA—protein conjugates, and
can, therefore, represent a severe obstacle for the rational
construction of nanodevices. While monobiotinylation of POI
can be achieved by molecular biology techniques,' genet-
ically engineered conjugation of the POI with streptavidin can
also be hampered by the tetrameric nature of the resulting
fusion proteins, and in some cases, the bulky STV connector
protein may lead to additional obstacles.

2.1.2. Ni-NTA-Hexahistidine Interaction

An alternative way to produce DNA-protein conjugates
was developed to avoid the aformentioned problems related
to the conjugation of (strept)avidin. This method makes use
of the specific interaction of an oligohistidine peptide with a
nickel(II) ion complexed by nitrilotriacetic acid (NTA)
ligands (Scheme 1b).'"”1 The conjugation is based on the
nickel-mediated interaction between NTA and the POI
bearing a hexahistidine (Hiss) tag. Two histidine residues
together with one NTA molecule can satisfy all six coordina-
tion sites of a nickel(II) ion. A His, tag is often incorporated
at the N or C terminus of a recombinant protein, which can
then be purified by affinity chromatography on an NTA-
functionalized resin with immobilized nickel(II) ions.”*?!! A
recent example of DNA-protein conjugation based on the
interaction between Ni-NTA and the His, tag was presented
by Turberfield and co-workers.'"¥ They synthesized oligonu-
cleotides containing one, two, or three NTA groups from
commercially available amino-modified DNA oligonucleo-
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tides (Figure 1). It was previously known that clustering of
NTA groups strengthens the interaction to Hises-tagged
proteins,*? and Turberfield and co-workers also observed an
increasing stability of the noncovalent DNA-protein conju-
gates, containing green fluorescent protein (GFP) as the
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Figure 1. Tris(NTA)-modified DNA. The nucleotide group is omitted.
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model POI, with increasing numbers of NTA ligands attached
to the oligonucleotides. Dissociation constants (Kp) of 120
and 6 nM were determined for the bisNTA- and trisNTA-
DNA, respectively. The linkage is site-specific and it can be
broken easily by addition of a nickel chelator, such as
ethylenediaminetetraacetate (EDTA), or imidazol. The ver-
satility of this approach was demonstrated by tagging a
number of DNA nanostructure motifs with Hise-tagged
GFp™

2.1.3. Antibody—Hapten Interaction

In addition to biotin and NTA ligands, other affinity tags
can also be tethered to DNA by solid-phase synthesis. For
example, the chromophore fluorescein (Fsc) can be used as a
hapten to specifically bind immunoglobulin G (IgG) anti-
bodies raised against it.”®! A large number of examples have
been reported where Fsc was attached to DNA oligonucleo-
tides to generate probes for the invitro detection of
complementary nucleic acid sequences, by using anti-Fsc-
IgG conjugated to a chromophore, fluorophore, or reporter
protein.?! While such Fsc-IgG binding in analytical set-ups is
usually neither characterized on a molecular level nor used
for further preparative assembly steps, Mao and co-workers
have recently used Fsc-derivatized oligonucleotides to assem-
ble a hapten-modified DNA nanoarray. This array was used as
a template to direct antibodies to assemble into very high
density nanoarrays with a defined pitch of about 20 nm.”!
Other prominent examples of hapten—antibody pairs which
have proven their applicability in various diagnostic assays®®!
include IgGs with specificity against biotin, dinitrophenol,
digoxigenin, or short peptides, such as the FLAG tag.””

2.1.4. Aptamers

The conjugation of nucleic acids with proteins can also be
achieved with affinity tags formed by the nucleic acid itself.

Angew. Chem. Int. Ed. 2010, 49, 12001216
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Scheme 1. Strategies for the conjugation of DNA with a protein of interest (POI). a) Biotin—(strept)avidin coupling; b) Ni-NTA-Hisg conjugation;
c) cofactor reconstitution of apoenzymes, which can be utilized to switch d) on and e) off enzymatic activity; covalent coupling is often achieved
with hetero-dispecific cross-linkers (f; sulfoSMCC shown). An alternative is the formation of fusion proteins using an intein (g), enzymatic
modification through farnesyltransferase (h), or application of O%-alkylguanine-DNA-alkyltransferase (snap tag; i) as the reactive part fused by
genetic modification to the POI.

Aptamers are nucleic acid sequences which fold into defined  aptamer-forming sequence to the nucleic acid molecule of
three-dimensional motifs and display high affinity for a given interest by standard solid-phase synthesis. Although the
target structure.”! It is thus straightforward to tether an  number of aptamers with specificity against target proteins
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is still limited today, which has resulted in the majority of
studies being based on the well-characterized anti-thrombin
aptamer®” as a model system, this conjugation principle has
been proved to be useful for applications in bioanalytics and
nanofabrication (see Section 3.2.2).

2.1.5. Reconstitution of Apoenzymes

A semisynthetic approach to DNA conjugation has been
developed for enzymes containing a nondiffusible organic
cofactor, often termed a prosthetic group, which is located in
the active site and essential for the catalytic activity of the
enzyme. Prominent examples of prosthetic groups are por-
phyrin and flavin derivatives. These cofactors can often be
extracted from the protein to yield the respective apoenzyme,
which can subsequently be reconstituted with an artificial
analogue of the native cofactor. This reconstitution approach
has widely been used for applications in structural enzymol-
ogy and biotechnology,®! and it offers a facile route to
generate hybrid DNA-enzyme conjugates because nucleic
acid moieties can readily be conjugated with the cofactor and
then reinserted into apoenzymes (Scheme 1c). This concept
was demonstrated by Fruk and Niemeyer, who chemically
synthesized DNA conjugates of heme (protoporphyrin IX),
which were then used for the reconstitution of apo-myoglo-
bin®? or apo-horseradish peroxidase.” The resulting semi-
synthetic DNA-enzyme conjugates were found to be fully
functional and, as a consequence of the appended DNA
moiety, capable of specific hybridization with complementary
nucleic acids immobilized on a range of surfaces for
applications in sensing®! and biocatalysis (see Sec-
tion 3.2.3).

Conceptually similar, Simon et al. used a flavin—oligonu-
cleotide conjugate to reconstitute apo-flavin reductase
(Scheme 1d).P*! The cofactor dissociates from the resulting
DNA-protein hybrid upon hybridization with complemen-
tary oligonucleotides, thereby leading to inactivation of the
enzyme. This priciple was used to detect a specific target
DNA. Ghadiri and co-workers chemically conjugated pro-
tease enzymes with DNA oligonucleotides®” which also
contained a small-molecule inhibitor at the opposite end
(Scheme 1e). The inhibitor spontaneously inserts into the
enzyme’s active site as long as the DNA is single-stranded,
and thus shuts down the catalytic activity. Hybridization with
complementary target DNA, which leads to the formation of
rigid dsDNA, pulls out the inhibitor, thereby restoring the
enzyme’s activity. This DNA-directed allosteric activation has
been used for the detection of target DNAF and the
construction of molecular logic devices.

2.2. Covalent Coupling

Covalent coupling is the method of choice to circumvent
obstacles which might result from the dissociation of non-
covalent, reversible interactions and to ease characterization
of DNA-protein conjugates. Seminal work in this area took
advantage of stochastic coupling of nucleic acids with proteins
by means of either homo-difunctional cross-linkers, such as
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glutardialdehyde,”™ or else UV-induced cross-linking,*! to
produce probes for nucleic acid hybridization assays. How-
ever, these approaches usually do not lead to stoichiometri-
cally defined conjugates.

2.2.1. Disulfide and Maleimide Coupling

Thiol chemistry is the key to many successful approaches
for DNA-protein conjugation. For example, genetically
engineering cysteine residues in recombinant proteins
allows the preparation of DNA conjugates with a defined
stoichiometry and regioselectivity at the coupling site. In fact,
the pioneering work in the preparation of semisynthetic
DNA-protein conjugates, carried out by Corey and
Schultz,* was based on the formation of a disulfide bond
between alkylthiol-modified DNA oligomers and a cysteine
residue of staphylococcus nuclease (SN). The oligonucleo-
tide—SN conjugate functioned as a synthetic nuclease because
its ssDNA moiety was designed to form specific triple helices
at complementary target regions of a plasmid DNA, thus
enabling its site-specific cleavage. Later work established that
DNA-SN conjugates have enhanced kinetic rate constants for
hybridization with double-stranded DNA (dsDNA) targets,
probably as a result of coulombic attraction between the basic
SN moiety and the target DNA, which leads to an increased
effective concentration of the conjugate near its target
site.l*»#] Site-specific coupling of thiolated oligonucleotides
to proteins has been used to synthesize well-defined DNA-
protein conjugates consisting of an individual DNA oligonu-
cleotide covalently attached within the lumen of the a-
hemolysin pore. These “DNA nanopores” have been used to
realize new sensor elements (see Section 3.2.5).%1 Site-
specific formation of a disulfide bond was also used in the
synthesis of DNA conjugates from recombinant STV, as an
alternative to statistical covalent conjugation using hetero-
dispecific cross-linkers (see below).

While the formed disulfide bond is still amenable to
cleavage under reductive conditions, irreversible coupling can
be achieved by means of cross-linkers bearing a maleimide
functionality, such as sulfoSMCC (Scheme 1 f). This molecule
is a representative example of the broad class of hetero-
dispecific cross-linkers, which are typically first coupled with
the protein to install thiol-reactive maleimido groups. After
purification of the maleimido-activated protein, it is then
treated with thiol-modified DNA oligonucleotides.”* If a
site-specific linkage is required and the POI contains acces-
sible cysteine residues, the coupling order can as well be
reversed, by using amino-modified oligonucleotides."” The
method is versatile because it does not necessarily require
genetic engineering of proteins, and even long DNA frag-
ments can be readily coupled, which are accessible by a
polymerase chain reaction (PCR) using a thiol-modified
primer. However, the method requires extensive purification
of the conjugates to remove excessive protein and oligonu-
cleotides after each coupling step.

Angew. Chem. Int. Ed. 2010, 49, 12001216
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2.2.2. Bioorthogonal Chemistry

Since it is not always possible to install a single chemically
accessible cysteine residue into the POI, coupling methods
are needed which are orthogonal to the variety of functional
groups within native proteins. A representative example is
based on the so-called “expressed protein ligation”
(EPL)P"* of recombinant proteins containing a C-terminal
thioester, which spontaneously and selectively couples to N-
terminal cysteine conjugates of nucleic acids under mild
conditions.”™ As shown in Scheme 1g, the POl is genetically
modified with an intein domain. The fusion protein is
expressed in E.coli. and bound to an affinity column.
Addition of low-molecular-weight thiol compounds, such as
mercaptoethanesulfonic acid, effects a reaction with the
intein that leads to cleavage of the POI from the column
and generation of the C-terminal thioester of the POI, which
is then ligated with cysteine-nucleic acid conjugates. The EPL
method is advantageous over conventional cross-linking
techniques, because it allows PNA- and DNA-protein
conjugates to be readily prepared with well-defined stoichio-
metric composition and regiospecific linkage.*>

Active research is devoted to establish bioorthogonal
coupling approaches for the selective functionalization of
proteins in vitro and in live cells,”® and the most prominent
examples include the Staudinger ligation of azide- and
phosphine-modified components,®”! as well as the copper(I)-
catalyzed Huisgen 1,3-dipolar cycloaddition of azides and
alkynes (CuAAC)." More recently, additional alternatives,
such as photoinducible 1,3-dipolar cycloaddition, strain-
promoted azide—alkyne cycloaddition, cross-metathesis of
allyl sulfides, and Diels—Alder reactions of tetrazine and
trans-cyclooctene, have been developed.” Staudinger liga-
tion and Huisgen cycloaddition have both been widely
applied in chemical biology for tagging biomolecules to
investigate living systems,® or for in vitro bioanalytics,®/ and
these two methods have also been used recently for the
synthesis of DNA-protein conjugates. For example, glyco-
proteins on the surface of HEK cells were metabolically
labeled with azide groups to enable their selective modifica-
tion with phosphine-derivatized oligonucleotides
(Figure 2).1%1 The DNA-labeled cells were then amenable

Figure 2. Phosphine-modified oligonucleotide for the synthesis of
DNA-protein conjugates through reaction with azido-functionalized
glycoproteins.

to micropattering by DNA-directed immobilization®*®! or
investigation of cell adhesion and patterning through atomic
force microscopy (AFM).[ Interestingly, this research group
very recently reported the direct covalent coupling of N-
hydroxysuccinimide (NHS) activated DNA oligonucleotides
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with native cell-surface proteins.'”” While lacking specificity
of conjugation, this approach appears to be rapid, efficient,
and widely applicable since it allows virtually any mammalian
cell to be tagged with oligonucleotides. Its power has been
demonstrated in DNA-directed capture and electrochemical
metabolic analysis of single mammalian cells on a micro-
electrode array!® and for the programmed in-solution
assembly of three-dimensional microtissues with defined
cellular connectivity.[*”

CuAAC has already proven to be a versatile method for
the modification of synthetic DNA oligonucleotides,”® and
nowadays copper-free methods are also available for this
purpose.®! Distefano and co-workers have recently used
copper-catalyzed cycloaddation in combination with enzyme-
mediated protein modification to prepare DNA-protein
conjugates (Scheme 1h)."”) They used the enzyme protein-
farnesyl transferase (PFTase) to specifically attach an azido-
modified isoprenoid to a short recognition sequence that was
fused to the POI through genetic modification. After labeling
by PFTase, the azido groups were coupled with alkyne-
modified oligonucleotides to generate DNA conjugates of
fluorescent proteins. The site-selective incorporation of non-
natural amino acids bearing chemically addressable alkyne or
azide groups’"” into recombinant proteins holds great
potential for the generation of well-defined DNA—protein
conjugates. This approach has already been used for the
specific photo-cross-linking of DNA with a protein containing
the non-natural amino acid p-benzoyl-L-phenylalanine, which
was incorporated by genetic modification into the protein in
response to an amber nonsense codon by using an orthogonal
tRNA/aminoacyl-tRNA synthetase pair.[””!

The specific coupling of proteins and DNA has also been
achieved by purely enzymatic means. For this purpose,
Tominga etal. used microbial transglutaminase (MTG)
from Streptomyces mobaraensis, an enzyme that specifically
catalyzes the acyl transfer reaction between a primary amine
and the y-carboxyamide group of Gln residues in peptides and
proteins.["!l This reaction proceeded in good yield, when POIs
were fused through genetic modification with a short peptide
tag containing the acyl-acceptor Lys residues (Met-Lys-His-
Lys-Gly-Ser). The oligonucleotide was modified with N-
carbobenzyloxyglutaminylglycine (Z-QG), which functions as
the acyl donor. It was demonstrated for alkaline phosphatase
and enhanced green fluorescent protein (eGFP) that the
respective DNA—protein conjugates could be used in DNA-
directed immobilization."

Although not yet fully exploited, another approach to
generate DNA—protein conjugates takes advantage of specific
enzymatic activities which lead to the self-labeling of an
enzyme. An early example has been described by Smith et al.,
who managed to organize several proteins along a one-
dimensional dsDNA fragment by utilizing the specific binding
of DNA (cytosine-5)-methyltransferases to distinct recogni-
tion sequences within dsDNA."! Since covalent adducts are
formed when the synthetic DNA base analogue 5-fluorocy-
tosine ("C) is present in the recognition site, it was possible to
covalently attach two representative methyltransferases,
M.Hhal and M.Mspl, at their target sites, GFCGC and
FCCGG, respectively. Since the methyltransferases can be
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fused through genetic modification with additional binding
domains or other POls, this system holds potential for the
assembly of multiprotein aggregates.

The human  OSalkylguanine-DNA-alkyltransferase
(hAGT) is another self-labeling protein, also refered to as a
“snap tag”, which was developed by Johnsson and co-
workers.”7® The hAGT can be fused by genetic modification
to a POI and subsequently treated with benzylguanine-
modified DNA oligonucleotides (Scheme 11). This approach
has the advantage that no purification is required for the
POI-snap-tag conjugate, as demonstrated by the attachment
of ssDNA to distinct proteins within the crude E. coli
lysate.l”

3. Applications

DNA-protein conjugates are nowadays increasingly
applied in two areas: bioanalytics and the assembly of
biomolecular nanostructures.

3.1. Bioanalytics
3.1.1. Probes for Nucleic Acids and Proteins

The presence of two functional moieties means that
DNA-protein conjugates can be used as reagents for the
analysis of both nucleic acids and proteins (Figure 3). Early

a) _ » Signal b)
D~ Substrate
E » Signal
N~ PCR
Target
= gen)
-~ % 7
PEEE————— —

Figure 3. Application of DNA—protein conjugates in analytical systems.
Both the nucleic acid and protein portion can be used: a) sandwich
hybridization assay, where the tethered protein is an enzyme that
functions as the reporter; b) immunopolymerase chain reaction
(IPCR), where the protein is an antibody tethered to a DNA that
reports binding upon PCR amplification.

applications of these hybrids have focussed on nonradioactive
hybridization assays (Figure 3a). In these, alkaline phospha-
tase (AP),™ horseradish peroxidase (HRP),®! B-galactosi-
dase,®? lipase,®™™ or esterase®™ were used for catalytic
amplification of the signal for the detection of nucleic acid
analytes. In 1992, Sano et al. 81 described an innovative assay,
the immuno-PCR (IPCR), which enables the ultrasensitive
detection of proteins and other antigens by taking advantage
of DNA-protein conjugates. As shown in Figure 3b, IPCR
represents a modification of the conventional enzyme-linked
immunosorbent assay (ELISA). In IPCR, the DNA moiety of
the hybrid is amplified by PCR. The almost exponential
amplification power of PCR results in the IPCR method
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being about 1000-10000-fold more sensitive than the analo-
gous ELISA system. Thus, this immunoassay is widely
applicable in clinical diagnosis and biomedical
research.[*88] Recently, proximity ligation, a related tech-
nique based on DNA-antibody conjugates was developed by
Landegren and co-workers.™ In this approach, oligonucleo-
tides tethered to two different antibodies are ligated only in
the presence of the target protein, thus enabling subsequent
amplification of the DNA marker by PCR or rolling circle
amplification. This method is also suitable for the detection of
protein—protein interactions in whole cells. An efficient
coupling of the DNA marker with the antibody is essential
for the performance of all these immunoassays. Although
covalent conjugation based on maleimide coupling has been
described,® the signal-generating conjugates are often
prepared in situ by means of the (strept)avidin-biotin recog-
nition system.**!

3.1.2. Biochips

The physicochemical robustness and ready availability of
nucleic acid molecules enables DNA microarrays to be
fabricated by industrial processes, and today they are
established tools in genomics and biomedical research.*"
In contrast, the immobilization of microarrays of more
delicate proteins (such as receptor and regulator proteins)
at chemically activated surfaces is often obstructed by their
instability, since they generally reveal a significant tendency
to undergo denaturation.”!! DNA-directed immobilization
(DDI) of DNA-protein conjugates provides a chemically
mild process for the highly parallel binding of multiple
delicate proteins to a solid support by using DNA microarrays
as immobilization matrices (Figure 4).0%%1 The DDI method
takes advantage of specific Watson—Crick base pairing
between complementary oligonucleotides, one of which is
used as a tag for the protein to be immobilized and the other
one is bound to a solid substrate, thus functioning as a specific
capture molecule. In DDI applications, the lateral surface
structuring is carried out with stable nucleic acids, and thus
the DNA microarrays can be stored almost indefinitely. They
are functionalized with DNA-POI conjugates immediately
prior to use, for example, to generate biochips for immuno-
assays.’>?>®1 A particular advantage of DDI is that the
proteins retain their biological activity because they are
attached to the surface through the short double-stranded
DNA linker rather than being directly fixed to the surface
through multiple covalent or noncovalent contacts which may
restrict their conformational freedom and might lead to
(partial) denaturation of the tertiary structure. After the
assay, the DDI-based arrays can even be regenerated by
alkaline denaturation of the double-helical DNA link-
ers.[35,96,97]

Another advantage of DDI for microarray-based detec-
tion of protein—protein interactions stems from the fact that
the intermolecular binding of the target antigens by anti-
bodies can be carried out in homogeneous solution, instead of
by a less-efficient heterogeneous solid-phase immunosorp-
tion. The immuno complexes thus formed are site-specifically
captured at the microarray by nucleic acid hybridization.”>*?

Angew. Chem. Int. Ed. 2010, 49, 12001216
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Figure 4. DDI of proteins on surfaces. a) Schematic illustration and b)—e) demonstration of DDI for serum immunodiagnostics by using an array
of ssDNA patches prepared by nanografting.® The topographic AFM images and corresponding height profiles were obtained from ssDNA
nanopatches containing three different oligonucleotides (red line in b), after incubation with a solution containing ssDNA-STV (complementary
to patch B) and ssDNA-GOx (complementary to patch C) conjugates (black line profile in c), and subsequent incubation of human serum
containing antibodies against STV (blue line in d) and GOx (green line in €). The increase in height indicates specific immobilization for all

binding steps. Reprinted from Ref. [94] with kind permission.

This DDI capture principle was also applied in functional
proteomics to identify active members of small-molecule
libraries which bind to protein targets."*'® In this approach,
small-molecule inhibitors were conjugated to PNA oligomers.
The small-molecule portion of the probe is designed to bind to
proteins in a mechanism-dependent manner, thereby differ-
entiating between active and inactive proteins. The PNA
portion of the probes functions as a code for the synthetic
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history of the small-molecule part and, therefore, allows for
deconvolution of the probe through hybridization at an
oligonucleotide microarray. This method has been validated
with specific inhibitor probes for cathepsins® and caspase.*”
Furthermore, the approach has been applied to the discovery
of new proteolytic activities from dust-mite extracts.""!!
Additional applications of the DDI method concern the
area of invitro protein evolution. Two research groups
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established an approach to covalently link nucleic acids in situ
with proteins, such as single-chain antibody fragments.['*1%]
The principle is based on invitro translation of mRNA
covalently modified with a puromycin group at its 3’ end. The
peptidyl-acceptor antibiotic puromycin covalently couples the
mRNA with the polypeptide chain grown at the ribosome
particle, thus leading to the specific conjugation of the
informative (mRNA) with the functional (polypeptide)
moiety. This approach can be used for the high-throughput
screening of peptide and protein libraries, as well as for
generating protein microarrays."* Similar, snap-tag coupling
has been applied for genotype—phenotype coupling in the
context of protein selection from DNA libraries.!""”

The broad scope of the DNA-directed immobilization
principle is further emphasized by recent studies on the
generation of bioarrays containing living cells,®>0410%191 aq
well as by numerous examples regarding specific immobiliza-
tion of nonprotein components.!'"’

3.2. Nanofabrication
3.2.1. Stochastic Formation of Streptavidin Networks

A simple approach to functional DNA-protein nano-
structures is based on the self-assembly of STV and bisbio-
tinylated dsDNA fragments.!"'!l These divalent dsSDNA mol-
ecules interconnect the tetravalent STV, thereby generating
networks in which the STV is predominantly conjugated with
two dsDNA modules, as indicated by AFM imaging (Fig-
ure Sa). Since tri- and tetravalently conjugated STV mole-
cules occur with much lower frequency, these nanostructures
have a large residual biotin-binding capacity, which can be
utilized for further functionalization with biotinylated com-
ponents. For example, biotinylated antibodies have been
coupled to the nanostructures, thereby generating functional
complexes that are highly suitable for use in IPCR
assays.’3 111 Since the size, connectivity, and topography of
these oligomeric networks are comparable to those of DNA-
linked nanoparticle networks,''? the dsSDNA-STV oligomers
can also serve as model systems to establish fundamental
techniques for the immobilization and characterization of
such structures.""”! For example, the DNA fragments in the
networks are susceptible to external stimuli, thus giving rise to
the development of ion-switchable aggregates of nanoparti-
cles™ (Figure 5a), which can act as model systems for
functional nanomaterials with controllable interparticle spac-
ing or in which the DNA is accessible to enzymes.

The randomly assembled dsSDNA-STV networks can also
be converted into well-defined supramolecular DNA-STV
nanocircles (Figure 5a) by a simple thermal treatment.[!'¥]
Since they are readily available and possess a well-defined
stoichiometry and structure, these nanocircles can be further
functionalized with biotinylated haptens to produce func-
tional reagents for competitive IPCR assays. Such IPCR
assays have an approximately 1000-fold lower detection limit
than conventional competitive ELISA.') Moreover, STV
modules containing covalently bound ssDNA can be incor-
porated into the networks or nanocircles for another
approach to nanofabrication.'”! Such dsDNA-STV nano-
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structures might be useful for “biomolecular templating”, an
approach established mainly by Braun and co-workers,
whereby the electrostatic and topographic properties of
supramolecular DNA-protein complexes are used for the
templated growth of metallic nanostructures.' %17 It should
also be noted that the dsDNA-STV nanostructures have
proven to be useful as standards for the AFM study of the
topography of soft materials,'®l because the two different
biopolymers (DNA and proteins) occur in a highly character-
istic, well-defined, supramolecular structure. This enables
direct comparison of, for example, the deformation properties
of the biopolymers depending on the detection mode applied
in the AFM study.[''®!

3.2.2. Rationally Assembled DNA Nanoarrays

The groundbreaking work of Seemanl’ means that the
assembly of DNA superstructures and arrays with well-
defined structural features on the nanometer length scale is
nowadays well established.®* ! Much effort is currently
underway to extend the scope and applicability of such
DNA nanoarrays by adding functionality to the DNA super-
structures through decorating them with proteins. While the
assembly of linear one-dimensional arrays of DNA—protein
conjugates was already demonstrated in the 1990s,#"1%
protein modification of two-dimensional arrays was achieved
only recently. In an early demonstration, Yan et al. reported
the DNA-templated self-assembly of STV arrays through the
use of two-dimensional biotin-modified lattices prepared
from so-called 4x4 DNA tiles (Figure 5b).!1?! Biotin-cou-
pling was also used in subsequent studies to prepare arrays of
STV and STV-modified nanoparticles!'?'*! or even finite
nanoarrays, which can be used to position individual proteins
precisely, much like a molecular pegboard (Figure 5 c).l?*124
Since STV shows no functionality other than its high biotin-
binding capability, these studies primarily serve as proof-of-
concept for the rational approach to DNA nanoengineering.

To extend the functionality and to demonstrate applic-
ability in biosensing, similar assembly strategies were applied
by Yan and co-workers to fabricate nanoarrays comprising
aptamer motifs. These arrays were capable of selectively
capturing target proteins.">?! This approach also enabled
the generation of nanoarrays containing multiple different
proteins, such as thrombin and platelet-derived growth
factor."®! The incorporation of small-molecule recognition
groups, such as haptens (see Section 2.1.3)™! or peptides!'* to
recruit antibodies, was also explored. The latter approach was
based on site-specific hybridization of DNA—peptide conju-
gates to nanoarrays containing complementary ssDNA areas,
and the resulting architecture was used for the study of
protein—protein interactions.?’

DNA scaffolds generated by the so-called DNA origami
technique developed by Rothemund!™® have recently been
utilized for the fabrication of protein nanoarrays. For
example, Kuzuya et al. used the origami technique to produce
punched DNA nanotapes, which contain defined numbers of
nanometer-scaled wells of approximately 7 x 12 x2 nm. The
presence of two biotin groups attached inside these wells
enabled single STV molecules to be captured (Figure 5d)."!
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Figure 5. DNA-STV nanostructures. a) Stochastic self-assembly of dsSDNA-STV conjugates from 5',5"-bisbiotinylated DNA and STV; b=biotin.
The structure of the conjugates is simplified, since a fraction of the STV molecules function as tri- and tetravalent linker molecules between
adjacent dsDNA fragments (see AFM image A). The dsDNA-STV networks can be converted into dsDNA-STV nanocircles by thermal treatment
(see AFM image B);I"" the AFM images on the left illustrate structural changes observed for representative DNA,~STV, elements upon increasing
the ionic strenght.""” The relative distance between the protein particles descreases with increased supercoiling of the interconnecting DNA
linkers (state | =low salt; Il =intermediate; IIl=high salt). b) 2D nanoarray of oligomerized 4 x4 DNA tiles containing biotin groups for the
attachment of STV. Adapted from Ref. [120] with kind permission. c) Binding of a single molecule of STV on finite nanoarrays comprised of nine

4 x4 tiles. The AFM images indicate successful tagging of arrays at the expected tiles. In the control reaction, the arrays were exposed to
biotinylated targets that were not complementary to any tile. Reprinted from Ref. [123] with kind permission. STV-decorated DNA superstructures
produced by the origamic technique are shown in (d)*" and (e)."*
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In comparison to earlier work concerning the similar STV
fixation in wells of linear arrays comprised of nine-helix DNA
tiles,'*? the origami technique enabled significantly better
control over the immobilization."*! In other recent examples,
origami nanoconstructs containing NTA groups were used to
immobilize His-tagged fluorescent proteins,'” and multiple
STV molecules were selectively bound to origami structures
containing 24 biotinylated staple strands (Figure Se).'*
DNA nanoarrays have also been modified with biotin-
modified polyamides in a sequence-selective manner to
position STV molecules at predefined sites on the
array."* ' This approach should also be suitable for
modifying origami structures.

In addition to using DNA nanoarchitectures as templates
for positioning proteins, it is also fascinating that proteins can
be used to modify a given DNA nanostructure. Besides the
aforementioned protection of DNA against metalization (see
Section 3.2.1),"7 this approach was used by Seeman and co-
workers to construct a nanomechanical device for which the
switching stimulus was the protein E. coli integration host
factor (IHF). The device changed its shape when the DNA-
distorting THF was added."*! Another impressive example
was reported by Turberfield and co-workers, who used RuvA
to induce and stabilize conformational isoforms in DNA
nanoarrays.”””! RuvA is a protein that binds to the four-
stranded DNA structure formed in the Holliday junction—an
important intermediate in genetic recombination. Turberfield
and co-workers demonstrated by transmission electron mi-
croscopy that the addition of RuvA during the self-assembly
of two-dimensional nanocrystals completely changes both the
lattice symmetry and connectivity.

3.2.3. Adressing and Cascading of Enzymes

DNA nanoarchitectures have also been employed to
modify protein function and accessibility to proteins. For
example, Turberfield and co-workers encapsulated a single
cytochrome ¢ protein molecule in a rigid tetrahedral DNA
cage.'®® To this end, the protein was covalently attached to
one of the four oligonucleotides forming the cage. Very
interestingly, the authors were able to demonstrate that
successful encapsulation depended on the position of the
attachment site along one edge of the tetrahedron (Figure 6).
This phenomenon was clearly demonstrated by electropho-
retic mobility analysis and is in aggreement with the expected
helical trajectory of the attachment point along the edge. The
authors noted that the use of modified cages whose bars could
be extended or broken might allow functional control over
the encapsulated protein, thereby, for example, allowing the
possibility to initiate an apoptotic protease cascade.*®!

An example of how intrinsic enzyme functionality can be
changed by tethering DNA is shown by DNA-protein
conjugates prepared by cofactor reconstitution (see Sec-
tion 2.1.5). Such hybrids prepared from myoglobin (Mb)"? or
horseradish peroxidase (HRP)™* reveal largely altered cata-
lytic properties compared to the native enzymes. For example,
the presence of the bulky and highly charged oligonucleotide
in proximity to the active site dramatically increases the
catalytic properties of Mb.?! Interestingly, this effect strongly
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Figure 6. Encapsulation of a single cytochrome ¢ protein inside a
tetrahedral DNA cage. a) Four oligonucleotides were used for the
assembly of the tetrahedron; b) molecular model to illustrate that
cytochrome c fits inside the tetrahedron; c) gel electrophoretic analysis
of encapsulation efficiency. The encaged protein induces higher
electrophoretic mobility. Reprinted from Ref. [138] with kind
permission.

depends on the sequence of the appended oligonucleotide,
thus allowing the activity of such hybrid catalysts to be fine-
tuned.™ Very recently, a synthetic heme derivative contain-
ing an oligonucleotide and a photoactivatable Ru** fragment
was used for the reconstitution of Mb."*") The resulting hybrid
enzyme was capable of both catalyzing light-induced perox-
idation reactions and specific nucleic acid hybridization,
which enabled selective immobilization on solid supports as
well as recovery of the catalyst.

The DNA-directed assembly of enzymes can be applied to
the construction of artificial multienzyme constructs with a
high degree of spatial control. In biological systems, multi-
enzyme complexes have a mechanistic advantage during the
multistep catalytic transformation of a substrate because
reactions limited by the rate of diffusional transport are
accelerated by the immediate proximity of the catalytic
centers. This “substrate channeling” of intermediate products
also avoids side reactions. An early demonstration of DNA-
linked multienzymes was achieved by assembling oligonu-
cleotide-conjugated luciferase and oxidoreductase.'*!! The
enzymes catalyze the consecutive reactions of flavin mono-
nucleotide reduction and aldehyde oxidation, respectively
(Figure 7a). It was clearly observed that the total enzymatic
activity depended on the absolute and relative spatial
orientation of the two enzymes. More recently, oligonucleo-
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tide conjugates of glucose oxidase (GOx) and HRP were used
to generate a number of dienzymic complexes with various
spatial orientations.'*”! Kinetic rate measurements on the
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bilization of ssDNA-tagged antibodies on DNA-modified
gold nanoparticles (DNA-AuNPs) was used to generate
reagents for immunoassays.'**> In such hybrid particles
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Figure 7. Cascade of consecutive enzyme-catalyzed steps by a DNA—protein complex.
a) Surface-attached two-enzyme systems, as studied for oxidoreductase/luciferase,"!
or GOx/HRP combinations;!"* b) directed assembly of the GOx/HRP system on two-

(Figure 8b) the proteins are separated from the
metal surface by a highly hydrated layer of
dsDNA. This is advantageous to reduce their
general tendency to (partially) denature upon
direct contact with surfaces. Moreover, the non-
covalent assembly of such particles is highly
modular because ssDNA-STV conjugates can
be used as universal adaptors to enable ready
incorporation of any biotinylated protein. The
binding of such particles can easily be visualized
since the gold particles catalyze a reductive
deposition of silver,*!* thereby enabling spa-

dimensional hexagonal DNA nanoarrays!'! revealed significant greater proximity

effects than the examples in (a). Reprinted from Ref. [145] with kind
permission.

coupled reaction of glucose oxidation and peroxidation of the
fluorogenic dye Amplex Red revealed a significant increase in
the reactivity of those complexes in which GOx and HRP
were bound in direct proximity on the DNA carrier strand.

Willner et al. have also investigated the effects of DNA
assembly on the dienzymic system of GOx and HRP.!14] In
one study, the enzymes were assembled on linear DNA
carriers prepared by the rolling circle amplification (RCA)
process. In this case, the enzyme cascade could not be
activated in the absence of the organizing DNA template or in
the presence of a foreign DNA.'Y In the other study, the
enzymes were tethered to “hinges” of a two-dimensional
DNA scaffold made of two or four hexagonal DNA strips
(Figure 7b).1 The enzyme cascade proceeded effectively
only in the presence of the DNA template, while it was not
observed in diffusion-controlled homogeneous mixtures of
the same components or in the presence of noncomplemen-
tary calf-thymus DNA. It has previously been noted that
studies on enzyme cascades are not only useful in exploring
proximity effects in biochemical pathways, they may also
allow the development of novel catalysts for enzyme process
technology.'” It is now anticipated that self-assembling,
dynamic, and functional biomolecular networks could be
made by merging the addressability of DNA structures with
the versatile functionality of protein libraries.'*"

3.2.4. Functionalization of Nanopatrticles

With respect to synthetic nanosystems and materials
science, the developments in the DNA-directed organization
of semiconductor and metal nanoparticles®!>1414] have
stimulated the use of DNA-protein conjugates to decorate
and install functional moieties on the particle surface. For
example, ssDNA-STV conjugates were bound to biotinylated
gold nanoclusters, thereby enabling their hierarchical organ-
ization into supramolecular biometallic nanostructures (Fig-
ure 8a).""! The modularity of this assembly system allows
functional proteins, such as immunoglobulins, to be conven-
iently incorporated into the nanostructures for specific bind-
ing to complementary antigens."”) The DNA-directed immo-

Angew. Chem. Int. Ed. 2010, 49, 12001216

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

a) 0
o HNANH
oN JJV\,\)gﬂ biotinylated AuNP
H
— B — & &
SSDNA-STV ke g
a b cd d & f ¢g
b
) 1 jf” .
@ : )
ﬂﬂ% -~ B ol
Au Au i
& %
’ X
< ¥
\ A |
C) ‘@\k
:: ' FRET 1
- £
L . T
FRET 2

\ CdSe
-‘\ 73 ¢

Excitation mission

—

2' O /\E/’\/\fi
Figure 8. Functionalization of nanoparticles with DNA—-protein conju-
gates: a) hierarchical organization of biotinylated 1.4 nm gold nano-
particles (AuNPs). The AuNPs were coupled by means of covalent
ssDNA-STV conjugates and then these AuNP-loaded proteins subse-
quent assembled into biometallic nanostructures."” The construct
underneath contains a biotinylated antibody to enable specific binding
to antigens. b) DNA-directed immobilization of ssDNA-tagged anti-
bodies on colloidal DNA-modified gold nanoparticles (DNA-
AuNPs)." The ssDNA-STV conjugates were used in this example to
achieve maximum flexibility in the modular assembly of reagents for
immunoassays.! c) DNA—protein conjugate-based three-chromophore
FRET system assembled by electrostatic binding of ssDNA-EYFP and
subsequent DNA hybridization with dye-labeled complementary oligo-
nucleotides.™ For simplicity, only one DNA cylinder is drawn to
illustrate that the donor/acceptor separations can be controlled by the
helicity of the DNA.
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tially addressable detection of very low amounts of chip-
immobilized antigens.”!

The reversible immobilization of DNA-protein conju-
gates on the surface of DNA-AuNPs!"®!l was realized by
combining the above described strategy for nanoparticle
decoration with the concept of strand displacement, originally
developed for the generation of nanomechanical DNA
devices.®213%1 Covalent conjugates of ssDNA and the fluo-
rescent protein EYFP were used to monitor DNA-directed
binding and displacement of the proteins.">!! Both processes
could be conveniently followed by observation of the
fluorescence emission of EYFP, which was quenched upon
its binding to the gold nanoparticles. It should be noted in this
context, that DNA conjugates of fluorescent proteins (FPs)
are considered as building blocks to fabricate photonic
devices, which serve as models to mimic basic parts of the
photosynthesis machinery of living cells. The rapid develop-
ments in molecular and cell biology has led to a broad range
of FPs which cover the entire range of visible light being
available nowadays.*! Covalent tethering of FPs with DNA
oligonucleotides enables rational assembly of supramolecular
conjugates containing multiple (biological) chromophors with
defined spatial orientation to construct systems in which
Forster resonance energy transfer (FRET) is possible. These
systems can be analyzed by time-resolved and single-mole-
cule fluorescence spectroscopy.’*!>! FPs have also been used
to decorate luminescent semiconductor nanoparticles, often
referred to as quantum dots (QDs), to give FRET systems
that function as photonic devices and for the investigation of
basic spectroscopic phenomena.l'***”1 An example of how
DNA-protein conjugates can be used to investigate QD-FP
FRET systems is shown in Figure 8c. In this case, the ssDNA-
FYFP conjugate was attached to CdSe/ZnS QDs through
electrostatic interactions."™) Hybridization with complemen-
tary oligonucleotides labeled with an organic dye led to
FRET systems with three chromophores, in which donor/
acceptor separations could be precisely controlled by the
helicity of the DNA. This enabled the detailed study of FRET
processes by steady-state and time-resolved photolumines-
cence measurements. It was observed that the supramolecular
FP-QD complexes function as powerful donors, which
combine the intrinsic advantages of QDs (large and spectrally
broad absorption cross-section) and EYFP (high quantum
yield) to enable long-distance FRET processes of up to
13 nm.[!" The aforementioned assemblies of DNA-modified
FPs may, therefore, be regarded as the first examples of
photonic devices.

3.2.5. Miscellaneous

The scope of the applications of DNA—protein conjugates
in the nanosciences exceeds the topics summarized above. As
noted in Section 2.2.1, DNA oligonucleotides were incorpo-
rated as functional moieties into protein nanopores to form
nanoscaled devices for nucleic acid sensing (Figure 9).14%!
The resulting bioconjugates can be incorporated in lipid
bilayer membranes, thereby enabling the identification of
individual DNA strands with single-base resolution by using
patch-clamp techniques.*! Reagents for the detection of
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Figure 9. DNA-modified a-hemolysin nanopore (a), which can be used
for sensing nucleic acid hybridization (b). A positive electrical potential
drives negatively charged molecules from the cis to the trans side of
the bilayer. Negative current deflections in the traces (b) indicate the
binding of complementary oligonucleotides (green), while only short
downward spikes were observed for the translocation of a noncomple-
mentary oligonucleotide (red). Reprinted from Ref. [45] with kind
permission.

proteins have been created by nanoscale assembly of DNA-
tagged small molecules in a combinatorial screening
format.""***1 This approach led to the identification of
ligands for proteins that have a high-affinity because of
polyvalent interactions. This example, together with those of
DNA-antibody conjugates (Section 3.1.1), emphasizes the
general point that supramolecular constructs containing a
DNA structural backbone to control the spatial arrangement
of the binding sites allow the specific recognition of the
target’s topography, even when the individual epitopes are
either not nearby and/or individual affinities are only weak.
An additional great advantage of nanoscaled DNA-receptor
constructs is that the backbone can be modified and detected
by enzymatic means; thus, the supramolecular constructs are
detectable at extremely low levels and even in rather complex
environments as a result of the enormous potential of PCR
techniques.[®

DNA-protein conjugates have also been used to explore
strategies for molecular movement on solid supports. For
example, Stojanovic and co-workers have reported polycata-
lytic “spider molecule” assemblies comprised of STV mole-
cules conjugated with biotinylated nucleic acid catalysts
(deoxyribozymes) with phosphodiesterase activity.'®” As
shown by surface plasmon resonance, these conjugates are
capable of diffusing through a hydrogel matrix covered with a
high density of oligonucleotide substrates. The substrates
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were cleaved at similar rates as in solution. The loss of spider
molecules through diffusion outside the matrix was minimal.
Since lateral diffusion rates could be controlled through
variation of the recognition units and number of catalytic
“legs”, the authors anticipate that this approach might have
potential for drug-release devices.'®! Recently, Hiyama et al.
attached DNA oligomers to microtubuli (MT) proteins and
showed that the conjugates glide on kinesin motor proteins
immobilized on glass surfaces (Figure 10).1°) When the MTs

a) Loading site

sSDNA \‘; 3 ssDNA D) 51
SSDNA saT it ! _-— \ W‘w
Kinesiln YYYYYYJ I\(YYY **
Substrate
c) Unloading site A Unloading site B
ssDNAs ssDNAs
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d)

-

Figure 10. DNA-mediated autonomous loading (a,b), transport (c),
and unloading (d) of cargo to/from ssDNA-modified microtubuli
proteins (MT), which glide on kinesin-coated glass surfaces. Cargos A
(blue) and B (red) contain ssDNA which is complementary or non-
complementary to MT-ssDNA, respectively. Reprinted from Ref. [161]
with kind permission.

reach a loading side, they can pick up DNA-modified cargo to
transport and unload it at designated zones by strand
displacement. Experimental realization of this intriguing
system was disrupted by nonspecific interactions of the
cargo (1 um diameter avidin-mofified polystyrene beads)
with the MTs and the glass surface. Moreover, the biological
motor-based motility on the glass surface occurs in a random
fashion, and thus directional delivery can not yet be achieved.
Nonetheless, the example is fascinating because it impres-
sively demonstrates how the individual properties of nucleic
acids and proteins can be synergistically combined to
fabricate novel autonomous nanosystems.

4. Conclusions and Outlook

In this Review, examples are described which concern the
artificial combination of biomolecular building blocks of the
two large families of biopolymers—nucleic acids and proteins.
Chemistry is the key discipline in the development of
techniques for both covalent and noncovalent bioconjuation.
It is foreseeable that the current establishment of a broader
repertoire of methods will continue to meet the demands for
the individual modification of specific POIs with synthetic
DNA moieties, with precise control over the stoichiometry
and site selectivity. The functionality of the building blocks
means that applications of nucleic acid—protein hybrids are
extremely broad—particularly, because of the myriad of
evolutionary tailored functional proteins. It is therefore a
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challenge to select the appropriate functionality and render
the respective native protein suitable for abiotic modification
and application, without losing the intrinsic enzymic activity,
by taking advantage of modern methods of molecular biology
and enzyme process engineering. The establishment and
exploitation of DNA-protein conjugates inside living systems
represents another challenging goal. DNA-protein conju-
gates can be used in the areas of sensing, device fabrication,
and nanoconstruction. Advanced engineering of more-com-
plex DNA scaffolding (such as three-dimensional and/or
dynamic DNA architecture) as well as implementation of
DNA-modified nanoparticles with their size-dependent mate-
rial properties will certainly extend the scope of the DNA-
protein hybrids. The future of this class of molecules is bright
and most likely not limited to the generation of artificial
multienzymes, synthetic antennae and light-harvesting devi-
ces, or oligospecific receptor constructs. It seems that future
perspectives are only limited by the imagination of creative
researchers working at the cross-section of chemistry, biology,
and materials science.
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