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1. OVERVIEW
Bionanotechnology is an emerging field with great promise
in molecular science. The field is so new that it has yet to
be formally defined. However, it can be characterized as
a primitive technology that takes advantage of the proper-
ties of highly evolved natural products like nucleic acids and
proteins by attempting to harness them to achieve new and
useful functionalities on the nanoscale.
It is appropriate to compare bionanotechnology to the

technology of the paleolithic in which natural products
like wood and stone were shaped into implements and
devices. Much like the paleolithic technologists who used
knowledge of their surroundings to identify components
and processes used in tool-making, modern bionanotech-
nologists use knowledge of chemistry, biochemistry, and
molecular biology to identify components and processes for
the construction of self-assembling materials and devices.
Paleolithic technology was limited by the basic properties of
natural products like wood and stone. Wood and stone could
be shaped and modified, but they could not be forced into
the arbitrary de novo designs that can be attained with our
modern understanding of wood composites and ceramics.
In a like fashion, bionanotechnology is limited by the basic
properties of biomolecules. The field will certainly mature
in the near future, but this maturation will require, among
other things, advances in our understanding of the nature
of nucleic acid and protein folding so that arbitrary de novo
design of such molecules can be contemplated.
Like other forms of nanotechnology, bionanotechnology

seeks to define approaches to the fabrication of useful

materials and devices. However, the construction princi-
ples utilized in the field often originate in biology and
the goals are often biomemetic (e.g., the construction of
biosensors [1]) or aimed at the solution of long-standing
research problems (e.g., protein crystallization [2]. Nonbio-
logical problems have also been approached in attempts at
the construction of electronic circuitry using biomolecules
[3] and the construction of a fuelled nanomechanical oscil-
lator [4] and a nanomechanical switch [5). At the heart
of these approaches is the concept of self-assembly. Self-
assembly of ordered elements is a defining property of living
things. Moreover, the progressive increase in the complexity
of the processes used by living things in self-assembly is a
defining property of evolution. During the roughly 4.2 bil-
lion years of prebiotic and Darwinian evolution that have
taken place on earth, an almost incomprehensible variety of
molecular structures, functionalities, and associations have
appeared. This evolutionary experience is stored in modern
living systems. For this reason, modern living systems com-
prise a wealth of addressable macromolecular components.
Of these, the nucleic acids and proteins are the most easily
manipulated and the best understood. Thus, it is not surpris-
ing that they have been the first to be exploited to produce
nucleoprotein-based addressing systems in nanobiotechnol-
ogy [6–11] that attempt to exploit self-assembly and ordered
proximity.

1.1. Creation of Biomolecular Machines
by Directed Evolution

A machine is usually defined anthropomorphically as a
device having a purpose [12]. A more general definition
is as an assemblage of parts that transmit forces, motion,
and energy one to another in a predetermined manner [13].
Such definitions are meant to encompass the spectrum of
machines from the simple lever and wedge to the most
complex networks of automata. In biology this definition
encompasses an even broader spectrum of entities from the
simplest biomolecular catalysts to the planetary biosphere.
The central thesis in modern biology has been that the plan-
etary biosphere arose spontaneously. Consequently an enor-
mous amount of scientific research has been focused on
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2 Nucleoprotein Assemblies

understanding how the earth underwent a transformation
from an apparently lifeless state to the biosphere that it has
now become.
A significant body of knowledge in support of this spon-

taneous transformation has now been accumulated in the
field of prebiotic chemistry. This body of knowledge sug-
gests pathways for the spontaneous production of each of
the components of nucleic acids and proteins from con-
ditions likely to have been present on the primitive earth
[14, 15]. Most of this work has been aimed at construct-
ing plausible routes to self-assembling chemical systems that
would become subject to Darwinian natural selection. Work-
ing backward from apparent molecular fossils, the stated
goal of these studies is to plausibly order the events that
occurred on the prebiotic earth that gave rise to Darwinian
evolution [16, 17].
The discovery of unifying principles in this area has

been stimulated enormously by the discovery that nucleic
acids themselves can serve as catalysts and must therefore
be listed with peptides and proteins as the raw materi-
als of simple biomachines. The current hypothesis is that
the early stages of prebiotic evolution generated a series
of supramolecular aggregates composed largely of RNA.
These aggregates, sometimes termed metabolosomes [18],
are postulated to have attained a high degree of complexity
permitting them to carry out a complex series of chemical
transformations. The level of complexity at which evolution
by natural selection could take hold has been called the
Darwinian threshold [17]. It is thought that the entity that
crossed this threshold was a supramolecular aggregate that
possessed the capacity for self-assembly, self-replication,
and perhaps translation (i.e., the capacity to convert infor-
mation stored in ribonucleic acid sequences into protein
sequences [17]).
In efforts designed to recreate the basic designs for the

postulated primitive nucleic acid machines, simple labora-
tory procedures for their construction have been developed
using the principles of directed evolution in vitro [19–24].
Generally these techniques involve the production of a pool
or library of nucleic acid sequences that are subjected to a
selection process involving binding or catalysis. Those mem-
bers of the library that can perform the binding or catalytic
task dictated by the selection criterion are retained by the
selective process. Initially, this represents only a tiny frac-
tion of the initial library. This fraction is copied so as to
increase the total number of copies of the selected species.
After repeating this process many times, the resulting pool is
thus reduced in complexity to a few representative molecules
having the desired properties.

1.1.1. Aptamers
Aptamers represent perhaps the simplest class of molecu-
lar machine that has been produced by using bionanotech-
nology. The word aptamer is derived from the Greek word
“aptus” meaning to fit, in this case, a molecule adapted to fit
into another molecule. Under the first definition above [12],
aptamers represent a class of molecular machine that can be
considered to be devices having a specified purpose: binding
to a ligand. Ligands that have been bound include organic
dyes [23], proteins [25], other small molecules [26], and

other nucleic acids [27]. Aptamers have been produced from
both DNA [25] and RNA [23]. Although most aptamers
are essentially static machines, in the sense that a wedge
is a static machine, more recently aptamers have been pro-
duced that exhibit behavior that can be regulated by a small
molecule [28]. This suggests that the ligand either modifies
the structure of the aptamer so that it fits into its target
site properly or that the ligand forms part of a complex
complementary to the targeted binding site. In short certain
aptamers may be dynamic machines since they appear to
move in order to bind.

1.1.2. Ribozymes
It is a short step from binding to catalysis because bio-
logical catalysts are selected so as to bind to and thereby
stabilize transition states in a given reaction pathway. This
property of catalytic biomolecules allows them to drive
many organic reactions at ambient temperatures with rea-
sonable efficiencies. RNAs with these properties are readily
isolated by directed in vitro evolution techniques. In vitro
selected ribozymes exhibit rate enhancements ranging from
103 to 105 over the uncatalyzed reactions. RNAs that have
been isolated by these methods include those that catalyze
carbon–carbon bond formation in a Diels–Alder reaction
[29], phosphate bond cleavage in cleaving single-stranded
DNA [22], phosphate bond formation during RNA poly-
merization [30], RNA ligation [31], carbon–nitrogen bond
formation during self-alkylation [32], and carboxyl attack on
phosphorous during amino acid activation.

1.1.3. Deoxyribozymes
Most secondary structure in nucleic acids involves hydro-
gen bonding. Since DNA lacks the 2′ hydroxyl group on
ribose that is present in RNA, it possesses a reduced poten-
tial for hydrogen bond formation and was initially thought
to be less suitable for in vitro selection of aptamers and
catalytic nucleic acids because it cannot adopt as many sec-
ondary structures as RNA (i.e., its conformation space [33]
is restricted relative to RNA). This initial concern notwith-
standing, catalytic DNAs of many types have also been
selected by directed in vitro evolution. Porphyrin metallation
[34], peroxidase activity [35], phosphoesterase activity [36],
and DNA degrading activity [37] have all been documented,
suggesting that the collection of accessible deoxyribozymes
may be nearly as extensive as the collection of ribozymes.

1.1.4. Enzymes
Biologically occurring deoxyribozymes have not yet been
observed. Biologically occurring ribozymes are rare, but sev-
eral are known to exist. Catalytic proteins (enzymes), on the
other hand, are the overwhelmingly predominant catalytic
molecules in living things, with many thousands of different
forms present in the average mammal, for example. Thus,
by any measure, the collection of biologically occurring cat-
alytic proteins (enzymes) is currently much larger than the
collection of known catalytic nucleic acids since it encom-
passes the vast majority of the aggregate number of gene
products contained in all species now present on earth. Even
so, directed evolution techniques have been applied to the
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development of new enzymes. Here, the methods are gener-
ally based on the selection of whole bacteria. In this process
the bacteria develop previously unknown catalytic functions
by recruiting proteins that are normally expressed in the
bacteria for other purposes through a process of mutation
and selection [38, 39]. For example, bacteria that are nor-
mally unable to use a certain sugar for growth are exposed
to a DNA damaging agent that introduces random changes
(mutations) in the genetic code of the organism. Most of
these changes are deleterious and either cause the bacte-
ria to die or grow more slowly than it would in its natural
growth medium. However, if the mutated bacteria are forced
to grow on the sugar that they are normally unable to use,
a small fraction of them (perhaps 1 in 108� will be able to use
the sugar in question for slow growth. Subsequent rounds
of this mutagenesis and selection process yield new enzyme
functionalities associated with absorbing and breaking down
the sugar in question. Such de novo protein development
completes the spectrum of currently known techniques for
the de novo development of nanoscale components available
for nanobioscience and nanobiotechnology.
Each of these de novo methods takes advantage of the

almost incomprehensible conformation spaces available to
proteins, RNAs and DNAs [33] as noted above. Given
the hydrogen bonding capacities of each polymer and the
number of commonly observed monomeric building blocks
(4 each for nucleic acids and 20 for proteins), the number
of available conformations is canonically ordered as fol-
lows: protein � RNA > DNA when each oligomer con-
tains the same number of monomers. It is worth noting
that even the conformations available to the most restricted
system (the DNAs) is 4n (where n = sequence length in
nucleotides) assuming only one conformation per sequence.
It is clear that the vast collection of shapes available to
oligmers of modest length �n > 20� offers an almost inex-
haustible wealth of potential devices available for nanoscale
assembly.

1.2. Modification of Existing
Biomolecular Machines

Directed evolution has provided a productive route to the
de novo selection of new nanoscale machines; however,
with proteins, it has often been simpler to modify exist-
ing molecules for purposes related to their current function.
This makes recombinant DNA technology among the most
powerful tools in bionanotechnology. Recombinant DNA
technology is generally used to place desired proteins under
the control of specific DNA sequences, called promoters,
that permit the production of large quantities of the desired
material. This is generally coupled with the second tool,
site-directed mutagenesis, which allows the modification of
the protein itself. In site-directed mutagenesis, recombinant
DNA techniques from molecular biology are used to alter
the genetic code so as to modify the amino acid sequence
of the protein. The resulting proteins have generally been
redesigned so as to suit a particular application. In gen-
eral these alterations improve stability or functionality of the
protein in a given application.
These techniques have been used to optimize [40, 41] the

capacity of the light harvesting protein bacteriorhodopsin to

cycle between two stable photochemical states so as to per-
mit the construction of a three-dimensional memory device.
In this device the modified protein is first immobilized in a
matrix. A paging laser at 570–630 nm is used to cycle the
engineered bacteriorodopsin from an all-trans state through
a series of 13-cis retinal states to a light-adapted proto-
nated all-trans retinal state. A full power write laser at
680 nm acting orthogonally through an active matrix liq-
uid crystal light modulator is then used to convert volume
elements of the protein-containing matrix from the light
adapted all-trans retinal isomer to the 9-cis isomer to set
the state of engineered protein in the matrix, thus creating
a three-dimensional (3D) (volumetric) information storage
pattern. The 570–630 nm paging laser is coupled with the
680 nm laser at low power to read the information by pro-
jecting the stored data onto a charge-coupled device. Bac-
teriorhodopsin is stable in this state and data stored in this
manner are stable for decades in the absence of blue light
or high temperatures. Erasure is accomplished with a 410–
430 nm diode-pumped laser that converts the 9-cis to one of
the all-trans states.
This working system integrates bionanotechnology (pro-

tein engineering and 3D immobilization techniques) with
laser based input–output (IO) technology to achieve a stor-
age device that is resistant to the high levels of radiation and
shock required for satellite communications, while achieving
a 1000-fold improvement in memory storage capacity over
currently operational devices. The ultimate goal of bionan-
otechnology is to create devices based on biomolecules that
achieve the even greater degree of complexity and miniatur-
ization exhibited by living things.

2. SUPRAMOLECULAR ASSEMBLIES
A key step in the origin of life appears to have been the
origin of translation [17, 18]. Translation is the process
by which RNA sequence information is copied into pep-
tide or protein sequence information. In general, this is
assumed to have occurred at a time in prebiotic evolution
when catalytic RNAs provided the only mechanism by which
metabolic interconversion of chemical compounds could be
accomplished. The appearance of translation is thought to
have moved evolution to a new plane in which supramolec-
ular aggregates (SMAs) appeared that had crossed the
Darwinian threshold (i.e., the point at which the complex-
ity of the aggregate permitted replication, self-assembly, and
natural selection). This transition is thought to have been
achieved by incorporating information storage and feedback
to the storage mechanisms [17].
The modern ribosome is generally considered to be a

molecular fossil representing a highly refined version of one
of the key components of these supramolecular aggregates
or SMAs. The more primitive SMAs that gave rise to them
are generally thought of as metabolosomes in which nucleic
acid scaffolds of RNA called organizing centers held cat-
alytic RNAs in place by base-pairing between a short region
of the nucleic acid scaffold and a short region of the catalytic
RNA [18]. In this model, the alignment of sequestered cat-
alytic RNAs was set by the sequence of the complementary
RNA in the organizing center. This alignment and proxim-
ity is thought to have facilitated sequential reactions in the
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metabolosome. The linear arrangement along the organiz-
ing center is thought to have been translated into the linear
arrangement of amino acids, thus promoting the forma-
tion of peptides by ordering condensation reactions through
appropriate juxtaposition of the amino acid adapters com-
posed of RNAs. It is thought that these adapters ulti-
mately evolved into modern transfer RNAs or tRNAs and
that they continue to serve this purpose in modern living
things. Bionanotechnological approaches to the construction
of supramolecular aggregates have adapted many of these
biological principles.

2.1. Creation of SMAs Using Base-Pairing
in Complementary Nucleic Acids

Several nucleic acid scaffolds have been constructed using
DNA complementarity. These scaffolds are assembled by
annealing complementary DNAs followed by enzymatic lig-
ation, or splicing, of the subsections of a larger entity. The
scaffolds are defined by their connectivity. A cage having
the edge connectivity of a cube [42] has been character-
ized, as well as a system with the connectivity of Borromean
rings [43], the connectivity of a truncated octahedron [44],
and the connectivity of a 2D lattice [45]. Thus, the topol-
ogy available for the construction of supramolecular aggre-
gates is quite elaborate. This topology has been used in
the construction of a two-state switch that is actuated by
changes in salt concentration [5] and in the construction of
a DNA-fuelled oscillator [4] that is activated by the addition
of oligodeoxynucleotides.
The two-state switch is based in the well-known transition

of DNA from the right-handed B-form double helix seen
at low salt to the left-handed Z-form double helix seen at
high salt. In Z-DNA the phosphate backbone zigzags around
the stacked base pairs instead of winding smoothly around
them in a helical pattern as it does in B-form DNA [5].
This conformational change twists the DNA from the right-
to the left-handed form, and it is favored by sequences
that are rich in guanine–cytosine base pairs. Interestingly,
it was found that a double-crossover molecule could be
made to stabilize two duplex strands of DNA into a side by
side arrangement that appears to remain in the B-form at
high salt. Double-crossover is a term from genetics used to
explain genetic exchanges that often occur during the DNA-
strand exchanges that characterize recombination in biol-
ogy. Physically a system of this type comprises four strands
of DNA intertwined so that two of the strands cross over
from one of the double helices to the other and back again
so as to constrain them to lie side by side. This rigid sys-
tem resists conformational change as salt concentration is
altered. When two double-crossover systems are connected
by a short double-stranded region that is rich in guanine–
cytosine base pairs, the two double-crossover regions at
either end of the double-stranded region can be made to
lie on the same side of the double-stranded region at low
salt and on opposite sides of the region after the B to Z
transition induced by high salt. Resonant intramolecular
energy transfer from chromophores placed at the ends of
the double-crossover strands that lie near the linking region
can be used to detect the change in proximity induced by the

increase in salt concentration. In effect, the system becomes
a biosensor that can detect changes in salt concentration [5].
The DNA-fuelled oscillator likewise induces nanome-

chanical motion in a supramolecular assembly formed
from DNA [4]. Here again, resonant intramolecular energy
transfer is used to detect the close approach of two chro-
mophores during the formation of a duplex waste prod-
uct from the sequential addition of two complementary fuel
strands. The system essentially makes use of strand displace-
ment in DNA. Here a chromophore and a fluorescence
quencher are placed at each end of a short DNA strand
during synthesis. This short strand is hybridized (annealed)
to two strands that are complementary to the ends of the
chromophore-containing strand, extend beyond the ends by
several nucleotides, but do not cover the central nucleotides
of the chromophore-bearing strand. In this state the duplex
DNA region is extended by the stiff stacking interactions
along the Z-axes of the two duplex regions, thus maintain-
ing the ends of the strand containing the chromophore and
the fluorescence quencher at a distance adequate to pre-
vent quenching of the fluorescent signal. Once this state is
achieved, a closing fuel strand is added that is complemen-
tary to the unpaired ends of each of the previously added
strands but is longer than one of them so as to leave another
unpaired region. Once annealed, this strand forces the
chromophore-containing strand into a hairpinlike conforma-
tion that juxtaposes the chromophore and the quencher,
extinguishing the fluorescence signal by resonant intramolec-
ular energy transfer. The system remains in this conforma-
tion until an opening fuel strand is added that is completely
complementary to the closing fuel strand added previously.
Annealing between the two fuel strands begins at the short
unpaired region and continues by strand displacement until
the opening fuel strand that maintains the chromophore con-
taining strand in the hairpin conformation is stripped away
to relax the system and permit fluorescence to reappear [4].

2.2. Creation of SMAs Using
Complementary Protein Domains

Multisubunit proteins can exhibit a form of complementar-
ity between subunits that results in self-assembly of defined
multimolecular protein aggregates. Protein–protein interac-
tion is not easily predicted, as can be anticipated from
the increased complexity intermolecular interactions possi-
ble between the 20 common amino acids compared to that
of the 5 common bases that comprise the nucleic acids.
However, as the number of known 3D protein structures
has increased it has become possible to catalog numer-
ous interactions between internal protein domains that can
be reproduced with synthetic peptides. For example, the
SH2 and SH3 domains of the Src tyrosine kinases are
known to interact with phosphotyrosine and proline rich
motifs to form internal associations that influence kinase
activity. SH3 and SH2 are well characterized examples
of protein domains whose natural folds are spontaneously
adopted by recombinant peptides containing the native pep-
tide sequence �46� 47�. Each isolated domain retains its affin-
ity for phophotryosine (SH2) or proline rich peptides (SH3)
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that interact with these domains to form complex associa-
tions involving the Src kinases.
In general, domain–domain interactions also govern the

spontaneous association of multisubunit proteins. Dimeric
proteins often associated with DNA-binding proteins [48]
represent the simplest examples of these aggregates. In addi-
tion, the multimeric assemblies that form viral capsids [49]
provide examples of the complexity that is achieved in biol-
ogy with simple interactions of this type. The symmetry rules
that govern the self-assembly of these subunits into complex
multimers are well known [49, 50].
These advances in the understanding of protein domain

structure have allowed the construction of fusion proteins
(i.e., chimeric proteins constructed by recombinant DNA
techniques that fuse disparate functional domains in to a sin-
gle unit) with predictable subunit–subunit complementarity
that have been used in the formation of a closed tetrahe-
dron protein cage and an extended protein filament [51].
The closed protein cage was designed by searching a pro-
tein database for dimeric and trimeric protein structures
that begin or end in an alpha helix. Molecular modeling
was than used in computer-aided design of a fusion between
domains thus identified. Once models were constructed, they
were examined to determine whether or not they possessed
appropriate symmetry for self-assembly into a closed geo-
metric figure. One fusion between the trimeric bromoper-
oxidase of Streptomyces aureofaciens and the dimeric M1
matrix protein of the influenza virus was shown to be capa-
ble of the formation of a tetrahedral cage by molecular mod-
eling. Molecular cloning techniques were used to express
the designed fusion protein in E. coli. The purified fusion
protein was shown to form the expected tetrahedral cage
based on sedimentation velocity, light scattering, and elec-
tron microscopy experiments. Similar methods permitted the
construction of an extended filament [51].
Biomolecular motors are also potential components of

a variety of protein containing devices that have obvious
potential in structuring or redirecting flow and mixing in
nanofluidic systems. The F1-adenosine triphosphate syn-
thase (F1-ATPase) provides a well-studied example of a
molecular motor. It is also a naturally occurring supramolec-
ular protein aggregate, comprising three alpha, three beta,
and one gamma protein subunits. It is effectively a three-
point stepper motor that generates ATP from ADP and inor-
ganic phosphate by using rapid sequential conformational
changes driven by a proton gradient. The conformational
changes associated with the stepwise rotation of the pro-
tein rotor (i.e., the gamma subunit) between the surrounding
sets of alpha and beta subunits cause the enzyme to cat-
alyze the formation of ATP. This mechanism of action was
deduced through studies of the biochemical kinetics of the
system [52]. It was later supported by 3D structure deter-
mination [53] and unequivocally demonstrated by chemical
means [54] and by direct real-time observation [55, 56] of the
reverse reaction in which ATP is hydrolyzed. These advances
in understanding of the system have permitted it to be
modified using site-directed mutagenesis so that it could
be mounted on an engineered substrate in order for it to
be able to produce controlled rotation of synthetic arms.
Rotation can be initiated by the addition of one compound
(2 mM adenosine triphosphate) and halted by the addition

of another compound (sodium azide). With further protein
modification, rotation could be halted by the addition of the
metal ion Zn2+ and reinitiated by the addition of the metal
ion chelator EDTA. In short, the rotation of this modified
machine can now be controlled by changing its chemical
environment [57–59].

2.3. Addressable Supramolecular
Assemblies Based on Nucleic
Acid Complementarity

As noted above the key feature postulated for metabolo-
somes is the ability of the nucleic acid scaffolds that
formed the organizing centers to sequester and align nucleic
acid adapters. Base-pairing between a short region of the
nucleic acid scaffold and a short region of the adapter is
thought to have generated the appropriate alignment of the
adapters [18]. This concept has also been employed in sev-
eral applications in bionanotechnology. See Figure 1.
For example gold nanoparticles can be linked to DNA by

attaching alkanethiol groups to the ends of single-stranded
DNA molecules [10, 11]. When the modified DNAs are

Figure 1. Addressable nucleoprotein assemblies. (a) Molecular
addressing using nucleic acid complementarity. Here the central
duplex is formed either by DNA �DNA interaction or by DNA �RNA
interaction along a DNA or RNA organizing molecule. Short tethers of
DNA are used to link thermostable moieties to which other molecules
can be attached (e.g., gold or streptavadin molecules) indicated by
the spheres [6, 11]. (b) Molecular addressing using protein–nucleic
acid interaction. Here the central duplex contains 5FdC residues that
form covalent complexes with DNA (cytosine-5) methyltransferase
fusion proteins as they catalyze methylation of the DNA target. The
fusion proteins are ordered along the DNA sequence based on the
biospecificities of the cytosine methyltransferses of which more than 40
are known [8]. Each fusion protein can carry a different functionality
indicated by the irregular shapes attached to each sphere. (c) Molecular
addressing to a lattice. In this proposal [70] a lattice of DNA is ligated
together so as to serve as a host for guest molecules (ovoid shaped
objects). The purpose of this proposal is to drive crystallization so as
to facilitate 3D structure determination. (d) Molecular addressing of
silicon objects to a patterned DNA surface. In this proposal, DNA is
patterned onto a surface (depicted here as a checkerboard). Silicon
objects bearing complementary DNA strands on one of their surfaces
are moved into the vicinity of their complementary strands on the
surface pattern where they should attach biospecifically [9]. The
attached object is linked to the DNA strands on the front left of the
surface. Noncomplementary DNA states at the right rear of the surface
are ignored.
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exposed to a gold surface they adsorb by forming cova-
lent bonds between the gold and sulfur atoms. Like other
metal sulfur bonds the Au–S bond is very strong and can
easily link a long DNA molecule tightly to the surface
of the gold particle. The sequences of the attached DNA
molecules can be chosen so as to be complementary to
a linker strand. This permits the nanoparticles to sponta-
neously self-assemble into aggregates when mixed with the
linker strand [10]. If they are complementary to a linear
DNA strand, then they can be tethered to duplex DNA in
an ordered fashion [11] around the screw axis of the B-DNA
molecule (36�/base-pair). This approach can also be used to
order the thermostable-protein streptavadin along the screw
axis of a DNA helix [6]. Here biotinylated DNA is allowed
to interact with streptavadin prior to nucleic acid hybridiza-
tion. The steptavadin protein binds to the end of the DNA
due to the innate capacity of streptavadin to bind extremely
tightly to biotin. A DNA or an RNA organizing molecule is
then used to sequester and align the tethered streptavadin
molecules [6] much as originally envisioned by Gibson and
Lamond [18] for the metabolosome. When DNA is used as
the organizing molecule the streptavadin moieties should be
arrayed in accordance with the screw axis of the B-DNA
molecule (36�/base-pair). When RNA is used this orienta-
tion is expected to be in accordance with the screw axis of
the RNA �DNA hybrid (30�/base-pair).
Both the gold and the streptavadin aggregates pro-

vide the opportunity for secondary assembly via the gold
or streptavadin moiety. For example, the streptavidin
molecule binds biotin with a stoichiometry of four biotin
residues per protein moiety, leaving three unused sites
on the DNA–streptavadin conjugate. These unused sites
have been used to attach biotinylated antibodies to DNA-
tethered streptavadin [6]. This permits the derivatization
of microstructured surface arrays of DNA using the base-
pairing complementarity of the array so as to convert it to
a protein array of different antigen specificities [6]. Further,
by adding biotin to both of the 5′ ends of complementary
oligdeoxynucleotides it has been possible to form ring struc-
tures or networks of DNA linked by two, three, or four
biotin contacts per streptavadin residue [60].
Biotinylated proteins can be linked to streptavadin and

then targeted to DNA or RNA organizing molecules.
Although high-fidelity annealing is generally only achieved
at temperatures above 50 �C, annealing with bound proteins
can be carried out at room temperature [61]. Alternatively,
biotinylated proteins can be sequestered without regard to
order along an organizing DNA or RNA molecule by incu-
bating them at low temperature with streptavadin molecules
tethered to DNA or RNA [62].
Using these methods, the effects of protein proxim-

ity have also been studied with this system. Here, the
NAD(P)H/FMN oxidoreductase was placed adjacent to
luciferase in order to improve the properties of light emis-
sion by the system that is normally coupled by these enzymes
in their soluble form. Chemical biotinylation of proteins is
not regioselective and can damage proteins. To avoid this
problem, fusion proteins were prepared that contained a
biotin acceptor region from the E. coli biotin carboxy car-
rier protein. This served as a biospecific attachment site for
E. coli biotin ligase for the regiospecific attachment of biotin

to the luciferase and to the NAD(P)H/FMN oxidoreduc-
tase. Streptavadin-containing adapters were attached to the
fusion proteins and annealed to a DNA-linker strand that
linked the two enzymes either to the same or to different
strands. The SMAs thus created were then deposited on a
microplate surface again through a streptavadin–biotin link-
age to the end of the carrier strand. A 2.0- to 2.5-fold rate
enhancement was observed when the proteins were adja-
cent on a linear DNA compared to randomly placed on a
surface [61].
Each of these systems results in a free (often soluble)

nanoscale assembly. On a larger scale DNA sequences can
be manipulated by electrophoresis in ways that immobilize
them on the micro- and submicroscale [63]. Such arrays
become templates for addressing silicon and gold compo-
nents [9] as well as biotin linked antibodies and proteins
�6� 61� 62�.

2.4. Addressable Supramolecular Assembly
Based on Protein-DNA Specificity

The feasibility of an approach to addressable self-assembly
that enables the construction of ordered assemblies and
devices has also been described [7, 8, 64–66]. The princi-
pal advance brought about by this work is the ability to
place fusion proteins in preselected positions on a DNA
scaffold under conditions that do not denature sensitive pro-
tein components. The protein–nucleic acid structures self-
assemble at 5FdC [7, 8, 64] or dU substituted [66] recogni-
tion sites. Order is specified during the synthesis of the DNA
by placing DNA methyltransferase recognition sites along
the DNA. Two- and three-address assemblies are obtained
in good yield [65], and fusion proteins have been constructed
and targeted to preselected sites on linear [8] or branched
targets [67].
One advantage of fusion protein-targeting over strep-

tavadin protein-tethering is that a covalent linkage is estab-
lished between the cytosine methyltransferase and the DNA
that is heat stable. Thus, an array of ordered fusion proteins
that might find application in a thermal cycling system could
be constructed by this method without difficulty, whereas the
streptavadin system would break down under repeated ther-
mocycling not only at the level of nucleic acid but also at
the streptavadin–biotin linkage. With the tethering system,
one could imagine ligating the tethers in place after assem-
bly had taken place at lower temperatures. However, streric
problems would reduce yields in many cases and ligation
would not solve the problems associated with the biotin–
streptavadin linkage in this application.
An advantage of tethered assemblies like those ordered

by streptavadin conjugation is that the length of the tether
can be varied in order to accommodate proteins or other
elements of unknown dimensions by trial and error. On the
other hand, the use of methyltransferase fusion proteins in
ordering elements on DNA or elements that contain DNA
requires considerable effort in computer-aided design. This
is because the structural imperatives that are imposed by
such assemblies must be anticipated, insofar as is possible.
As noted above for the construction of SMAs from fusion
proteins [51] extensive use of the 3D structures of proteins
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available in protein databases is made [7, 8, 64, 66] in devel-
oping potential fusions and SMAs based on this method.
Once it is determined that the proposed design can assem-
ble spontaneously, it is important to test these predictions in
several ways. Several interesting phenomena have surfaced
in producing these assemblies.
For example, as DNA is added to either side of the four

base-pair binding site in a linear DNA molecule, it has been
shown that the rate of the coupling reaction between methyl-
transferases and the targeted 5-fluorocytosine residues
increases in an apparently sigmoid fashion [8]. The initial
inflection point in this reaction rate occurs at about 25
to 30 bp of total length for two unrelated bacterial cyto-
sine methyltransferases (M �HhaI and M �MspI). This was
interpreted as the kinetic footprint of the enzymes (i.e.,
the minimum space required for unhindered approach by
a methyltransferase to its targeted recognition sequence).
However, the 3D structure of M �HhaI bound to DNA
shows that it only physically covers about 13 bp of DNA [68],
suggesting that it could be made to decorate DNA recogni-
tion sites that are closer then the 25 bp inferred from the
kinetic experiments. This inference from the 3D structure
turns out to have been correct, since three-point assembly
along a linear molecule has been achieved with center to
center placements as close as 17 bp [65].

3. DESIGNS
Although a considerable number of technical and struc-
tural feats have been achieved in bionanotechnology, an
even larger number of designs for devices and assemblies
based on addressable assembly have been proposed. See
Table 1. Of these, many continue to be biomemetic with
antecedents in prebiotic evolution. Proposals for macro-
molecular carcerands [69] and host–guest systems [70, 71]
containing DNA form an important set of examples, since
the protective nature of these assemblies touches upon one
of the long-standing problems in prebiotic evolution: under-
standing how DNA ultimately became intertwined with the
postulated RNA world. Given the rules that have emerged
defining the attributes of the entity that first crossed the
Darwinian threshold, it would appear that DNA was not
required for the initial evolution of primitive supramolecu-
lar aggregates or metabolosomes [17, 18]. Nevertheless, the
best evidence suggests that DNA was recruited early on in
the evolution of these SMAs [16].
Recent discoveries on the structure of the supramolec-

ular aggregates present in the macronucleus in protozoans
and the nucleolus in primitive eukaryotes suggest that these
structures may make use of the cohesive ends of DNA pro-
duced by telomerase. Telomerase is a molecular fossil with a
structure resembling that of a ribosome, in that it comprises
several proteins assembled on a functional RNA. In this
case, however, one of the protein moieties serves to comple-
ment the RNA moiety in such a way that the supramolecu-
lar assembly becomes a primitive reverse transcriptase capa-
ble of generating short (often hexameric) DNA repeats that
are capable of forming strong associations based primar-
ily on hoogsteen pairing between guanine residues. Many
of these associations can survive even in boiling water and

Table 1.

Concept Proposed Achieved

DNA array addressing [63]
DNA-adapter-linked protein ordering on [6]
linear DNA

Fusion protein ordering on linear DNA [8]
Protein assembly on branched DNA [67]
DNA-adapter-linked gold ordering on [11]
linear DNA

DNA directed gold particle aggregation [10]
to 2D lattice

DNA directed protein assembly on 3D [70]
lattice

DNA directed silicon component addressing [9]
aggregation to 2D array

thus can provide considerable integrity to a supramolecu-
lar structure. Moreover, in an RNA world, one can safely
assume that competition between evolving supramolecular
aggregates would involve the production of RNA degrading
enzymes or ribozymes selected for their destructive power
against competing metabolosomes. Thus, the evolution of a
primitive ribonucleoprotein assemblage capable of generat-
ing a protective DNA cage or matrix that was impervious
to RNA-degrading activities would offer an important selec-
tive advantage for such a system. In short, telomerase-like
reverse transcriptases may have been both enveloped and
protected by their DNA products in the distant past. This
possibility is consistent with the association of the modern
telomerases (as molecular fossils) with macronuclei [72, 73]
and with the membraneless aggregate of nucleic acid and
protein called the nucleolus [74, 75]. Of these the nucle-
oli of the lower eukaryotes (e.g., D. Discodium and P. poly-
cephalum) [76, 77] may represent living molecular fossils
that evoke the freestanding supramolecular aggregate pos-
tulated as the antecedent of modern living systems [16, 17].
The DNA contained in these nucleoli is a short linear ele-
ment that ends in cohesive telomeric DNA and encodes the
other important molecular fossil from the RNA world: the
ribosomal RNA [77, 78]. As with other nucleoli these are
membraneless structures that are enclosed in an apparently
freestanding fashion by the nucleus. That DNA came to be
associated with the RNA world in this fashion is also consis-
tent with the findings of Ohno who pointed out that all mod-
ern genes appear to have evolved from iterated repetitive
elements of the type produced by modern telomerases [79].
These systems form biomemetic models for nanoscale

cages, carcerands, and extended 3D assemblies that can
be constructed with the bionanotechnological tools for
supramolecular assembly and addressing described above.
The utility of such assemblies lies in their potential as
devices that may some day acquire the complexity attributed
to nanorobots that can be directed to perform complex
tasks in a nanoscale environment [80]. Targeted drug deliv-
ery, selective cell destruction, selective cell remodeling,
telemetered detection of cellular abnormalities [80], and the
creation of new life forms [81] are often suggested as long-
range goals for these technologies.
More immediate goals for these technologies revolve

around their potential for contributing to understanding
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biological molecules and their interactions. A key area here
has been the desire to control solid state 3D assembly of
macromolecules so as to permit structure determination by
X-ray diffraction. To this end, designs for extended 3D crys-
tals based on DNA cages with oriented guests [70, 71] have
also been proposed in the hope that macromolecules that
interact with DNA scaffolds could be forced to adopt reg-
ular crystalline arrays that would diffract to high resolu-
tion. These nucleic acid-based proposals are supplemented
by proposals for the assembly of 3D crystals based on pro-
tein cages and extended structures [51]. As with the DNA
technology described above, designs for cages and shells,
double-layer rings, two-dimensional layers, and helical fila-
ments have all been proposed based on the ordered assem-
bly of protein domain fusions [51].
Designs for nucleoprotein cages have also been pro-

posed [69]. Here closed structures take advantage of ordered
placement of methyltransferase targeted protein donors
(e.g., proline rich peptides) and methyltransferase targeted
protein acceptors (SH3 domains). When donors are ordered
along one set of branched or linear DNA scaffolds and
acceptors are ordered along another set, self-assembly can
be initiated by mixing the two sets of biostructures. Using
this method, it should be possible to achieve assembly of
relatively large DNA cages and extended assemblies akin to
those that characterize the macronucleus and the nucleolus
as noted above.
Ordered assembly using biomolecules on an even larger

scale has also been proposed [9]. Here, one envisions a two-
step process utilizing complementary oligodeoxynucleotides.
In the first step a surface is decorated with single-stranded
oligodeoxynucleotides in a predetermined pattern using well
known techniques [63]. In the second step, etching tech-
niques are applied to a separate silicon-on-insulator wafer.
The wafer is etched with potassium hydroxide around ele-
ments protected on their surface by a mask of Au/Cr.
These islands are then released from the silicon insula-
tor layer with hydrofluoric acid and linked to thiols at the
ends of synthetic oligodeoxynucleotides through interactions
with the gold surface. The silicon elements can then to be
moved in an electric field until they contact the complemen-
tary oligodeoxynucleotide in the previously prepared surface
causing them to become fixed in a predetermined pattern
[9]. In principle such a system would permit macroscale
addressing for assembly of electronic devices.
Designs for ordering functional proteins so as to pro-

duce vectored chemical processes on the nanoscale have also
been proposed [6–8, 82]. In this case, the implication is that
ordered proximity for a set of enzymes or ribozymes per-
forming a sequence biochemical reactions would produce
advances in understanding the nature of vectored biological
catalysis and its potential applications in signal amplification.

4. CONCLUSION
Bionanotechnology adapts not only the results (func-
tional proteins and nucleic acids) but also the pro-
cesses (e.g., directed evolution, supramolecular aggregate,
and metabolosome construction) of molecular evolution.
Molecular addressing systems, based on DNA complemen-
tarity and DNA–protein interaction selectivity, are now

available for the ordered assembly of a variety of func-
tional elements from biology. Molecular motors, DNA-
based switches, DNA-based oscillators, enzymes, ribozymes,
deoxyribozymes, gold particles, chromophores, fluorescence
quenching agents, antibodies, aptamers, and nucleic acid
binding proteins can all be ordered along nucleic acid scaf-
folds. The potential for construction of useful devices utiliz-
ing the extraordinary wealth of functionality made possible
by ordering these elements is quite broad. Given the suc-
cess of this paradigm it is reasonable to assume that clues
from biology will continue to be applied to the construction
of useful bionanotechnological devices. It is likely that the
successful construction of these devices will shed new light
on both the origin and nature of living things. Moreover,
one can anticipate the possibility that one of these devices
might itself cross the Darwinian threshold at some time in
the future.

GLOSSARY
Aptamer A short nucleic acid composed of DNA or RNA
that has been adapted by selection using directed evolution
to fit into a molecular surface.
Biosensor A device designed to detect a specific biologi-
cal molecule, system of biological molecules, or biologically
produced signal.
Conformation space A three-dimensional vector space
occupied by representations of the 3D shapes that can be
assumed by a molecule.
Darwinian threshold The point at which a system can
begin to evolve by self-replication variation and natural
selection.
Directed evolution The process by which molecules are
selected from a replicable library. Multiple rounds of selec-
tion and replication generate a desired product.
DNA Deoxyribonucleic acid. A naturally occurring poly-
mer composed of deoxy ribonucleotides. Although com-
monly found as a double-stranded, right-handed helix it can
adopt one-, three-, and four-stranded forms having a variety
of shapes.
F1 ATPase A naturally occurring multisubunit complex of
proteins capable of synthesizing ATP in living systems.
Hydrogen bond A weak polar bond formed between two
electron-rich atoms, one of which is covalently bonded to a
hydrogen atom.
Macronucleus A large inclusion found in the cells of cer-
tain living things that contains multiple copies of genes that
are in constant use by the organism.
Membraneless structure A substructure often present
inside a living cell that is not bounded by a lipid bilayer
membrane.
Metabolosome A nucleoprotein assembly that has been
designed or selected for functionally carrying out a series of
chemical reactions.
Molecular fossil A molecule that has been preserved by
evolution over eons of geologic time stretching to or nearly
to the dawn of life.
Molecular machine A machine comprising an assembly of
a small number of molecules.
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Molecular modeling A computer-aided design process in
which computational chemistry software programs are used
to create models of macromolecules based on electronic
structure, and molecular mechanics calculations coupled
with 3D experimental data.
Mutation A change in the information storage mechanism
of an evolving system that alters the information it contains
but may or not alter the form or function of the system.
Nucleolus A substructure within the cell nucleus that is
composed largely of the genes responsible for the produc-
tion of ribosomal RNA.
RNA Ribonucleic acid. A naturally occurring polymer
composed of ribonucleotides. Although commonly found in
its single-stranded form, it can adopt two-, three-, and four-
stranded forms having a variety of shapes.
Selection of whole bacteria Directed evolution in which
bacteria and not macromolecules are used as the substratum
for growth.
Transition state An intermediate and generally unstable
state in a chemical reaction in which reactants are trans-
formed into products resembling both states but identical to
neither.
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