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MOLECULAR ROBOT
FIELD OF THE INVENTION

The present invention relates to a molecular robot capable of identifying and

lysing target cells and methods of using same for treating disorders.

BACKGROUND

Biomolecules including nucleic acids and proteins have an exceptional

capability to self-assemble into complex and sophisticated structures such as enzyme
complexes or ribosomes. This capability has led to the development of DNA
nanotechnology and to the construction of high-resolution and robust artificial DNA
nanostructures with a wide variety of shapes, geometries and functions. DNA
assembly strategies were initially based on the association of many short
oligonucleotides to create a larger structure. Further methods were based on the
controlled folding of a long single DNA strand. This “DNA origami” technique has
significantly spurred the design of two and three-dimensional DNA structures and has
been further refined. Specifically, a DNA origami method using numerous short single
strands of DNA to direct the folding of a long single strand of DNA into a desired shape
was developed by Rothemund (US20070117109) and led to the generation of
nanoscale devices, systems and enzyme factories. Torring et al. (Chem. Soc. Rev.
40:5636-5646 (2011)) and F. Simmel (Curr. Opinion in Biotechnol.; 23:516-521 (2012))
discuss the basic principles, variety of nanostructures and implementation of DNA
robotics and “nanofactories” of DNA origami.

DNA origami was further employed for the formation of complexes for
sequestering and binding or processing substances or pathogens using an active
moiety surrounded by a nucleic acid scaffold as disclosed in W0O2013030831. Various
drug delivery systems based DNA orgami nanostructures are discussed in de Vries et
al. (Journal of Controlled Release; 172:467-483 (2013)). W0O2012/061719A2 discloses
DNA origami devices capable of sequestering potentially active moieties and
comprising a molecular latch, e.g., an aptamer which is able to interact with an antigen;
such devices being useful for targeted delivery of therapeutic agents to particular cell
populations.

Different units of nanomaterials with predefined size and geometry and various
functionalities which are assembled by DNA orgami may also be combined into even

more complex and sophisticated structures. For example, Andersen et al. (Nature
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Letters; 459 (7):73-77 (2009)) report the construction of a DNA box with nanometer
dimensions with a controllable lid which can be opened in the presence of externally
supplied DNA “keys.”

However, there is still a great need for the development of versatile and robust
molecular machines capable of perfoming a wide variety of functions. Such molecular
machines or robots may find applications in diverse fields, particularly in treating

disorders such as infections or cancer.

SUMMARY

Provided herein is a molecular robot comprising

(i) a molecular motor composed of a first nucleic acid scaffold and at least

one functional core with a catalytic center of an ATP-driven motor
embedded therein;

(i) an ion channel,

(iii) a hollow drillhead composed of a second nucleic acid scaffold; and

(iv) at least two rods, wherein each rod is composed of a third nucleic acid

scaffold and at least one aptamer on its distal end, and wherein each rod
is connected to the molecular motor via its proximal end.

Specifically, the first, second and third nucleic acid scaffolds of the molecular
robot described herein are DNA or RNA scaffolds. In some emodiments, the first,
second and/or third nucleic acid scaffold further comprise modifications with one or
more amino acid residues and/or one or more amino acid analogs.

In some embodiments, the first nucleic acid scaffold comprises at least two
substructures, wherein the substructures form a three-dimensional nanostructure
selected from the group consisting of a nanotube, cylinder, ring, disc, ribbon, box, cube
or rod. Specifically, the first scaffold comprises an outer substructure, preferably an
outer ring with a diameter of at least 20 nm, and an inner substructure, preferably an
inner ring, and wherein the at least two rods are attached to the outer substructure and
the drillhead is attached to the inner substructure. In some embodiments, the at least
one functional core is bound to the first scaffold via staple chains.

In some embodiments, the ATP-driven motor of the molecular robot described
herein is a rotary motor of an archaellum (e.g. Sulfolobus acidocaldarius). Specifically,

the molecular motor of the molecular robot described herein comprises at least three
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functional cores forming the catalytic center of an ATPase, preferably the ATPase Flal
embedded in an interior space of the first nucleic acid scaffold.

In some embodiments, at least one further protein of an archaellum (e.g. of
Sulfolobus acidocaldarius), preferably FLaX,FlaH, Flad and/or Flal (e.g. FlaX and/or
Flal), or a fragment thereof is embedded in the first nucleic acid scaffold. In some
embodiments, the ion channel is embedded or associated with the second nucleic acid
scaffold.of the hollow drill head.

In some embodiments, the aptamer of the molecular robot described herein is a
DNA or RNA aptamer, comprising at least 25 nucleotides, preferable at least 50
nucleotides, more preferable 25 to 75 nucleotides.Specifically, the aptamer comprises
at least one chemically modified nucleotide or nucleotide analogue, preferably at least
one nucleotide or nucleotide analogue with one or more covalently attached amino
acid residues or amino acid analogues.In some embodiments, the aptamer of the
molecular robot comprises at least one chemically modified nucleotide or nucleotide
analogue, preferably any one of at least 40%, 50% or 60% of the nucleotides and/or
nucleotide analogs are chemically modified. In some embodiments, the aptamer
comprises at least one nucleotide and/or nucleotide analog with one or more amino
acid residue(s) and/or one or more amino acid analog(s) bound to it, preferably one or
two amino acid or amino acid analog residue(s) are bound to the nucleotide and/or
nucleotide analog.ln some embodiments, the at least two rods of the molecular robot
described herein specifically bind to the same target or different targets via the
aptamers.

Further provided herein is a method of lysing a cell, comprising

(i contacting the molecular robot described herein with the cell;

(ii) binding of the at least two rods via the aptamers of said molecular robot

to at least one target on said cell; and

(i)  transferring the ion channel of said molecular robot into the cell

membrane of said cell by using the ATP-driven motor, thereby lysing the
cell.

Further provided herein is a molecular robot as described for use in treating a
disorder, comprising

(i) administering the molecular robot to an individual;

(i) binding of the at least two rods via the aptamers of said molecular robot

to a target on a cell associated with said disorder;
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(i)  transferring the ion channel of said molecular robot into the cell
membrane of said cell by using the ATP-driven motor; and

(iv)  lysing said cell.

In some embodiments, the disorder is an infection in an individual caused by

pathogens, or infections in plants caused by agricultural pathogens or cancer.

BRIEF DESCRIPTION OF THE DRAWINGS

Fig.1. Schematic concept of the molecular robot (“MORQO”) described herein and

specific cell detection by the molecular robot; enlargement of the first nucleic acid
scaffold, with the functional core and the catalytical center. The components are
almost completely made out of DNA and comprise only chemical modifications such as
e.g. amino acids and/or amino acid analogs at critical positions necessary to transform
the chemical energy into motion and/or the hydrolysis of a substrate.

Fig 2. Atomic model of the functional core binding ATP.

Fig 3. DNA box nanostructure (black) with functional core. The DNA strands are
covalently attached to each other at the verteces although the rendering of the all-atom
model suggest seperated strands.

Fig 4. Examples of modified nucleotides. (A) Adenosine/Lysine-Arginine, (B)
Adenosine/Lysine-Lysine, (C) Adenosine/Serine-Glutamic acid, and (D)
Cytosine/Histidine

Fig. 5. (A) Sequence of Flal of Sulfolobus acidocaldarius (SEQ ID NO:1); (B)
amino acid positions of said sequence forming ADP and phosphate binding site; (C)
amino acid positions of said sequence forming catalytic center.

Fig. 6. Sequences of functional cores:

FunC1 (SEQ ID NO:2 with amino acid modifications at position 20 (Cytosine
bound to Histidine); at position 23 (Adenosine bound to Lysine-Argininge)

FunC2 (SEQ ID NO:3 with amino acid modifications at position 16 (Adenosine
bound to Serine-Glutamic Acid); and

FunC3 (SEQ ID NO:4 with amino acid modifications at position 30 (Adenosine

bound to Lysine-Arginine).

DETAILED DESCRIPTION OF THE INVENTION

Specific terms as used throughout the specification have the following meaning.
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A “molecular robot” refers to an entity capable to identifying target cells, binding
or attaching and lysing these target cells.

As used herein, the term “top”, “up” or “upwardly” refers to a location on the
molecular robot which is farthest from the target cell upon binding or attachment of the
robot to the cell. Conversely, as used herein, the term “bottom”, “down” or
“downwardly” refers to a location on the molecular robot which is closest to the target
cell upon binding or attachment of the robot to the cell.

As used herein, the term “proximal” refers to a location on the molecular robot
which is closest to the geometric center or center of gravity of the robot. Conversely,
the term “distal” refers to a location on the molecular robot which is farthest to the
geometric center or center of gravity of the robot.

A “molecular motor” or “motor” refers to a nanostructure that utilizes chemical
energy to generate mechanical force. An ATP-driven motor uses ATPhydrolysis to
generate mechanical force.

An “ion channel” refers to a nanostructure such as e.g. nanostructure composed
of a nucleic acid scaffold, single protein or protein complex or a combination thereof
that traverses the lipid bilayer of cell membrane and form a channel to facilitate the
movement of ions through the membrane according to their electrochemical gradient.
lon channels may be open or gated. The potassium leak channel is an example of
open ion channel. Gated ion channels may be voltage-gated, ligand-gated, or
mechanically-gated channels.

A “hollow drillhead” refers to an elongated molecular structure capable to
penetrate the cell membrane of a target cell using mechanical force and/or
electrochemical interactions.

A “rod” or "molecular rod” refers to a molecular structure of a straight, thin stick
or bar with sufficient rigidity to enable the molecular robot to generate mechanical force
when attached to a target cell.

A "nucleic acid scaffold” refers to any two-dimensional or three-dimensional
structure, object or particle composed of one or more single-stranded nucleic acids,
which hybridize to form at least a partially double-stranded structure with defined size
and geometry. A nucleic acid scaffold can comprise any of a wide variety of shapes. A
nucleic acid scaffold may comprise more than one substructure, such as two rings or
discs. These substructures may be connected to or associated with each other, for

example via staple strands.



10

15

20

25

30

WO 2017/089570 PCT/EP2016/078858
6-

As used herein, the terms “nucleic acid molecule”, "nucleic acid",
"polynucleotide”, and "polynucleic acid" are used interchangeably and refer to a
polymeric form of nucleotides of any length, either deoxyribonucleotides or
ribonucleotides, chemically modified nucleotides or analogs of nucleotides, and
combinations of the foregoing. The term includes both, sense and/or anti- sense
strands of RNA, synthetic DNA, cDNA, genomic DNA, or a hybrid, where the nucleic
acids contain any combination of deoxyribonucleotides, ribonucleotides, single-
stranded and double-stranded regions and/or any combination of bases, including
uracil, adenine, thymine, cytosine, guanine, inosine, xanthine, hypoxanthine,
isocytosine, isoguanine, and the like. Nucleic acids may be from natural sources (e.g.,
genomic, cDNA, RNA), or may be from recombinant or synthetic sources (e.g.,
produced by chemical synthesis). The term also includes any topological conformation,
including single-stranded, double-stranded, partially duplexed, triplexed, hairpinned,
circular, and padlocked conformations.

The term "chemically modified nucleotide" refers to nucleotides and/or
nucleotide analogs, which differ in their chemical structure from conventional
nucleotides and/or nucleotide analogs, having modifications in the chemical structure
of the base, sugar and/or phosphate. Nucleotides can be modified at any position on
their structure.

Chemically modified bases refer to nucleotide bases such as, for example,
adenine, guanine, cytosine, thymine, and uracil, xanthine, hypoxanthine, isocytosine,
isoguanine, inosine, and queuosine that have been modified by the replacement or
addition of one or more atoms or groups such as 5-position pyrimidine modifications,
8-position purine modifications, modifications at cytosine exocyclic amines, and
substitution of 5-bromo-uracil. Exemplary types of nucleotide modifications with
respect to the base moieties, include, but are not limited to, alkylated, halogenated,
thiolated, aminated, amidated, or acetylated bases, in various combinations as well as
bases with one or more covalently bound amino acid residues or amino acid
analogues. In case more than one amino acid residue and/or amino acid analog
residue is bound to the nucleotide/nucleotide analog, only the first amino acid or amino
acid analog residue is bound to the nucleotide/nucleotide analog and the further amino
acid or amino acid analog residue(s) are bound to said first residue or any of the
further amino acid or amino acid analog residue(s) to form a linear or branched chain

of residues.
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Chemically modified nucleotides also include nucleotides and/or nucleotide
analogs which are modified with respect to the sugar moiety, as well as nucleotides
and/or nucleotide analogs having sugars or analogs thereof that are not ribosyl. For
example, the sugar moieties may be, or be based on, mannoses, arabinoses,
glucopyranoses, galactopyranoses, 4-thioribose, and other sugars, heterocycles, or
carbocycles. Modifications of the sugar moiety, e.g. 2'-position sugar modifications,
include, but are not limited to, sugar-modified ribonucleotides in which the 2’-OH is
replaced by a group such as an H, OR, R, halo, SH, SR, NHz, NHR, NRy, or CN,
wherein R is an alkyl moiety (i.e., saturated linear or branched hydrocarbon group
including, for example, methyl, ethyl, isopropyl, t-butyl, heptyl, dodecyl, octadecyl,
amyl, 2-ethylhexyl, and the like). Nucleic acids containing one or more carbocyclic
sugars are also included within the definition of nucleic acids.

Chemically modified nucleotides or nucleotide analogs are also meant to include
nucleotides with non-natural phosphodiester internucleotide linkages such as
methylphosphonates, phosphorothioates, phosphorodithioates, phosphoramides,
phosphoramidates, phosphotriesters, in particular alkylesters, phosphoramidites, O-
methylphophoroamidite linkages as well as peptide nucleic acid backbones and
linkages. Other analog nucleic acids include those with positive backbones, non-ionic
backbones and non-ribose backbones. Nucleotide modifications can occur also in
changes in the stereochemistry (a-nucleotide phosphodiester) or by attaching different
5 -terminal groups for example such as psoralen and derivatives, phenandroline and
derivatives, ellipicitine and derivatives, EDTA, 5'-p(N-2-chloroethyl-N-methylamino)
benzyl-amide, acridine and derivatives.

The term “amino acid” refers to natural amino acids, unnatural amino acids. and
amino acid analogs. all in their D and L stereocisomers if their structure allow such
stereoisomeric forms, natural amino acids include alanine (Ala), arginine (Arg),
asparagine (Asn), aspartic acid (Asp), cysteine (Cys), glutamine (Gln), glutamic acid
(Glu), glycine (Gly), histidine (His), isoleucine (lle), leucine (Len), lysine (Lys),
methionine (Met), phenylalanine (Phe), proline (Pro), serine (Ser), threonine (Thr),
tryptophan (Trp), tyrosine (Tyr) and valine (Val). Unnatural amino acids include, but are
not limited to azetidinecarboxylic acid, 2-aminoadipic acid, 3-aminoadipic acid, beta-
alanine, aminopropionic acid, Z-aminobutyric acid, 4-aminobutyric acid, 6-amino-
caproic acid, 2-aminoheptanoic acid, 2-aminoisobutyric acid, 3-aminoisobutyric acid,

2-aminopimelic acid, 2,4-diaminoisobutyric acid, desmosine, 2,2'-diaminopimelic acid,
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2,3-diaminopropionic acid, N-ethylglycine, N-ethylasparagine, hydroxylysine, allo-
hydroxylysine, 3-hydroxyproline, 4-hydroxyproline, isodesmosine, allo-isoleucine,
N-methylglycine, N-methylisoleucine, N-methylvaline, norvaline, norleucine, ornithine
and pipecolic acid.

The term “amino acid analog” refers to natural and unnatural amino acids which
are chemically blocked, reversibly or irreversibly, or modified either on the C-terminal
carboxy group, the N-terminal, amino group or side-chain functional group to another
functional group, as for example, methionine sulfoxide, methionine sulfone, S-carboxy-
methyl-D-cysteine, S-carboxymethyl-cysteine sulfoxide and S-carboxymethyl-D-
cysteine sulfone. For example, aspartic acid-(beta-methyl ester) is an amino acid
analog of aspartic acid; N-ethylglycine is an amino acid analog of glycine; or alanine
carboxamide is an amino acid analog of alanine.

The term "backbone strand" or “backbone chain” refers to a long nucleic acid
sequence, especially a single-stranded nucleic acid sequence, which is capable of
assembling into a nucleic acid scaffold by complementary base pairing rules either
alone or in combination with staple strands.

The terms “staple strand”, "staple chain", "oligonucleotide sequence” and "short-
chain nucleotide sequence” are used interchangeably herein and refer to nucleic acid
sequences, especially single-stranded nucleic acid sequences, which associate at
least partially with each other and/or with a backbone strand. Staple chains are
capable to assemble with each other into a nucleic acid scaffold by complementary
base pairing rules or support assembly of a backbone strand into a nucleic acid
scaffold by complementary base pairing rules.

The term "complementarity” or "complementary” as used herein refers to the
formation or existence of hydrogen bond(s) between one nucleic acid sequence and
another nucleic acid sequence by either traditional Watson-Crick or other non-
traditional types of bonding. Perfect complementary means that all the contiguous
residues of a nucleic acid sequence will hydrogen bond with the same number of
contiguous residues in a second nucleic acid sequence. The term “complementarity/
complementary” as used herein includes “reverse complementarity/reverse
complementary”. Partial complementarity can include various mismatches or non-
based paired nucleotides (e.g. 1, 2, 3,4, 5,6, 7, 8,9, 10 or more mismatches, non-
nucleotide linkers, or non-based paired nucleotides) within the nucleic acid molecule,

which can result in bulges, loops, or overhangs between the two nucleic acid
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sequences. Such partial complementarity can be represented by a % complementarity
that is determined by the number of non-base paired nucleotides, i.e., about 50%,
60%, 70%, 80%, 90% etc. within the total number of nucleotides involved.

The term "hybridize" or “anneal” refers to the ability of completely or partially
complementary nucleic acid strands to come together under specified hybridization
conditions in a parallel or preferably antiparallel orientation. The nucleic acid strands
interact via hydrogen bonding between bases on opposing strands and form a stable
or quasi-stable double-stranded helical structure or may result in the formation of a
triplex, or other higher-ordered structure. Although hydrogen bonds typically form
between adenine and thymine or uracil (A and T or U) or cytosine and guanine (C and
G), other base pairs may form (e.g. Adams et al., The Biochemistry of the Nucleic
Acids, 11th ed., 1992). The ability of two nucleotide sequences to hybridize with each
other is based on the degree of complementarity of the two nucleotide sequences,
which in turn is based on the fraction of matched complementary nucleotide pairs. The
more nucleotides in a given sequence that are complementary to another sequence,
the more stringent the conditions can be for hybridization and the more specific will be
the binding of the two sequences. Increased stringency is achieved by elevating the
temperature, increasing the ratio of co-solvents, lowering the salt concentration, and
the like.

As will be appreciated by persons skilled in the art, stringent conditions are
sequence-dependent and are different in different circumstances. For example, longer
fragments may require higher hybridization temperatures for specific hybridization than
short fragments. Because other factors, such as base composition and length of the
complementary strands, presence of organic solvents, and the extent of base
mismatching, may affect the stringency of hybridization, the combination of parameters
can be more important than the absolute measure of any one parameter alone. In
some embodiments, hybridization can be made to occur under high stringency
conditions, such as high temperatures or 0.1X SCC. Examples of high stringent
conditions are known in the art; see e.g., Sambrook et al., Molecular Cloning: A
Laboratory Manual, 2nd Edition, 1989, and Short Protocols in Molecular Biology, ed.
Ausubel et al. In general, increasing the temperature at which the hybridization is
performed increases the stringency. As such, the hybridization reactions described
herein can be performed at a different temperature depending on the desired

stringency of hybridization. Hybridization temperatures can be as low as or even lower
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than 5° C, but are typically greater than 22° C, and more typically greater than about
30° C, and even more typically in excess of 37° C. In other embodiments, the
stringency of the hybridization can further be altered by the addition or removal of
components of the buffered solution. In some embodiments, hybridization is permitted
under medium stringency conditions. In other embodiments, hybridization is permitted
under low stringency conditions. In some embodiments, a nucleic acid sequence is
perfectly complementary to another nucleic acid with which it binds. In other
embodiments, one or more mismatches are present between the hybridized molecules
or hybridized portions of molecules.

The term “hydrogen bond” as used herein, refers to a form of association
between an electronegative atom and a hydrogen atom attached to a second atom
exceeding the electronegativity of carbon. The electronegative-atom having a free
electron pair to share with the hydrogen atom is the so-called hydrogen bond acceptor,
and may be nitrogen, oxygen, sulfur or fluorine. The hydrogen atom bound to the
electronegative atom is generally referred to as a hydrogen bond donor. The terms
electronegative and electropositive as used herein will be readily understood by the
person skilled in the art to mean the tendency of an atom to attract the pair of electrons
in a covalent bond so as to lead to an unsymmetrical distribution of electrons and
hence the formation of a dipole moment. The hydrogen bond is stronger than a van der
Waals interaction, but weaker than covalent or ionic bonds.

The term “covalent bond” or “covalent interaction” refers to bonds or interactions
created by the sharing of a pair of electrons between atoms. Covalent bonds/
interactions include, but are not limited to atom bonds, homopolar bonds, o-0-
interactions, o-1r-interactions, two-electron-to-center bonds, single bonds, double
bonds, triple bonds, as well as combinations of these interactions/bonds. The
mentioned interactions/bonds, can be polar or polarized, or can be non-polar or non-
polarized.

“Non-covalent” refers to associations between atoms and molecules such as
ionic interactions (e.g. dipole- dipole interactions, ion pairing, and salt formation),
hydrogen bonding, non-polar interactions, inclusion complexes, clathration, van der
Waals interactions (e.g. pi-pi stacking), and combinations thereof.

As used herein, the term “nanoctube” refers to an elongated, hollow
nanostructure. In some instances, a nanotube can be represented as comprising an

unfilled cylindrical shape. Typically, a nanotube comprises a cross-sectional diameter
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in the nm range, a length in the uym range, and an aspect ratio that is about 2 or
greater.

As used herein, the term “ring” refers to a circular, hollow nanostructure. In
some instances, a ring can be represented as comprising an unfilled cylindrical shape.
Typically, a ring comprises a cross-sectional diameter in the nm range, a height in the
nm range, and an aspect ratio that is about 10 or greater.

As used herein, the term “disc” refers to a circular nanostructure. In some
instances, a disc can be represented as comprising a filled cylindrical shape. Typically,
a disc comprises a cross-sectional diameter in the nm range, a height in the nm range,
and an aspect ratio that is about 10 or greater.

As used herein, “aspect ratio” refers to the ratio of the longest dimension to the
shortest dimension of a nanostructure. Therefore, an increase in aspect ratio would
indicate that the longest dimension has increased in ratio compared to the shortest
dimension.

As used herein the term “catalytic center” refers to amino acid residues of a
protein, which are involved in catalyzing a biological or chemical reaction.

“‘Enzymatically active” refers to the ability to measurably catalyze a biological or
chemical reaction. Enzymatic activity can be measured by methods and assays known
in the art including, but not limited to, methods and assays based on a detectable
signal such as chemical or physical signals.

As used herein the term “functional core” refers to the part of a molecular robot
or molecular motor which is involved in catalyzing a biological or chemical reaction and
enables any conformational changes required for this reaction. The functional core,
thus, represents an analog of the protein (the native polypeptide) or part of the protein
to be emulated within the nucleic acid scaffold. The functional core comprises ordinary
and chemically modified nucleotides with one or more amino acid residue(s) and/or
one or more amino acid analog(s). The enzymatic reaction is performed by the amino
acid residues and/or the amino acid analogs, which form the catalytic center. Thus, the
functional core comprises an amino acid based catalytic center analogous to the
catalytic center of the protein/native polypeptide to be emulated as well as a nucleic
acid based part analogous to the part involved in conformational changes of the
protein/native polypeptide.

The term “aptamer” as used herein refers to nucleic acids (typically DNA, RNA

or oligonucleotides) that are capable of binding to a particular molecular target.
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Aptamers emerge from in vitro selections or other types of aptamer selection
procedures well known in the art (e.g. bead-based selection with flow cytometry or high
density aptamer arrays) when the nucleic acid is added to mixtures of target
molecules. An aptamer is typically between 10 and 300 nucleotides in length. RNA and
DNA aptamers can be generated from in vitro selection experiments such as SELEX
(Systematic Evolution of Ligands by Exponential Enrichment). Examples of aptamer
uses and methods for making/selecting aptamers are described, for example, in Chu et
al., 2006, Nucl. Acids Res. 34:e73, US 2006/0014172, US 5,840,867, US 6,001,648,
US 6,225,058, US 6,207,388, and US 2002/0001810.

As used herein, the term “affinity” refers to the strength of a non-random
interaction between two molecules or two parts of a molecule (e.g. parts of the same
molecule) and can be expressed quantitatively as a dissociation constant (Kp). Binding
affinity (i.e., Kp) can be determined using standard techniques.

The term "target” refers to any target molecule for which an aptamer exists or
can be generated for, and can be any organic or inorganic molecule, naturally
occurring or artificially created.

The term “target cell” refers to any cell with a target molecule on its surface.

As used herein, the term "associate" refers to the process in which at least two
molecules or parts of a molecule (e.g. parts of the same molecule) reversibly interact
with each other. The term also intends to refer to a condition of proximity between
entities. The association(s) may be non-covalent, e.g., wherein the juxtaposition is
energetically favored by hydrogen bonding, van der Waals interactions or electrostatic
interactions, or the association(s) may be covalent. The association may be direct or
indirect via additional helper molecules.

The term “cell lysis” refers to the disruption of the cell membrane of a cell and
the subsequent release of all or part of the content of the cell or the induction of cell
death by apoptosis.

It is an object of the invention to provide a molecular robot capable of identifying
target cells, attaching or binding to said target cells and lysing said target cells.
Specifically, the molecular robot described herein is composed of different molecular
units or domains with different functionalities, these units or domains being composed
of nucleic acid scaffolds and, optionally, proteins or fragments of proteins (e.g.
structural or functional proteins of a flagellum or archaellum and/or membrane-

penetrating proteins and/or pore-forming membrane proteins) .In some embodiments,
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the molecular robot is composed of at least three nucleic acid scaffolds, each of them
forming a unit or domain of a different shape or structure, at least one functional core
with a catalytic center of an ATP-driven motor, an ion channel and at least two
aptamers. In some embodiments, the molecular robot comprises

(i a molecular motor composed of a first nucleic acid scaffold and a

functional core with a catalytic center of an ATP-driven motor embedded
therein;

(ii) an ion channel;

(i)  a hollow drillhead composed of a second nucleic acid scaffold; and

(iv) atleast two rods, wherein each rod is composed of a third nucleic acid

scaffold and at least one aptamer on its distal end, and wherein each rod is

connected to the molecular motor via its proximal end.

The first, second and third nucleic acid scaffold may be of the same type or
different types (e.g. a DNA scaffold, RNA scaffold, a hybrid of a DNA and RNA
scaffold, scaffolds comprising at least one chemically modified nucleotide or nucleotide
analog). Any or all of the nucleic acid scaffolds may be “tightened” to prevent ion
diffusion. Specifically, any one or all of the nuclei acid scaffolds are scaffolds
comprising one or more nucleotides or nucleotide analogs with amino acid side chains
(e.g. nucleotides or nucleotide analogs with one or more amino acid residues or amino
acid analogues bound (e.g. covalently bound) to any position in the nucleotide). In
some embodiments, the amino acid side chains attached to the nucleotide(s) within a
scaffold comprise at least anyone of 1, 2, 3,4,5,6,7, 8, 9, 10, 15, 20, 30, 40, or 50
amino acid residues or amino acid analogues, wherein the first amino acid or amino
acid analog residue is bound (e.g. via a cross-linker) to the nucleotide and optionally,
any further amino acid or amino acid analog residue(s) are bound either directly to the
first amino acid or amino acid analog residue or indirectly (via the second, third etc.
residue), forming a linear or branched chain of amino acid or amino acid analog
residues. The distance of the amino acids or amino acid analogs of different side
chains within the scaffold may be less than 100 pm. Such tightening of one or more
scaffold(s) can also be achieved by addition of intercalating peptides that bind via
hydrogen bonds to the nucleic acid scaffold(s) and create a tight coating.

The first, second and third nucleic acid scaffold each may assemble into or form
a single structure or more than one substructure (e.g. two rings or discs of different

diameter but having the same geometric center or a geometric center positioned on
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the same axis). In some embodiments, the first nucleic acd scaffold assembles into
two substructures (e.g. two rings or discs of different diameter but having the same
geometric center or a geometric center positioned on the same axis), thereby forming
the molecular motor. In some embodiments, the molecular motor comprises a first
nucleic acid scaffold and one or more structural or functional proteins of a flagellum or
archaellum or fragments thereof (e.g. archaeal rotary motor components Flal, FlaX,
FlaH and FlaJ).

In some embodiments, the different domains or units (e.g. the first, second and
third nucleic acid scaffold) are connected to each other by direct association or binding
(e.g. covalent binding, streptavidin/biotin). In some embodiments, the domains or units
are connected to each other via staple strands. In some embodiments, the molecular
motor (e.g. the first nucleic acid scaffold assembling the molecular motor of the
molecular robot provided herein) is directly associated (e.g. covalently bound) to the
top side of the ion channel and the hollow drillhead (e.g. the second nucleic acid
scaffold assembling the drillhead) is directly associated (e.g. covalently bound) to the
bottom side of the ion channel. In some embodiments, the hollow drillhead and the ion
channel are formed or assembled by the same nucleic acid scaffold (e.g. the second
nucleic acid scaffold of the molecular robot). In some embodiments, the ion channel,
formed by nucleic acids (e.g. staple strands) of the second nucleic acid scaffold and/or
one or more ion channel proteins or fragmentsthereof, is embedded into the hollow
drillhead, which is also assembled by the second nucleic acid scaffold. In some
embodiments, the top or proximal end of the hollow drillhead is directly associated
(e.g. covalently bound) to the molecular motor. For example, the molecular motor is
composed of two substructures (e.g. rings or discs) and the hollow drillhead is
associated or bound to one of the substructures. The drill head can be composed of a
nucleic acid scaffold (e.g. a nucleic acid scaffold forming a nanotube) and/or
membrane penetrating polypeptides (e.g. of a bacteriophage tail) or fragments thereof.
The minimal length of the drill head is the thickness of the target cell wall and
membrane. For Gram-negative bacteria, this is in the range of 50 nm. The diameter of
the drill head is at least 1 nm.

The molecular robot described herein comprises at least two rods (e.g. 2, 3, 4,
or 5) each formed by a third nucleic acid scaffold and at least two aptamers (e.g. 2, 3,
4, or 5), wherein each rod is attached or bound to at least one aptamer at its distal end.

Specifically, each rod is attached or bound to at least one aptamer. Each rod is
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composed of a separate nucleic acid scaffold (herein referred to as a third nucleic acid
scaffold of the molecular robot), preferentially each rod is formed by a separate/
individual third nucleic acid scaffold assembled into a nanotube with a minimal length
of 10 nm. The top or proximal end of the rod is bound to the molecular motor.

The aptamers of the molecular robot are capable of identifying target cells by
specifically binding to a target molecule on a target cell. The aptamers may recognize
or specifically bind to the same target molecule or different target molecules. For
example, the molecular robot may comprise two rods and two aptamers, a first and a
second aptamer, wherein the first aptamer recognizes and specifically binds to target
molecule 1 (e.g. lipopolysaccharide) and the second aptamer binds to target molecule
2 (e.g. glycoprotein). In some embodiments, the two aptamers can be identical and
bind to the same class of molecules. Each of the proximal ends of the rods of the
molecular robot described herein are directly associated or bound to the molecular
motor. In some embodiments, the molecular motor comprises two substructures, and
the rods are directly associated or bound to only one of the substructres. For example,
the molecular motor comprises two rings or discs, an outer and an inner ring or disc,
wherein the rods of the molecular robot are connected to the outer ring or disc with
their proximal ends and the hollow drillhead is connected to the inner ring or disc.

The molecular robot is capable to provide stable and rigid binding and
positioning on the target cell while generating mechanical force and movement.
Specifically, the rods bind via their aptamers to the target cell and stably position the
molecular robot on the target cell. Upon binding of the robot to the target cell, the
molecular motor hydrolysis ATP, thereby generating mechanical force and moving the
hollow drillhead and transferring the ion channel into the cell membrane of the target
cell. In some embodiments, all different parts of the molecular robot are embedded in
the same nucleic acid scaffold superstructure, wherein all parts are connected via
staple strands and/or the backbone strand(s). The rods with the aptamers on the distal
ends are responsible for the detection and binding to the target cell. They are
connected to the outer substructure of the motor. The inner substructure of the motor
is directly connected to the drill head and the ion channel. Upon binding of the
molecular robot to the cell, the drill head and the ion channel penetrate the cell
membrane and/or wall due to the mechanical force generated by the motor.

The nucleotides or nucleotide analogs of any of the subunits or sub-structures of

the molecular robot (e.g. any one or more of the nucleotides/nucleotide analogs of the
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first, second or third nucleic acid scaffold and/or nucleotides/nucleotide analogs of a
functional core) may be chemically modified by binding one or more amino acid or
amino acid analog residues. For example, any one of 1, 2, 3,4, 5,6, 7, 8, 9, 10, 11,
12, 13, 14, or 15 amino acid or amino acid analog residues may be bound to the
nucleotide/nuclectide analog. In some instances, any one of 1to 5, 5to 15, 10 to 30 or
even up to 50 amino acid or amino acid analog residues may be bound. If more than
one residue is bound, the amino acid residues are bound as dipeptide or a linear or
branched oligopeptide or polypeptide via the first residue. In some embodiments, the
first amino acid or amino acid analog residue of such chemically modified nucleotide is
bound via a cross-linker.

In order to introduce chemical modification “click chemistry” may be used. In
general terms, “click chemistry” describes reactions used to join small chemical
subunits in a modular fashion, yielding singular reaction products that are typically
physiologically stable and stereospecific. Click chemistry applications make use of
azide alkyne Huisgen cycloaddition, a two-step process that uses quantitative chemical
reactions of alkyne and azide moieties to create covalent carbon-heteroatom bonds
between biochemical species.

Other typical cross-linkers or attachment chemistries used for attaching a
molecule (e.g. an amino acid/amino acid analog) to a nucleic acid molecules include
but are not limited to biotins, (e.g. Biotin dT, Biotin-TEG), amino modifiers (e.g. &’
Amino Modifier C6, 5" Amino Modifier C12, Amino Modifier dT, Uni-Link™ Amino
Modifier), azide (NHS esters), alkynes (e.g. 5’Hexenyl, 5’'Octadinynyl dU), and thiol
modifiers (e.g. dithiol, dithiol phsphoramidite (DPTA)). In some embodiments, the cross
linker is an azide/NHS ester. In some embodiments, the cross linker is an alkyne, e.g.
5-Octadinynyl dU.

Biotins are frequently used in attachment chemistry. 5’ Biotin is a versatile
linker. 5" Dual Biotin inserts two adjacent biotin moieties in a sequence, which can
slightly increase affinity to streptavidin. Biotin dT allows placement of a biotin internally
without disrupting nucleotide spacing. Biotin-TEG helps reduce steric hindrance in
applications that require the use of magnetic beads.

Amino Modifiers provide an alternative attachment chemistry. Primary amines
are reactive with a number of useful molecules such as isothiocyanates, NHS esters,
or activated carboxylates. The amino-modifier 5° Amino Modifier C6 with a spacer arm

of 6-7 atoms is the simplest choice. 5 Amino Modifier C12 increases the distance
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between the functional amine and the DNA sequence. Amino Modifier dT inserts the
functionality internally from an added dT base while the Uni-Link™ Amino Modifier
does so without an additional nucleotide.

Azide (NHS Ester) modifications use an NHS ester functional group to attach an
azide moiety at the 5’, 3', or any internal position in an oligonucleotide. This azide
moiety may subsequently be used to attach alkyne modified groups using the click
reaction.

Alkyne modifiers are used to react with azide-labeled functional groups to form
stable bonds through the click reaction. 5’ Hexynyl is the simplest and most popular
way to introduce a 5’ terminal alkyne group. 5-Octadinynyl dU is a modified base with
an 8-carbon linker terminating in an alkyne group and is the preferred way to insert
alkynes at internal positions within a sequence, but can also be used for 3’ or &
attachment.

A thiol group can be used to attach an oligonucleotide to a variety of fluorescent
and nonfluorescent moieties or surfaces. Dithiol can be inserted into an oligonucleotide
at the 5’ position, the 3’ position or internally. Each insertion results in two SH groups
available for coupling with ligands or surfaces. The dithiol phosphoramidite (DTPA)
modification can be inserted in series so that 2, or even 3, groups can be positioned

adjacent to each other to increase efficiency of ligand/surface interactions.

Molecular motor

The molecular motor of the robot described herein comprises a nucleic acid
scaffold and one or more functional core(s). The nucleic acid scaffold of the motor (i.e.
the first nucleic acid scaffold of the molecular robot) may be formed into any desired
shape and is usually between 10-500 nm in diameter.

Provided herein are molecular motors comprising a nucleic acid scaffold and at
least one functional core emulating a catalytic center of an ATP-driven motor (e.g. an
archeal rotary motor). In some embodiments, the molecular motor comprises more
than one functional core, e.g. at least any one of 2, 3, 4, 5 or 6 functional cores. In
some embodiments, the molecular motor comprises a nucleic acid scaffold and one or
more functional core(s) and further comprises structural or functional proteins of a
flagellum or archaellum (e.g. an archaeal rotary motor) or fragments thereof (e.g. any

one or more of protein FlaX, FlaH and FlaJ or fragments thereof).
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In some embodiments, more than one functional core (e.g. anyone of 2, 3,4, 5
or 6 functional cores) form together one catalytic center. In some embodiments, each
functional core of the motor described herein forms a separate catalytic center. In
some embodiments, the amino acid or amino acid analogs of the one or more
functional core(s) form one or more catalytic center(s) and further binding sites for
substrates, products and/or binding sites for any cofactor(s) of the catalytic reaction.

The functional core comprises ordinary and chemically modified nucleotides
with amino acid side chains or amino acid analogs side chains (e.g. with one or more
amino acid residue(s) or amino acid analog residue(s) bound, preferably covalently
bound, to a nucleotide or nucleotide analog wherein the first residue is attached (e.g.
via a cross-linker) to the nucleotide/nucleotide analog and optionally, further residues
are bound to said first or any of the further residue(s) to form a linear or branched
chain of residues). For example, the functional core comprises nucleotides/nucleotide
analogs wherein at least one nucleotide/nucleotide analog (at least any one of 1,2, 3,
4,5,6,7, 8, 9or 10 nucleotide(s) or nucleotide analog(s) within the functional core is
chemically modified with one or more amino acid or amino acid analog residue(s) (e.g.
anyoneof1,2,3,4,5,6,7,8,9, 10 or 15 residue(s) bound to it). The enzymatic
reaction is performed by the amino acids or the amino acid analogs. Binding of
substrates, cofactors and/or products may occur via further amino acid/amino acid
analog residues of the functional core(s) (e.g. residues bound to nucleotides/nucleotide
analogs of the one or more functional core(s)). Amino acids of the protein (native ATP-
driven motor, e.g. the ATPase Flal) or part of the protein to be emulated, which are not
required for this reaction per se but for the conformational changes of the protein
accompanying such reaction are replaced by the nucleic acid based part of the
functional core.

The one or more functional core(s) may be bound covalently or via staple
oligonucleotides to the nucleic acid scaffold or through affinity interaction such as e.g.
biotin-avidin/strepavidin interaction, or by any other anchoring approach. In some
embodiments, the functional core is directly bound to the nucleic acid scaffold by a
covalent bond or via staple oligonucleotides.

The one or more functional core(s) may be bound covalently or via staple
oligonucleoctides (e.g. via hydrogen bonds between complementary sequences) to the
nucleic acid scaffold or through affinity interaction such as e.g. biotin-avidin/strepavidin

interaction, or by any other anchoring approach. In some embodiments, the functional
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core(s) are directly bound to the nucleic acid scaffold by a covalent bond or via staple
oligonucleotides. For example, staple oligonucleotide(s) involved in the
assembly/formation of the nanostructure may further act as functional core(s) by
providing at least one nucleotide/nuclectide analog with one or more amino acid/amino
acid analog residue(s) forming the catalytic center.

In some embodiments, the functional core(s) are indirectly bound or attached to
the nucleic acid scaffold. Specifically, the functional core(s) may be indirectly bound or
anchored to the nucleic acid scaffold via molecules that may serve as anchors. For
example, molecules that may serve as anchors for binding other known specific
molecules include, but are not limited to antibodies, ferritin, polyhistidine tag, c-myc
tag, histidine-tag, hemagglutinin tag, biotin, avidin, streptavidin and the like.

Specifically, the molecular motor may form a molecular structure or object
defining an interior space. For example, the nucleic acid scaffold of the molecular
motor may have the shape of a hollow structure or object, such as a nanotube,
cylinder, ring, box, or cube comprising an interior space. The one ore more funtional
core(s) thus may be located or embedded within the interior space of such hollow
nucleic acid scaffold. In some embodiments, the nucleic acid scaffold of the molecular
motor described herein is a nanotube, cylinder, pyramide or box, which comprises one
or more catalytic center(s) within its interior/hollow space (e.g. one or more functional
core(s) embedded in the interior space of the nanotube, cylinder, pyramide or box.

In some embodiments, the molecular motor of the molecular robot described
herein comprises a nucleic acid scaffold forming a hollow nanotube, cylinder, pyramide
or box with one or more functional core(s) (e.g. any one from 2, 3, 4, 5 or 6 functional
cores) comprising the catalytic center of an ATPase (e.g. Flal) located in its hollow
interior space, wherein the nanotube, cylinder, pyramide or box emulates one or more
structural or functional proteins of a flagellum or archaellum (e.g. any one or more of
protein Flal, FlaX, FlaH and FlaJ) or fragments thereof, which are required as
anchoring structures, activity regulation or force transmission.

In some embodiments, the molecular motor of the molecular robot described
herein is composed of a first nucleic acid scaffold composed of at least two
substructures (e.g. two rings or discs) with a hollow interior space and with one or
more functional cores comprising the catalytic center of an ATPase (e.g. Flal), and
optionally binding sites for substrate(s) or cofactor(s), located in said interior space,

wherein the substructures emulate one or more structural or functional proteins of a
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flagellum or archaellum (e.g. any one or more of protein Flal, FlaX, FlaH and FlaJ) or
fragments thereof, which are required as anchoring structures, for activity regulation or
force transmission. In some embodiments, the molecular motor comprises one or two
rings or discs with a hollow interior space formed by a nucleic acid scaffold with one or
more functional core(s) (e.g. any one of 3, 4, 5, or 6 functional cores) comprising the
catalytic center of an ATPase (e.g. Flal) located in said interior space, wherein the
substructures emulate a structural or functional proteins of a flagellum or archaellum
(e.g. FlaX of a archaeal rotary motor) or fragments thereof. Thus, the assembled
molecular motor (e.g. molecular motor with at least two substructures) comprises
rotating, moving and anchored substructures and at least one functional core. In some
embodiments, the molecular motor further comprises one or more structural or
functional proteins of an archaellum or flagellum (e.g. an archeal rotary motor) or
fragments thereof (e.g, any one or more of protein Flal, FlaX, FlaH and FlaJ or

fragments thereof)

Functional Core

The molecular motor described herein comprises at least one functional core
(e.g. anyoneof 1, 2, 3, 4, 5 or 6 functional cores which may act together to catalyze
an enzymatic reaction or which act independent of each other to catalyze different
enzymatic reactions). The functional core comprises nucleotides, nucleotide analogs,
amino acids and/or amino acid analogs (e.g. staple chains with one or more modified
nucleotides or nucleotide analogs) within the nanostructure that enable conformational
changes during the catalytic activity of the nanostructure as described herein as well
as the catalytic activity itself, and, optionally for binding of substates and/or cofactors,
and any conformational changes associated with such (catalytic) activity of the
nanostructure. The functional core may be composed of one or more nucleic acid
strands (e.g. staple strands), each comprising at least 10, 15, 20, or 30 nucleotides/
nucleotide analogs and amino acids and/or amino acid analogs. Specifically, the
functional core comprises at least one chemically modified nucleotide, preferably a
nucleotide comprising one or more amino acid or amino acid analog residue(s) which
form a catalytic center (e.g. a nucleotide or nucleotide analog with any one of 1, 2, 3, 4,
5,6,7,8,9,10, or 15, amino acid residues and/or amino acid analogs, wherein the
first amino acid residue or amino acid analog residue is bound to the nucleotide and

any further residues are bound either directly to the first amino acid or amino acid
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analog residue or indirectly (via the second, third etc. residue), forming a linear or
branched chain of amino acid or amino acid analog residues). In some embodiments,
the functional core comprises at least one nucleotide with a polypeptide side chain
(e.g., any one of 1 to 5 nucleotides/nucleotide analogs). In some embodiments, at least
5%, 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80% or 90% of the nucleotides of the
functional core are chemically modified (e.g. comprise one or more amino acid
residues and/ or amino acid analogs). In some embodiments, the functional core
comprises the sequence of any one of SEQ ID NO:2 to 4 with chemical modifications
as shown in Figure 6.

The catalytic center formed by one or more functional cores may comprise at
least 5, 6,7, 8,9, 10, or 15 amino acid residues and/or amino acid analogs, preferably
from 5-15 or from 5-10 amino acid or amino acid analog residues. The amino acid
residues and/or amino acid analogs forming the catalytic center may be derived from
(e.g. bound to) the same or different nucleotides or nucleotide analogs of a functional
core. For example, one or more amino acids or amino acid analogs bound to
nucleotide X, and one or more amino acid residues and or amino acid analogs bound
to nucleotide Y may form together the catalytic center, wherein nucleotide X and Y
may be within the same or different functional core(s). In some embodiments, more
than one functional core (e.g. any one of 2, 3, 4, 5 or 6 functional cores) form together
one catalytic center. In some embodiments, each functional core of the nanostructure
described herein forms a separate catalytic center. In some embodiments, the amino
acid or amino acid analogs of the one or more functional core(s) form one or more
catalytic center(s) and further binding sites for substrates, products and/or binding sites
for any cofactor(s) of the catalytic reaction.

Functional cores may be designed by a software program calculating the
movement of the 4D model of a nanostructure as described herein in in a user-defined
area (e.g. the conformational changes of a catalytic center upon hydrolysis of a
substrate). For example, WHAT IF Software (Vriend, Journal Mol Graph., 8,52-56
(1990)) and AMBER (Meagher et al., Journal of Computational Chemistry, 24:1016-25
(2003); Allner et al., J. Chem.Theory Comput. 8(4):1493-1502 (2012)) may be
employed to optimize the geometry of the nanostructure and/or functional core based
on crystal structures of proteins with catalytic activity (e.g. ATPases). The atoms which

are essential for the reaction of interest including atoms that are not directly involved in
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the chemical reaction but required for conformational changes are selected and define
the functional core.

The sequences of the nucleic acid molecules with chemical modifications (e.g.
one or more bound amino acid residues), are tested regarding the steric effects of
such modifications in software programs known in the art (e.g. MAESTRO/
SCHRODINGER, (Schrédinger Release 2016-3: MS Jaguar, Schrédinger, LLC, New
York, NY, 2016)). Further testing of the nucleic acid molecules with chemical
modifications regarding their ability to form/emulate catalytic centers of known proteins
based on their crystal structure can be performed using, for example, Visual Molecular
Dynamics (VMD, Humphrey et al., Journal Mol. Graph, 14:33-38, (1996)), and
MAESTRO/SCHRODINGER (Schrédinger Release 2016-3: MS Jaguar, Schrédinger,
LLC, New York, NY, 2016).

The nucleotides or nucleotide analogs of the functional core (e.g. staple chains
with one or more modified nucleotides and/or nucleotide analogs) are directly or
indirectly associated with the first nucleic acid scaffold forming the molecular motor
and may be part of the general structure formed by the nucleic acid scaffold (e.g. a
nanotube, ring, disc or the like) or may form a substructure of any shape (e.g. a
nanotube, cylinder, pyramide, box ring, disc, or the like). For example the nucleic acid
scaffold of the molecular motor may form a nanotube, cylinder, pyramide or box and
the functional core may form a ring or disc (e.g. by hybridization of one or more staple
strands with chemically modified nucleotides), which is bound or associated to the first
nucleic acid scaffold (e.g. a ring or disc having the same diameter or different diameter
as the nucleic acid scaffold). Alternatively, the nucleotides or nucleotide analogs of the
functional core (e.g. staple chains with one or more modified nucleotides or nucleotide
analogs) may hybridize with the backbone strand and/or staple strands forming the
nucleic scaffold and contribute to the formation of the nucleic acid scaffold (e.g. a

cylinder, pyramide or box nanotube, disc or ring).

Catalytic Center

The catalytic center of the first nucleic acid scaffold of the molecular motor
described herein is derived from an ATP-driven motor (e.g. amino acid residues of the
catalytic center of an ATP-driven motor). Such ATP-driven motors hydrolyse ATP to

generate chemical free energy which they use to perform mechanical work.
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Specifically, catalytic centers of rotary motors are used in the molecular motor
described herein.

For example, the FoF1-ATP synthase family of proteins convert the chemical
energy in ATP to the electrochemical potential energy of a proton gradient across a
membrane or the other way around. The catalysis of the chemical reaction and the
movement of protons are coupled to each other via the mechanical rotation of parts of
the complex. This is involved in ATP synthesis in the mitochondria and chloroplasts as
well as in pumping of protons across the vacuolar membrane. The bacterial flagellum
responsible for the swimming and tumbling of E. coli and other bacteria acts as a rigid
propeller that is also powered by a rotary motor. This motor is driven by the flow of
protons across a membrane, possibly using a similar mechanism to that found in the Fg
motor in ATP synthase. The archaellum of archaea is a type VI pilus-like structure of
archaea, which confers motility by rotary movement of the filament. The archaellum
consists of different proteins including an ATPase, Flal, and FlaX, which forms an
oligomeric ring structure.

Specifically, the molecular motor described herein comprises a first nucleic acid
scaffold with the catalytic center of the archaeal rotary motor (e.g. the catalytic center
of the ATPase Flal).

The archaeal motor is present in the large majority of motile archea. The
catalytice center of the nanostructures described herein may be derived from species
including but not limited to Acidilobus saccharovorans, Aeropyrum pernix,
Archaeoglobus fulgidus, Halobacterium salinarum, Haloferax volcanii, Metallosphaera
sedula, Methanococcus maripaludis, Methanococcus voltae, Nitrosoarchaeum limnia,
Nitrososphaera gargensis, Sulfolobus acidocaldarius, or Thermosphaera aggregans.
Although the proteins of the archaellum share sequence similitarity throughout the
archaeal kingdoms, the protein complex differs between the different species. The
archaella operon of Acidilobus saccharovorans comprises FlaB, FlaG, FlaH, Flal and
Flad (sequences available under accession number NC_014374). The archaella
operon of Aeropyrum pernix comprises FlaB, FlaX, FlaG, FlaF, FlaH, Flal and FlaJ
(sequences available under accession number BA000002.3). The archaella operon of
Archaeoglobus fulgidus comprises FlaB1-2, FlaB1-1, FlaD/E, FlaG, FlaF, FlaH, Flal
and Flad (sequences available under accession number CP006577.1). The archaella
operon of Halobacterium salinarum comprises FlaA1, FlaA2, FlaB1, FlaB2, FlaB3,
FlaC/D/E, FlaD, FlaG, FlaF, FlaH, Flal, Flad and FlaK (sequences available under
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accession number NC_010366.1). The archaella operon of Haloferax volcanii
comprises FlaA1, FlaA2, FlaB1, FlaC/E, FlaF, FlaG, FlaH, Flal and FlaJ (sequences
available under accession number NC_013967.1). The archaella operon of
Metallosphaera sedula comprises FlaB, FlaX, FlaG, FlaF, FlaH, Flal and FlaJ
(sequences available under accession number NZ_CP012176.1). The archaella
operon of Methanococcus maripaludis comprises FlaB1, FlaB2, FlaB3, FlaC, FlaD,
Flak, FlaF, FlaG, FlaH, Flal and Flad (sequences available under accession number
NC_009975.1). The archaella operon of Methanococcus voltae comprises FlaA, FlaB1,
FlaB2, FlaB3, FlaC, FlaD, Flak, FlaF, FlaG, FlaH, Flal and Flad (sequences available
under accession number NC_014222.1). The archaella operon of Nitrosoarchaeum
limnia comprises FlaB1, FlaB2, FlaB3, FlaB4, FlaF, FlaG, FlaH, Flal and FlaJ
(sequences available under accession number CM001158.1). The archaella operon of
Nitrososphaera gargensis comprises FlaB, FlaF, FlaG, FlaH, Flal and Flad (sequences
available under accession number CP002408.1). The archaella operon of Sulfolobus
acidocaldarius comprises FlaB, FlaX, FlaF, FlaG, FlaH, Flal and FlaJ (sequences
available under accession number NC_007181.1). The archaella operon of
Thermosphaera aggregans comprises FlaB, FlaG, FlaH, Flal and FlaJ (sequences
available under accession number CP001939.1). The catalytical center of the archaeal
rotary motor is embedded in the Flal protein which was demonstrated to have ATP
hydrolyzing activity. In general, Flal forms an ATP-dependent hexamer with Walker A
and Walker B motifs for ATP-binding and hydrolysis. For more details see Reindl et al.
(Mol Cell. 49(6):1069-82 (2013)) and Ghosh et al., (Biochem J.; 437(1):43-52 (2011)).

The molecular motor described herein further encompasses nanostructures with
motor activity, structural functions and/or actual movement. In some embodiments, the
molecular motor is composed of a nucleic acid scaffold, which comprises at least two
substructures such as at least two rings or discs with different diameter but having the
same geometric center or a geometric center positioned on the same axis and at least
one functional core. These substructures are nucleic acid scaffold analogs of the e.g.
archaeal rotary motor components Flal, FlaX, FlaH and FlaJ (e.g. Sulfolobus
acidocaldarius). The substructures comprise analogous elements of these proteins
essential for the correct function such as a functional core comprising the catalytical
center, anchoring structures, activity regulation sites and force transmission elements.
Thus, the assembled nanostructure comprises rotating, moving and anchored

substructures and at least one functional core.
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In some embodiments, the molecular motor of the molecular robot described
herein is composed of a first nucleic acid scaffold with one or more functional core(s)
comprising a catalytic center of an ATP-driven motor embedded therein and optionally
one or more structural or functional nucleic acid-based protein analogs of a flagellum
or archaellum or fragments of such proteins. In some embodiments, the one or more
protein analogs are covalently bound to the first nucleic acid scaffold. In some
embodiments, the protein analog emulates an ATPase and/or a structural protein
involved in forming a ring or filament required for movement of the flagellum or
archaellum it is derived from. In some embodiments, the protein analog emulates the
ATPase Flal (e.g. Flal comprising the sequence of SEQ ID NO:1; Figure 5) and/or
FlaX of an archaellum (e.g. of Sulfolobus acidocaldarius). In some embodiments, the
molecular motor described herein is composed of a nucleic acid scaffold (e.g. forming
the shape of a hollow box or ring) and one or more functional core(s) comprising a
nucleic acid molecule with at least one chemically modified nucleotide (e.g. the nucleic
acid molecules FunC1 (SEQ ID NO:2); FunC2 (SEQ ID NO:3) and/or FunC3 (SEQ ID
NO:4) with chemical modificatios as shown in Fig. 6), which forms a catalytic center of
an ATPase and enabling any binding of substrates and/or cofactors and/or
conformational changes associated with such catalytic activity of the molecular motor.
Specifically, the nanostructure described herein is composed of a nucleic acid scaffold
(e.g. forming the shape of a hollow box, cylinder, pyramide or ring) and at least three
functional cores, e.g. the functional cores of SEQ ID NO:2-4, wherein SEQ ID NO:2
comprises amino acid modifications at position 20 (cytosine bound to histidine); and at
position 23 (adenosine bound to lysine-argininge), SEQ ID NO:3 comprises amino acid
modifications at position 16 (adenosine bound to serine-glutamic acid), and SEQ ID
NO:4 comprises amino acid modifications at position 30 (adenosine bound to lysine-

arginine).

lon Channel

lon channels are pore-forming membrane proteins whose functions include
establishing a resting membrane potential, shaping action potentials and other
electrical signals by gating the flow of ions across the cell membrane, controlling the
flow of ions across secretory and epithelial cells, and regulating cell volume. lon
channels are present in the membranes of all cells. lon channels are considered to be

one of the two traditional classes of ionophoric proteins, with the other class known as
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ion transporters (including the sodium-potassium pump, sodium-calcium exchanger,
and sodium-glucose transport proteins, amongst others).

lon channels are located within the plasma membrane of nearly all cells and
many intracellular organelles. They are often described as narrow, water-filled tunnels
that allow only ions of a certain size and/or charge to pass through. This characteristic
is called selective permeability. The archetypal channel pore is just one or two atoms
wide at its narrowest point and is selective for specific species of ion, such as sodium
or potassium. However, some channels may be permeable to the passage of more
than one type of ion, typically sharing a common charge: positive (cations) or negative
(anions). lons often move through the segments of the channel pore in single file
nearly as quickly as the ions move through free solution. In many ion channels,
passage through the pore is governed by a "gate", which may be opened or closed in
response to chemical or electrical signals, temperature, or mechanical force.

lon channels are integral membrane proteins, typically formed as assemblies of
several individual proteins. Such "multi-subunit” assemblies usually involve a circular
arrangement of identical or homologous proteins closely packed around a water-filled
pore through the plane of the membrane or lipid bilayer. For most voltage-gated ion
channels, the pore-forming subunit(s) are called the a-subunit, while the auxiliary
subunits are denoted B, y, and so on.

In some embodiments, the ion channel of the molecular robot described herein
is connected to the molecular motor on one side and the hollow-drillhead on its other
side. In some embodiments, the ion channel is integrated into the inner space of the
drillhead. Upon binding of the robot and motor activity, the ion channel is translocated/
transferred into the cell membrane of the target cell. In some embodiments, the ion
channel triggers lysis of the targt cell upon its positioning within the cell membrane. In
some embodiments, the ion channel is a gated ion channel and lysis of the target cell
only occurs upon an appropriate signal opening the ion channel and thereby altering
the osmotic system of the cell. In some embodiments, the ion channel is not gated
resulting in a non-specific ion transfer and its integration into the cell membrane
disintegrates the complete ion gradient of the cell.

In some embodiments, the ion channel is composed of a nucleic acid scaffold
and/or one or more elements or proteins of a native ion channel (e.g. pore-forming
membrane proteins or fragments thereof). In some embodiments, the ion channel is

partially formed by the second nucleic acid scaffold of the molecular robot described
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herein, which is also forming the drill head, and one or more proteins (e.g. pore-
forming membrane proteins or fragments thereof) embedded or associated with said
second nucleic acid scaffold. Thus, the ion channel and drillhead may form one

structural unit of the molecular robot.

Aptamer

Aptamers can bind to various molecular targets and are viewed as complements
to antibodies. Aptamers have found applications in many areas, such as
biotechnology, medicine, pharmacology, microbiology, and analytical chemistry,
including chromatographic separation and biosensors.

Aptamers are nucleic acids which can be used for targeting various organic and
inorganic materials. Once an aptamer which specifically binds to a certain material is
isolated, it can be consistently reproduced at low costs using automated oligomer
synthesis methods. In some embodiments, the aptamer is a single-stranded DNA,
RNA or derivative or analogue thereof, specifically a single-stranded DNA. In some
embodiments, the aptamer is a single-stranded nucleic acid molecule with secondary
structures that facilitate high-affinity binding to a target.

In some embodiments, the aptamer comprises any one of at least 10, 15, 25,
50, 75, 100, or 150 nucleotides, specifically at least 25 nucleotides. In some
embodiments, the aptamer comprises at least 50 nucleotides. In some embodiments,
the aptamer comprises from 25 to 75 nucelotides.

In some embodiments, the aptamer comprises at least one chemically modified
nucleotide. In some embodiments, any one of at least 5, 10, 15, 20, 25, 30, 40, 50, 60,
70, 80, 90, or 95% of the nucleotides or nucleotide analogs within an aptamer are
chemically modified. In some embodiments, at least any one of 40%, 50%, 60% (e.g.
40%, 50% or 60%) of the nucleotides or nucleotide analogs within the aptamer are
chemically modified (e.g. have at least one amino acid or amino acid analog residue
bound to it). In some embodiments, at least 50% of the nucleotides and or nucleotide
analogs of the aptamer sequence are chemically modified (e.g. have at least one
amino acid or amino acid analog residue bound to it). Chemical modifications may be
in the structure of the base, sugar and/or phosphate. Specifically, chemically modified
nucleotides are modifications of the nucleotide base (e.g. such as 5-position pyrimidine
modifications, 8-position purine modifications). In some embodiments, the nucleotide

bases are modified by (e.g. covalently) binding at least one amino acid residue and/or



10

15

20

25

30

WO 2017/089570 PCT/EP2016/078858
-28-

at least one amino acid analogue such as a phosphoramidite to the base. For example,
one or more amino acid and/or one or more amino acid analog residue (s) are bound
to the base (e.g. atleast anyone of 1, 2, 3, 4, 5,6, 7, 8, 9, or 10 amino acid residue(s)
and/or amino acid analog(s)). If more than one amino acid or amino acid analog
residues are attached to a nucleotide/nucleotide analog, only the first residue is directly
and (e.g. covalently) bound to the nucleotide and any further residues are bound either
directly to the first amino acid or amino acid analog residue or indirectly (via the
second, third etc. residue), forming a linear or branched chain of amino acid or amino
acid analog residues). In some embodiments, at least one nucleotide/nucleotide
analog (e.g. at least 40%, 50%, or 60% of the aptamer sequence) is chemically
modified, wherein at least one (e.g. one or two) amino acid or amino acid analog
residue(s) are bound to the nucleotide (e.g. via a cross-linker). In some embodiments,
the aptamer comprises a phosphoramidite backbone (e.g. at least any one of 10%,
20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%, or 100% of the aptamer sequence have
a phosphoramidite backbone).

Aptamers specifically recognize and bind to a target, i.e. particularly adhere to a
target on a target cell but do not substantially recognize or adhere to other structurally-
unrelated molecules on the target cell. An aptamer of the molecular robot described
herein may have an affinity for the target, for example, with a Kp of at least any one of
1 UM, 100 nM, 10 nM, 1 nM, 100 pM, 10 pM, 1 pM, or less.

Modification of the relatively large DNA by using chemically modified
nucleotides/nucleotide analogs within the aptamer sequence allows the formation of
significantly more 3D conformations and interactions with binding partners via eg.
Hydrogen bonds, Van der Waals forces, polar-nonpolar interactions, Pi-interactions,

etc.

Nucleic acid scaffold

The nucleic acid scaffold can be fabricated from one or more nucleic acid
molecule(s). Nucleic acid nanotechnology makes use of the fact that, due to the
specificity of Watson-Crick base pairing, only portions of the strands which are
complementary to each other will bind to each other to form a duplex. Construction of
nucleic acid scaffolds or nanostructures has been described in several publications,
including WO 2008/039254, US 2010/0216978, WO 2010/148085, US 5,468,851, US
7,842,793, Dietz et al. (2009) [Dietz et al. (2009) Science, Vol. 325, pp.725-730],
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Douglas et al. (2009) [Douglas et al. (2009) Nature, Vol. 459, pp.414]. Essentially,
natural or artificial nucleic acid sequences can be programmed to generate structures,
objects or particles of defined size and geometry. Usually, DNA-based scaffolds make
use of a single strand of DNA (backbone chain), which is induced into a specific
conformation by the binding of complementary, shorter DNA strands (staple chains).
Scaffolds based on folded single-stranded DNA are also feasible, for example, via self-
hybridizing segments of one long single-stranded DNA, as well as scaffolds assembled
by a plurality of staple chains or oligonucleotides without a long (backbone) strand.
RNA typically folds into specific structures by forming tertiary RNA motifs, based on
RNA-RNA interactions within the same molecule. Alternatively, RNA structures may be
assembled by RNA duplexes.

For creating shapes by folding a backbone chain into a desired shape or
structure using a number of small staple chains as glue to hold the scaffold in place,
the number of such helper or staple strands will depend upon the size of the backbone
strand and the complexity of the shape or structure. For example, for relatively short
backbone strands (e.g. about 150 to 1,500 base in length) and/or simple structures the
number of helper/staple strands may be small (e.g., about 5, 10, 50 or more). For
longer backbone strands (e.g. greater than 1,500 bases) and/or more complex
structures, the number of helper strands may be several hundred to thousands (e.g.
50, 100, 300, 600, 1,000 or more helper strands). The choice of staple strands
determines the pattern. A software program may be used to identify the staple strands
needed to form a given design. Popular programs to design DNA nanostructures
including the automated design of helper/staple strands are cadnano [Douglas et al.,
NAR 37(15):5001-6 (2009)], vHelix [Benson et al., Nature 523:441 (2015)] and
Daedalus [Veneziano et al., Science 352:1534 (2016)].

The backbone chain may be a circular or linear nucleic acid. In some
embodiments, the backbone strand comprises at least any one of 150, 300, 500, 750,
1,000, 1,250 or at least 1,500 nucleotides. In some embodiments, the backbone strand
comprises more than 1000 nucleotides. In some embodiments, the nucleic acid
scaffold comprises at least any one of 5, 10, 20, 30, 40, 50, 100, 300, 500, 800 or
1,000 staple strands. In some embodiments, the scaffold is formed or comprises more
than 50 staple strands. In some embodiments, the staple strand comprises at least 30,
40, 50, 60, 70, 80, 90 or 100 nucleoctides. In some embodiments, the staple strand

comprises more than 30 nucleotides. In some embodiments, the staple strand may be
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less than 500, less 400, less than 300, less than 200, less than 100, or less than 50
nucleotides in length. In some embodiments, the staple strands are at least any one of
90%, 95% or 100% complementary to each other or to a backbone strand.

In some embodiments, the scaffold is formed in a self-assembly process, for
example, staple chains hybridize to a backbone strand to complete the formation of
self-assembled structure by nucleic acid complementary base pairing rules. In some
embodiments, the nucleic acid scaffold is assembled by DNA origami. DNA origami is
a method of generating DNA artificially folded at nano scale, creating an arbitrary two
or three dimensional shape that may be used as a scaffold for trapping inside, or
capturing, an entity. Methods of producing DNA scaffolds of the origami type have
been described, for example, in US 7,842,793. DNA origami involves the folding of a
long single strand of DNA (e.g. viral DNA) aided by multiple smaller "staple” strands.
These shorter strands bind the longer strand in various places, resulting in the
formation of a 2D or 3D structure.

Nucleic acid scaffolds as described herein may be composed of
deoxyribonucleotides or ribonucleotides, chemically modified nucleotides or analogs of
nucleotides, and combinations of the foregoing.

As will be appreciated by those in the art, any nucleic acid analogs and/or
chemically modified nucleotides/nucleotide analogs described herein (e.g.
nucleotides/nucleotide analogs with one or more amino acid/amino acid analog
residues attached, optionally for tightening the nucleic acid scaffold) may find use as
helper or staple strands (staple chains) or as part of a polynucleotide or backbone
chain used to generate the nucleic acid scaffold. In addition, mixtures of naturally
occurring nucleic acids and analogs can be used. For example, PNA (Peptide nucleic
acids) includes peptide nucleic acid analogs, which have increased stability. Thus,
nucleic acid of various forms and conformations may be used for generating the
nucleic acid scaffold, including right-handed DNA, right-handed RNA, PNA, locked
nucleic acid (LNA), threose nucleic acid (TNA), glycol nucleic acid (GNA), bridged
nucleic acid (BNA), phosphorodiamidate morpholino oligo (PMO), as well as nucleotide
analogues, such as non- Watson-Crick nucleotides dX, dK, ddX, ddK, dP, dZ, ddP,
ddZ.

In some embodiments, the nucleic acid scaffold is a DNA scaffold. In some
embodiments, the nucleic acid scaffold is a RNA scaffold. In some embodiments, the

nucleic acid scaffold is composed of both, DNA and RNA. In some embodiments, the
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nucleic acid scaffold comprises one or more chemically modified nucleotides or
nucleotide analogues. The nucleic scaffold may comprise DNA:DNA duplexes,
DNA:RNA, RNA:RNA, DNA:PNA duplexes or any combination thereof.

In some embodiments, the nucleic acid scaffold is composed of a single
backbone strand (e.g. a single-stranded DNA or RNA backbone strand). In some
embodiments, the nucleic acid scaffold is composed of one backbone strand (e.g. a
single-stranded DNA or RNA backbone strand) and a plurality of staple strands (e.g. at
least 50 RNA or DNA staple strands comprising at least 30 nucleotides). In some
embodiments, the nucleic acid scaffold is composed of a plurality of staple strands or
oligonucleotides (e.g. at least 50 single-stranded DNA or RNA oligonucleotides
comprising at least 30 nucleotides). In some embodiments, the scaffold comprises
staple strands of the same length (e.g. each strand comprising at least 30 nucleotides).
In some embodiments, the scaffold is formed or comprises staple strands of a plurality
of lengths (e.g. 5-10 staple strands comprising at least 30 nucleotides, and 5-10 staple
strands comprising at least 50 nucleotides).

A backbone chain or strand may be a M13 phage genomic DNA, Lambda phage
genomic DNA or an artificial DNA fragment. Isothermal amplification can be used to
generate long DNA fragments also out of any short, circular DNA template.

A nucleic acid scaffold may form any 2D or 3D structure, object or particle.
Typical nucleic acid scaffolds have a spatial resolution of about 5 nm to about 500 nm,
though the spatial resolution may be greater than 500 nm. Examples of 2D or 3D
shapes formed by the nucleic acid scaffold include but are not limited to a sheet,
square, rectangle, nanotube, cylinder, ring, disc, ribbon, box, cube, pyramide cross

and rod.

Methods

Provided herein are methods of lysing a target cell comprising

() contacting the molecular robot described herein with the cell;

(ii) binding of the at least two rods via the aptamers of said molecular robot
to at least one target on said cell; and

(i)  transferring the ion channel of said molecular robot into the cell
membrane of said cell by using the ATP-driven motor, thereby lysing the

cell.
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Further provided herein are medical uses of the robot described herein.
Specifically, the molecular robot may be used in treating a disorder, comprising
() administering the molecular robot to an individual;
(if) binding of the at least two rods via the aptamers of said molecular robot
to a target on a cell associated with said disorder;
(i)  transferring the ion channel of said molecular robot into the cell
membrane of said cell by using the ATP-driven motor; and

(iv)  lysing said cell.

In some embodiments, the aptamers bind to the same target molecule on a
target cell. In some embodiments, the molecular robot comprises at least two aptamers
wherein the aptamers bind to at least two different targets on the same target cell. In
some embodiments, the target cell is a cancer cell or a cell infected by a pathogen
such as a virus or bacterium. In some embodiments, the target cell is a microbial
pathogen such a bacteria or a eukaryote. In some embodiments, the target cell is a cell
of a pathogenic worm. In some embodiments the target cell is a plant cell infected by
an agricultureal pathogen. In some embodiments, the disorder is an infection in an
individual caused by pathogens, infections of plants caused by agricultural pathogens

or cancer.

EXAMPLES

Example 1: Generation of nucleic acid scaffold

The generation of a nucleic acid scaffold requires an atomistic and time-
resolved 3D (4D) model of the biological structure that is going to be emulated. This
4D model is used as input data for a computer program. The program calculates the
movement of the atoms in the 4D model in a user-defined area (e.g. the
conformational changes of a catalytic center upon hydrolysis of a substrate). The
atoms are selected that are essential for the reaction of interest including atoms that
are not directly involved in the chemical reaction but required for conformational
changes. In general, the selected atoms that are part of the catalytical center and/or
involved in conformational changes are integrated by the program into a nucleic acid
scaffold in a manner that they spatial position remains unchanged relative to each

other.
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The DNA scaffold is generated by methods summarized under the term “DNA
origami” and comprises long and short single-stranded nucleic acid strands.
Specifically, the workflow starts with the design of the multilayer target shape and the
determination of the staple sequences using a computer program (e.g. caDNAno). In
the next step, the genomic DNA of the e.g. M13mp18 bacteriophage can be used as
long single-stranded nucleic acid strand. Other possibilities to obtain the long single-
stranded nucleic acid strand include e.g. enzymatic digestion of one strand of a
double-stranded plasmid or separation of PCR amplicons. Short single strands are in
general obtained by chemical synthesis and purification and offered by many
commercial vendors. Subsequently, equal amounts of concentration-normalized staple
strands (e.g. 500 nM) of each substructure are pooled. The long staple strand can be 2
times or less concentrated (e.g. 100 nM) than the short staple strands. The molecular
self-assembly reaction takes place in an aqueous buffer comprising additional ions
such as Mg, Cl, K, Na, SOy, etc. Repeated heating and cooling of the reaction mixture
can be used to facilitate the folding reaction. In a nanostructure comprising multiple
substructures, the finalized substructures are pooled and the final self-assembly
reaction takes place in an agueous buffer. The analysis of the folding quality can be
analysed using TEM or cryo-electron tomography. For this purpose, agarose gel
electrophoresis is used to purifiy and excise the desired structures from the gel. A
detailed description of this procedure can be found under the reference (Castro et al.
Nature Methods (2011), Mar 8(3):221-9) PMID: 21358626).

Nucleic acid strands that are associated with the functional core have
chemically modified nucleotides (e.g. polypeptide chains). The program generates a
file comprising single-stranded nucleic acid strands including appropriate chemical
modifications as output

The single-stranded nucleic acid strands are synthetized and chemically
modified by commercial suppliers. Subsequently, they are pooled in an aqueous buffer

and self-assemble into the programmed structure.

Example 2: Generation of molecular motor

The generation of the functional core requires a detailed model on the catalytical
center of a native protein (e.g. Flal). The model includes spatial coordinates of the
involved catalytical center (CT) atoms and details on the chemical and conformational

changes that are performed during and after the hydrolyzis of a substrate. This
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information is essential for the computer-aided design of the functional core. Based on
this information, the program using e.g. atomistic molecular dynamics simulation
calculates staple strands that are covalently attached to the involved CT-atoms and
that hybrize within the nucleic acid scaffold in a manner that the original spatial
distribution of the CT-atoms remains intact. This process results in chemically modified
staple strands with e.g. peptide chain modifications. The sum of all chemically modified
staple strands and, more specifically, the chemical modifications of the staple strands
reconstitute the native catalytical center. The staple strands are essential to precisely
assemble the multiple e.g. peptide chains in space. Thus, the enzymatic activity of the
native protein (e.g. Flal) can be emulated. The functional core generated using this
process is integrated into the complete nucleic acid scaffold structure. The generation
and assembly of both the functional core and the nucleic acid scaffold is explained

above in Example one.

Molecular Modelling of Flal - Flal systems preparation

Crystal structure of Flal hexamer containing ADP or ATP as well as PO4 in the
catalytic sites (PDB: 4IHQ) was used for building both monomeric and hexameric
protein complex models. Water molecules found in the crystal structure within 0.3 nm
from the protein heavy atoms were retained for calculation. Polar hydrogen atoms
were added using WHAT IF software, and non-polar with the tleap module of the
AMBER 16 program package. For the parametrization of protein atoms AMBER ff99SB
force field was used. Parameters for ADP, ATP, PO4 and Mg ions were obtained using
AMBER parameter database, University of Manchester (Meagher et al., Journal of
Computational Chemistry, 24:1016-25 (2003); Allner et al., J. Chem.Theory Compult:,
8(4):1493-1502 (2012))

The Flal monomer and hexamer were centered in the rectangular parallelepiped
box filled with TIP3P water molecules. Na™ and CI" ions were added in order to
neutralize the system. Using the described procedure, a total of four systems were
prepared, two smaller monomeric systems containing app. 85,000 atoms, and two
bigger systems containing app. 290,000 atoms. The difference between same sized
systems was only in the substrate bonded to the catalytic site, in one ADP with PO4
and ATP in other.
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Simulations and geometry optimizations

All systems were energy minimized and their geometry optimized in a process
consisting of 50000 steps of the steepest descent algorithm. The constraint of 418.4 K|
was applied on the protein complex atoms, while all of the solvent molecules remained
unconstrained.

After geometry optimization, systems were subjected to molecular dynamics
(MD) simulations. Flal monomer systems were simulated to a maximum of 80 ns, while
Flal hexamer systems to a maximum of 200 ns. The temperature was linearly
increased from 0 to 300 K using a Berendsen thermostat. During the first 300 ps, the
protein complex atoms were constrained with a force constant of 104.6 Kj and the
volume was kept constant.

From 300 ps to the end of simulations, no constraints were applied and
simulations were conducted at a constant temperature (300K) and a constant pressure
(101 325 Pa) using Berendsen thermostat and barostat. The time step was 2 fs, and
the structures were sampled every 10 picosecond. Periodic boundary conditions (PBC)
were applied. Particle mesh Ewald (PME) was used for the calculation of electrostatic
interactions. The cut-off value for non-bonded interactions was set to 1 nm. All
simulations were performed using the AMBER 14 and GROMACS 5.1.4 simulation
packages. All trajectories were analyzed using the VMD, GROMACS and
SCHRODINGER analyzing tools.

Root-mean-square deviation and the radius of gyration calculations were used
to inspect general system stability and to evaluate need for prolongation of MD

simulations.

ATP binding site emulation

The catalytic center screening was made with the purpose of detecting similarity
in amino acids, and to investigate the common interaction principle between ATP /
ADP and the catalytic sites in several different protein complexes (PDB: 4IHQ, 3PUW,
20AP, 3PUV, 3RLF). Screening was performed by visual inspection using VMD and
Maestro from the Schrddinger program package.

The analysis was based on crystal structures of protein complexes as well as
MD simulations of the systems described above. The systems were structurally aligned

to the substrate or group of residues with the smallest root-mean-square fluctuation
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(RMSF) values. Hydrogen bonds were inspected by protein donor — protein acceptor
distance measuring.

Obtained information on type and substrate-relative position of amino acids
involved in ATP/ADP + PO4 binding were used in the creation of a binding site for ADP
/ ATP inside of DNA nanostructure using Maestro. The DNA nanostructure was
created in three separate parts, Figures 2-4) DNA box, a cubical structure made from
single and double stranded DNA maintaining the structural integrity of whole
nanostructure. ll) Inner scaffold, a double stranded DNA structure made of three
separated DNA helices connected on each end with the DNA box. Intermolecular
distance of inner scaffold helices has been made shortest in the area of substrate
binding. [ll) Substrate binding site, group of modified nucleotides specifically chosen
and positioned on strands in the inner scaffold with the purpose of emulating ATP

binding site residues of the Flal protein complex.

Example 3: Evaluation of structure and function of the molecular motor

The correct formation of the molecular motor is evaluated using e.g. electron
microscopy or cryo-electron tomography. The functionality is evaluated by addition of
e.g. a substrate to the nanostructure and the incorporation of fluorescently labelled
nucleotides into the nucleic acid strands. Thus, conformational changes of the
structure in the presence of a substrate can be monitored under a fluorescence
microscope if the hydrolysis of the substrate is successfully performed. In the case of
archeal rotary motor, the correct activity can be confirmed if one fluorescently labelled
staple strand incorporated into the outer ring rotates clockwise and another
fluorescently labelled staple strand incorporated into the inner e.g. disc or ring does not
rotate or rotates counter-clockwise. However, the correct function of a nanostructure
using a fluorescence microscope can only be determined in motile structures.

The functionality of the assembled molecular robot can be easily tested using
viability assays of e.g. targeted pathogenic bacterial cells. For example, a buffer
solution comprising bacterial cells is splitted into two different tubes. One tube is mixed
with molecular robots, the other is left untreated. Subsequently, both mixtures are
incubated e.g. at room termperature for 3 hours and then transferred to LB-medium
plates. Upon incubation at 37 °C overnight, the number of colony forming units (CFU)
per plate is counted. The plate comprising the molecular robots treated mixture should

have significantly lower number of CFUs if the molecular robots are functional.
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CLAIMS

. A molecular robot comprising

(i) a molecular motor composed of a first nucleic acid scaffold and at least
one functional core with a catalytic center of an ATP-driven motor
embedded therein;

(ii) an ion channel;

(i)  a hollow drillhead composed of a second nucleic acid scaffold; and

(iv) atleast two rods, wherein each rod is composed of a third nucleic acid
scaffold and at least one aptamer on its distal end, and wherein each rod

is connected to the molecular motor via its proximal end.

. The molecular robot of claim 1, wherein the first, second and third nucleic acid

scaffolds are DNA or RNA scaffolds.

. The molecular robot of claim 1 or 2, wherein the first, second and/or third

nucleic acid scaffold further comprise modifications with one or more amino acid

residues and/or one or more amino acid analogs.

. The molecular robot of any one of claims 1 to 3, wherein the first nucleic acid

scaffold comprises at least two substructures, wherein the substructures form a
three-dimensional nanostructure selected from the group consisting of a

nanotube, cylinder, ring, disc, ribbon, box, cube or rod.

. The molecular robot of any one of claims 1 to 4, wherein the first scaffold

comprises an outer substructure, preferably an outer ring with a diameter of at
least 20 nm, and an inner substructure, preferably an inner ring, and wherein
the at least two rods are attached to the outer substructure and the drillhead is

attached to the inner substructure.

. The molecular robot of any one of claims 1 to 5, wherein the at least one

functional core is bound to the first scaffold via staple chains.



WO 2017/089570 PCT/EP2016/078858
-38-

7. The molecular robot of any one of claims 1 to 6, wherein the at least one
functional core comprises the catalytic center of a rotary motor of an

archaellum.

8. The molecular robot of any one of claims 1 to 7, wherein the molecular motor
comprises at least three functional cores forming the catalytic center of an
ATPase, preferably the ATPase Flal embedded in an interior space of the first

nucleic acid scaffold.

9. The molecular robot of any one of claims 1 to 8, wherein at least one further
protein of the archaellum, preferably FLaX and/or Flal, or a fragment thereof is

embedded in the first nucleic acid scaffold.

10.The molecular robot of any one of claims 1 to 9, wherein the ion channel is
embedded or associated with the second nucleic acid scaffold.of the hollow drill
head.

11.The molecular robot of any one of claims 1 to 10, wherein the aptamer is a DNA
or RNA aptamer, comprising at least 25 nucleotides, preferable at least 50

nucleotides, more preferable 25 to 75 nucleotides.

12.The molecular robot of any one of claims 1 to 11, wherein the aptamer
comprises at least one chemically modified nucleotide or nucleotide analogue,
preferably wherein any one of at least 40%, 50% or 60% of the nucleotides

and/or nucleotide analogs are chemically modified.

13. The molecular robot of any one of claims 1 to 12, wherein the aptamer
comprises at least one nucleotide and/or nucleotide analog with one or more
amino acid residue(s) and/or one or more amino acid analog(s) bound to it,
preferably wherein one or two amino acid or amino acid analog residue(s) are

bound to the nucleotide and/or nucleotide analog.

14.The molecular robot of any one of claims 1 to 13, wherein the at least two rods

specifically bind to the same target or different targets via the aptamers.
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15.A method of lysing a cell, comprising
(i) contacting the molecular robot of any one of claims 1 to 14 with the cell;
(ii) binding of the at least two rods via the aptamers of said molecular robot
to at least one target on said cell; and
5 (iif)  transferring the ion channel of said molecular robot into the cell
membrane of said cell by using the ATP-driven motor, thereby lysing the

cell.

16. The molecular robot of any one of claims 1 to 14 for use in treating a disorder,
10 comprising
(i) administering the molecular robot to an individual;
(ii) binding of the at least two rods via the aptamers of said molecular robot
to a target on a cell associated with said disorder;
(i)  transferring the ion channel of said molecular robot into the cell
15 membrane of said cell by using the ATP-driven motor; and

(iv)  lysing said cell.

17.The molecular robot for use in treating a disorder according to claim 16, wherein
the disorder is an infection in an individual caused by pathogens, or infections in

20 plants caused by agricultural pathogens or cancer.
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Figure 2




PCT/EP2016/078858

WO 2017/089570

3/6

Figure 3
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Figure 5

(A)

Flal;

>4|HQ:A|PDBID|CHAIN| (SEQ ID NO:1)

MSFVEDYLTKLQERPTIENPNILKGSKIFNAIYRVDDFVYIHIQSIKSEDGYNQYNVIE
PPRPTHDEMEEIEEKFALSIGDKEPPEDTKEKEKLIRSILDKILLRMRLSVPKEYVIYHFIRDK
LYTGSLEPLIRDPYIEDISIPGLGHVYIVHKVFGPMRTSIKFENYEELDNLIVSLSEKSYRPVS
HNRPVVDASLPDGSRVNFVYGVDISRRGSNLTVRKFSRVPTSITQLIMFGTLSSMMAAYIW
TMLDEGMNLFVCGETASGKTTTLNAITAFIPPNLKIVTIEDTPELTVPHSNWVAEVTRETGG
EGTIKLFDLLKAALRQRPNYILVGAIRDKEGNVAFQAMQTGHSVMATFHAANITTLIQRLTG
YPIEVPKSYINNLNIALFQTALYDKKGNLIRRVVEVDEIDIDPVTNDVVYIPAFTYDSVQDKM
LFAGKGSSYLIENKIAVKRGIDRRNIGLLYDELQMRSRFLNLLVEKKIFNYYDVWDYILRAR
QMGLEEAIKYVSNI

(B)
Flal ADP and PO4 binding site
239,244 T, 270-275 ASGKTT, 298 G, 341 E, 363 T,408 R

()
Flal catalytic area
234 L,237F,293T,265A,268K,269T,270T,404 R
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Figure 6

FunC1: ACGCGATGCATCGACTAGCC(His)TTA(Lys-
Arg)ATATGGCGGATATGCGCATGCCGG, (SEQ ID NO:2) with amino acid modifications
at position 20 (Cytosine bound to Histidine); at position 23 (Adenosine bound to Lysine-

Arginine)

FunC2: AGCTTTAGCGCGGCGA(Ser-Glu) GGCTAGCGCTTGATCG (SEQ ID NO:3)
with amino acid modifications at position 16 (Adenosine bound to Serine-Glutamic Acid)

FunC3: AGATCTATGCGCGATCGGCGATAGCGCCGA(Lys-
Arg)TCGATCGCGATCGATGCGACT (SEQ ID NO:4) with amino acid modifications at
position 30 (Adenosine bound to Lysine-Arginine)
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