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Description

FIELD OF THE INVENTION

[0001] This invention relates to novel molecular constructs that act as various logic elements, i.e., gates and flip-
flops. The constructs are useful in a wide variety of contexts including, but not limited to, computation and control
systems.

BACKGROUND OF THE INVENTION

[0002] The history of computational devices reveals a progression from larger and slower to smaller and faster de-
vices. Huge stepwise advances in this progression have accompanied significant changes in the underlying technology.
Thus, for example, vast increases in computational speed accompanied the transition from mechanical, hand-operated
devices such as the abacus and hand operated cash-register or calculator to electrically driven mechanical computers
(e.g., the electric cash register/calculator). Similarly significant increases in speed and decreases in size accompanied
the shift from mechanical based devices to tube-based electronic computers, again with the shift from tube-based
electronic computers to transistor-based electronic computers, and yet again with the shift from discrete transistor
circuits to integrated circuits to large scale integrated (LSI) circuits.
[0003] The continually decreasing size and increasing speed of large scale integrated electronic devices has recently
provoked increased interest and concern regarding the theoretical and practical limits of this progression. Such theo-
retical limits are affected by the inherent noise in electronic systems, the need to dissipate heat across ever decreasing
surface areas as the feature size of various elements decreases, and the "anomalous" behavior of devices as their
physical size decreases to a point at which quantum mechanical rather than macroscopic properties predominate. (It
will be noted however, that the emergence of quantum mechanical properties at small feature size may provide the
basis for quantum computing devices and this field is receiving considerable interest). Practical limits are imposed by
costs and difficulties in predictable and reliable microfabrication.
[0004] Another approach to the improvement in computational power and/or efficiency has involved the substitution
of "linear" computing systems in which a single processor sequentially performs the necessary operations in a calcu-
lation with "parallel" computing system in which components of each calculation are distributed across two or more
processing elements. Parallel computing systems can achieve vast savings in computational time. For example, an
algorithm running on 100 computing elements in parallel in principle can run about 100 times faster than the same
algorithm on a single element that must process each operation sequentially. Of course the actual gain in efficiency is
less than 100 because some time is lost in parsing the algorithm between the various computing elements, in integrating
the elements, and because some elements may have to wait for other elements to complete their calculation before
the next operation can proceed. Nevertheless, massively parallel systems have been able to solve problems (e.g.,
identify large prime numbers) that could not be practically determined on linear computer systems.
[0005] A combination of the two approaches, massive parallelism combined with small computational element size
has birthed the field of molecular computing. This is illustrated in the seminal paper by Adleman (1994) Science 266:
1021-1024, in which molecular biological tools were used to solve an instance of the directed Hamiltonian path problem.
In particular, Adleman encoded the problem (a directed Graph) into nucleic acid sequences and then performed a
series of ligations that ultimately produced an encoded solution which could then be decoded. Following Schneider
(1991) J. Theoret. Biol., 148: 125, Adleman suggested that such molecular systems could demonstrate remarkable
energy efficiency with a theoretical maximum of 34 x 1019 operations per Joule while conventional supercomputers
execute at most 109 operations per joule.
[0006] Adleman recognized that DNA molecular computing imposed certain difficulty and limitations, particularly on
the encoding of various problems and recognized that conventional electronic computers have an advantage in the
variety of operations they provide and the flexibility with which these operations can be applied. He did, however, note
that for certain intrinsically complex problems, such as the directed Hamiltonian path problem where existing electronic
computers are very inefficient and where massively parallel searches can be organized to take advantages of the
operations provided by molecular biology, such molecular computations may be advantageous.
[0007] As indicated by Adleman, one limitation of prior molecular computation systems has been the lack of a variety
of operations and the flexibility with which they may be applied.
[0008] It is also known from prior art document J. WATSON: "Recombinant DNA - A short course", SCIENTIFIC
AMERICAN BOOKS / W.H. FREEMAN AND COMPANY, 1983, XP002108084, pages 45-54 that an enzyme molecule
(e.g. RNA polymerase) can bind at a DNA site called the promoter, thereby starting synthesis of a predetermined
organic molecule (e.g. β-gal mRNA) by transcription. The document further discloses that when a repressor molecule
binds at a DNA site called the operator, it sterically prevents said enzyme molecule to bind to said promoter site,
whereby transcription synthesis cannot start.
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The presence of an inducer molecule (e.g. lactose) can prevent the repressor molecule to bind to the operator in that
said inducer molecule binds to the repressor molecule, thus allowing transcription synthesis to start. It is therein also
disclosed that the operator site and the promoter site are located "near" or "nearby" on the DNA double helix.
A further prior art document, namely, R. SCHLIEF: "Molecular recognition: Feeling for the bumps", NATURE, vol. 325,
1 January 1987 (1987-01-01), pages 14-15, XP002108081, discloses that, in a DNA sequence, there can be a plurality
of "closely related" binding sites, e.g. the three operator sites OR3, OR2, OR1, to which two proteins, e.g. Cro and a
repressor, can competitively bind. Each of these two proteins can bind to each and every one of said binding sites.
However, the two proteins have higher affinity with and bind preferentially to different ones of said binding sites.

SUMMARY OF THE INVENTION

[0009] This invention is defined in the appended claims and overcomes a number of these limitations by providing
molecular logic devices that operate in a manner analogous to their electronic counterparts and thus provide a wide
variety of operations. Thus, in one embodiment, this invention provides molecular bistable elements (flip-flops) and a
wide variety of logic elements (gates) such as the AND, OR, NAND, NOR, NOT gates and others.
[0010] The central operational element of these devices is a nucleic acid having two or more protein binding sites
(e.g., a first protein binding site and a second protein binding site). The sites are arranged such that when the first
protein binding site is specifically bound by a protein, the second binding site cannot be bound by a protein that otherwise
specifically recognizes and binds the second binding site; and when the second binding site is specifically bound by
a protein, the first binding site cannot be bound by a protein that otherwise specifically recognizes and binds the first
binding site. The binding sites are thus mutually exclusive. The nucleic acid can be a single or double stranded nucleic
acid, however double stranded nucleic acids (e.g., DNA) are preferred. The first and the second binding sites can have
the same or different nucleotide sequences. In one preferred embodiment the first and second binding sites are the
same and have the nucleotide sequence of SEQ ID NO: 1 described herein.
[0011] The binding sites can be chosen so that they are specifically recognized (bound) by any of the nucleic acid
binding proteins described herein (e.g., Fis, modified EF-tu, Tus, and LexA).
[0012] As indicated above, the binding sites are spaced so that they are mutually exclusive (only one can be bound
at a time). The first binding site is preferably within 20 nucleotides (base pairs) of the second site, more preferably
within 15 base pairs, and most preferably within 11 or fewer base pairs of the second site. Preferred binding sites have
a strength of at least 2.4 bits as determined by individual information theory. The difference in strength between the
two sites is at least 0 bits as determined by individual information theory.
[0013] The "flip-flop" may additionally include one or more selector binding sites (e.g. a third protein binding site)
where the selector binding site is in proximity to the first protein binding site or to the second protein binding site such
that specific binding of the third binding site (e.g., with a protein) precludes specific protein binding of the first or second
protein binding sites.
[0014] In one preferred embodiment the flip-flop comprises the above-described nucleic acid in which the first protein
binding site is a Fis binding site; the second protein binding site is a Fis binding site; and the binding sites are separated
from each other by less than 12 nucleotide base pairs. In a particularly preferred flip-flop the nucleic acid is a deoxyri-
bonucleic acid comprising the sequence of SEQ ID NO: 2 or SEQ ID NO: 3 described herein.
[0015] In another embodiment this invention provides the various logic gates (NOR, OR, NOT, AND, NAND) de-
scribed herein. The fundamental unit of these gates is the NOR gate. In one embodiment, the NOR gate is a composition
comprising an isolated nucleic acid having a length of at least 5 base pairs and having a nucleotide sequence that
encodes a first protein binding site, a second protein binding site, and a third protein binding site where the protein
binding sites are spaced in proximity to each other such that when either the first protein binding site or the third protein
binding is specifically bound by a nucleic acid binding protein, the second binding site cannot be bound by a nucleic
acid binding protein that otherwise specifically recognizes and binds the second binding site; and where the first protein
binding site and the third protein binding site can simultaneously be specifically bound by a nucleic acid binding protein.
The NOR gate can be in a state in which the first or third binding site is bound by a nucleic acid binding protein (e.g.
Fis or any of the binding proteins described herein) and thus set in a HIGH state. Similarly, the second binding site can
be bound by a nucleic acid binding protein, but not when either the first or the second site is bound.
[0016] The binding protein bound to the second binding site can be attached to an activator (e.g. a gene transactivator
such as Gal4). In addition, the NOR gate can further comprise a gene or cDNA under the control of the activator. The
gene or cDNA can encode virtually any structural protein. Thus, in one embodiment, the gene may be a reporter gene
(e.g., FFlux, GFP, etc. ) or in another embodiment the gene may encode a nucleic acid binding protein. This provides
a method of coupling the output of one gate or flip-flop to the input of the same gate or flip-flop or to the input of another
gate or flip-flop.
[0017] As with the flip-flop described above, in one embodiment, the underlying nucleic acid can be double stranded
(e.g., a DNA). The three binding sites comprising the NOR gate can all be different (in which case, no selectors are
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necessary although they optionally can be present). Alternatively, the first and third binding sites can have the same
nucleotide sequence (i.e., bind the same protein with the same strength) in which case, the NOR gate acts like a NOT
gate (when I1=I2, NOR(I1,I2)=NOT(I1)). In another embodiment, the first or third binding sites and the second binding
site can have the same nucleotide sequence. The binding sites can be chosen so that they are cognate binding sites
for any particular binding protein. Preferred spacings between the first and second site and between the second and
third site are as described above.
[0018] Preferred binding sites have a binding strength of at least 2.4 bits as determined by individual information
theory. In one embodiment, the difference in strength between the first, and third site is at least 0 bits as determined
by individual information theory. In a particularly preferred embodiment, the first protein binding site is a Fis binding
site; and the third protein binding site is a Fis binding site (e.g., the binding site of SEQ ID NO: 1).
[0019] In another embodiment this invention provides a composition for the storage of binary information. The pre-
ferred storage composition comprises any of the flip-flops described above having a nucleic acid binding protein bound
to the first protein binding site or to the second protein binding site. The underlying nucleic acid can have restriction
sites at one or both ends and preferably different restriction sites at each end. The restriction sites are preferably
located so that when the binding site adjacent to a restriction site is occupied with a binding protein, a ligase is incapable
of ligating the mating strand to that restriction site.
[0020] The storage composition can be free in solution or it can be attached to a solid support. The binding protein
may be covalently linked to the underlying nucleic acid. The binding protein can be attached to a gene transactivator
as described above. In addition, the storage composition can include one or more genes or cDNAs as described above
that are preferably under control of the activator.
[0021] In still another embodiment, this invention provides a method of storing information. The method involves
binding a nucleic acid binding protein to a first protein binding site on a nucleic acid comprising any of the above-
described flip-flops or on a nucleic acid comprising any of the gates described herein. The method may further involve
the step of determining which binding site on the nucleic acid is bound by said binding protein.
[0022] This invention also provides a method of transforming binary information. This method involves binding a
nucleic acid binding protein to an input protein binding site on any one or more of the gates described herein and
determining whether or not a nucleic acid binding protein can bind to an output protein binding site. The output binding
site can be on the same or a different gate and it can be on the same or a different nucleic acid. In a preferred embod-
iment, a nucleic acid comprising a gate used for this purpose has a length of at least 3, preferably a length of at least
5, more preferably a length of at least 7 and most preferably a length of at least 22 base pairs.

DEFINITIONS

[0023] The terms "polypeptide", "peptide" and "protein" are used interchangeably herein to refer to a polymer of
amino acid residues. The terms apply to amino acid polymers in which one or more amino acid residue is an artificial
chemical analogue of a corresponding naturally occurring amino acid, as well as to naturally occurring amino acid
polymers.
[0024] The term "nucleic acid" refers to a deoxyribonucleotide or ribonucleotide polymer in either single- or double-
stranded form, and unless otherwise limited, encompasses known analogs of natural nucleotides that can function in
a similar manner as naturally occurring nucleotides. The term also includes nucleotides linked by peptide linkages as
in "peptide" nucleic acids.
[0025] The term "specifically binds", as used herein, when referring to the binding of a protein or polypeptide to a
nucleic acid refers to a protein nucleic acid interaction in which the protein binds strongly to a specific nucleic acid
sequence pattern (nucleotide sequence) and less strongly to other different nucleic acid patterns (e.g., in a gel shift
assay, specific binding will show an significant gel shift as compared to the gel shift shown by the same protein to other
different nucleic acid sequences of the same length).
[0026] The term "nucleic acid binding protein" is used herein to refer to a protein that specifically binds to a nucleic
acid at a particular nucleotide sequence. Nucleic acid binding proteins include DNA binding proteins, mRNA binding
proteins, tRNA binding proteins, proteins that specifically bind modified or otherwise non-standard nucleic acids as
described above. Nucleic acid binding proteins include, but are not limited to DNA binding proteins such as Fis, LacI,
lambda cI, lambda cro, LexA, TrpR, ArgR, AraC, CRP, FNR, OxyR, IHF, GalR, MalT, LRP, SoxR, SoxS, sigma factors,
chi, T4 MotA, P1 RepA, p53, NF-kappa-B, and RNA binding proteins or protein/RNA complexes such as ribosomes,
T4 regA, spliceosomes (donor and acceptor), polyA binding factor, and the like. A large number of nucleic acid binding
proteins are described in the TransFac database (ftp://transfac.gbf-braunschweig.de/pub/transfac/ascii/, see also Nu-
cleic Acids Res. (25(1) 265-268 (1997)).
[0027] A "protein binding site" refers to a nucleotide sequence in a nucleic acid to which a particular nucleic acid
binding protein specifically binds.
[0028] The terms "cognate protein" or "cognate binding site" refer to the protein that specifically binds to the binding
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site or to the binding site that is specifically bound by a particular binding protein, respectively.
[0029] A binding site "blocker", "selector", or "modulator" refers to a moiety that when bound adjacent to, in proximity
to or on a binding site, partially or completely blocks binding of that site by its cognate nucleic acid binding protein.
[0030] The term "flip-flop" refers to a bistable device that exists in one or the other of two mutually exclusive states.
Thus the molecular flip-flops of this invention have two binding sites, only one of which can be bound at a time.
[0031] The term "gate" is used to refer to a device that produces a particular (predetermined) output in response to
one or more inputs. Thus, for example, an AND gate produces a HIGH output only when all inputs are HIGH. An OR
gate produces a HIGH output when any input is HIGH and a LOW output only when all inputs are LOW. A NOT function
returns a HIGH when input is LOW and a LOW when input is HIGH. Gates and their uses are well known to those of
skill in the art (see, e.g. Horowitz and Hill (1990) The Art of Electronics, Cambridge University Press, Cambridge).
[0032] The term "state" is used to refer to the signal state of a particular binding site of a flip-flop or of a logic gate
ofthis invention. A protein binding site that is protein bound or capable of being protein bound is said to be HIGH, while
a binding site that is unbound and cannot be bound by a binding protein is said to be LOW.
[0033] The term "input" is used herein to refer to a binding site to which a signal may be applied in order to elicit an
output. The signal itself (e.g., a signal polypeptide) may also be referred to as an input. The difference will be determined
from the context of usage. The term "input binding site" refers to a protein binding site that is used as an input.
[0034] The term "output" is used herein to refer to a binding site that is rendered capable or incapable of binding its
cognate protein as a consequence of an input binding event or events. The term output can also refer to the state of
the output binding site. The output can provide an input for another gate or flip-flop of this invention.
[0035] A "signal protein" is a nucleic acid binding protein that sets the (logical) state of a molecular flip-flop or of a
molecular gate of this invention. As described herein, binding of a signal protein to a protein binding site on a nucleic
acid sets the state of that binding site high. A signal protein can also be used to read the state of the flip-flop or gate.
In this latter context, where the protein is capable of binding an output binding site (i.e., the binding site is unblocked),
the state of the output is said to be HIGH. Conversely, where the output binding site is blocked, the state is said to be
LOW.
[0036] The term "setting the state" when referring to a binding site refers to selectively binding or unbinding a signal
protein from a particular binding site. Where the signal protein is bound to the binding site, the state of that binding site
is set high. Conversely, where the signal protein is removed from the site, the state is set LOW. With respect to a flip-
flop, setting the state refers to setting the flip-flop into one of its mutually exclusive stable states. Thus state one can
be set by binding a signal protein to the first binding site, while state two can be set binding a signal protein to the
second binding sites. Since the two states are mutually exclusive setting the state at one site implicitly involves setting
(or switching) the state at the other site.
[0037] The term "resetting the state" the state refers to changing the state (e.g., from HIGH to LOW or from LOW to
HIGH) of an input binding site, an output binding site, or a flip-flop.
[0038] The term "GTPase-like" protein refers to a binding protein that can release a bound nucleic acid with the
dissipation of energy (e.g., hydrolysis of an energy source such as GTP, ATP, etc., or input of light). Such release may
optionally be accomplished with the additional use of a co-factor. A GTPase-like protein includes naturally occurring
GTPase-like proteins (including GTPases) as well as modified and non-natural GTPase-like proteins.
[0039] A "recombinant expression cassette" or simply an "expression cassette" is a nucleic acid construct, generated
recombinantly or synthetically, with nucleic acid elements that are capable of affecting expression of a structural gene
or genes in hosts compatible with such sequences. Expression cassettes include at least promoters and optionally,
transcription termination signals. Typically, the recombinant expression cassette includes a nucleic acid to be tran-
scribed (e.g., a nucleic acid encoding a desired polypeptide), and a promoter. Additional factors necessary or helpful
in effecting expression may also be used as described herein. For example, an expression cassette can also include
nucleotide sequences that encode a signal sequence that directs secretion of an expressed protein from the host cell.
[0040] A "logic cassette" refers to an expression cassette in which the expression of one or more genes is under the
control of one or more molecular gates or flip-flops of this invention.
[0041] The phrase "expression is under the control of" when referring to a logic element (e.g., gate or flip-flop) indi-
cates that changes in the state(s) (input and/or output) of the gate or flip-flop alters the expression level of the gene
or gene under said control.
[0042] Similarly, a gene "operably linked" or "under the control" of an activator refers to a gene whose expression is
altered by the presence or absence of a particular activator.
[0043] A "tethered activator" refers to a gene activator (e.g. Gal4) bound directly or through a linker to a nucleic acid
binding protein (e.g. LexA). The attachment can be chemical conjugation or by recombinant expression of a fusion
protein. In some instances a repressor can be used in place of the activator and the term tethered activator is intended
to encompass this possibility.
[0044] The term "binding strength" as used herein refers to binding strength as calculated using individual information
theory (e.g., as described in Schneider (1997) J. Theoret. Biol., 189(4): 427-441) or as measured by binding energy
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(-∆G).
[0045] The terms "isolated" "purified" or "biologically pure" refer to material which is substantially or essentially free
from components which normally accompany it as found in its native state. In the case of a nucleic acid, an isolated
nucleic acid is typically free of the nucleic acid sequences by which it is flanked in nature. An isolated nucleic acid can
be reintroduced into a cell and such "heterologous" nucleic acids are regarded herein as isolated. In addition, nucleic
acids synthesized de novo or produced by cloning (e.g. recombinant DNA technology) are also regarded as "isolated".
[0046] The term "sequence logo" refers to a graphical method for displaying the patterns in a set of aligned sequenc-
es. The characters representing the sequence are stacked on top of each other for each position in the aligned se-
quences. The height of each letter is proportional to its frequency and the letters are sorted so the most common is
on top. The height of the entire stack is then adjusted to signify the information content of the sequences at that position.
From these "sequence logos" one can determine not only the consensus sequence, but also the relative frequency of
bases and information content (measured in bits) at every position in a site or sequence. The logo displays both sig-
nificant residues and subtle sequence patterns. Sequence logos are described in detail in Schneider & Stephens (1990)
Nucl. Acids Res., 18: 6097-6100 and Schneider (1996) Meth. Enzym., 274: 445-455.
[0047] The term "sequence walker" refers to a graphical method for displaying how binding proteins and other mac-
romolecules interact with individual bases of nucleotide sequences. Characters representing the sequence are either
oriented normally and placed above a line indicating favorable contact, or upside-down and placed below the line
indicating unfavorable contact. The positive or negative height of each letter shows the contribution of that base to the
average sequence conservation of the binding site, as represented by a sequence logo. These sequence "walkers"
can be stepped along raw sequence data to visually search for binding sites. Many walkers, for the same or different
proteins, can be simultaneously placed next to a sequence to create a quantitative map of a complex genetic region.
One can alter the sequence to quantitatively engineer binding sites. Database anomalies can be visualized by placing
a walker at the recorded positions of a binding molecule and by comparing this to locations found by scanning the
nearby sequences. The sequence can also be altered to predict whether a change is a polymorphism or a mutation
for the recognizer being modeled. The calculation and use of "sequence walkers" are described in Schneider (1997)
Nucl. Acids Res., 25: 4408-4415, and in copending application USSN 08/494,115, filed on June 23, 1995. The math-
ematics for walkers is given in: Schneider (1997) J. Theor. Biol. 189(4): 427-441

BRIEF DESCRIPTION OF THE DRAWINGS

[0048]

Figures 1a and 1b illustrate the two states of a basic molecular flip-flop. The horizontal line represents a nucleic
acid while the boxes labeled BS1 and BS2 represent protein binding sites. The circles, labeled BP1 and BP2
represent binding proteins that bind to BS1 and BS2 respectively. The binding sites are situated so that when BP1
is bound to BS1, BS2 cannot be occupied. Conversely when BP2 binds to BS2, BS1 cannot be occupied. BS 1
and BS2 can be the same type of protein binding site or different kinds of protein binding sites (i.e., bind different
proteins). Similarly, BP1 and BP2 can be the same or different kinds of binding proteins. The circles S1 and S2
represent optional "selectors", binding sites that when bound block BS1 and BS2 and thereby allow selective
setting of the state of the flip-flop.
Figure 2 illustrates readout of a flip-flop using a nucleic acid readout molecule and a ligation reaction. The flip-flop
is incubated with two readout molecules one of which has an end complementary to one end of the flip-flop nucleic
acid and the other of which has an end complementary to the other end of the flip-flop nucleic acid. The readout
molecules, under hybridizing conditions, bind to the respective ends of the flip-flop nucleic acid. A ligase reaction
is then run. The bound nucleic acid binding protein (Fis in Figure 2) blocks access of the ligase to the site adjacent
to the bound binding site (BS1 in Figure 2) thereby preventing ligation of that readout molecule. The other readout
molecule is successfully ligated to the nucleic acid and provides a signal indicating which binding site was not
blocked.
Figures 3 illustrates a molecular NOR gate, a NOT gate, gene activation under the control of a gate, signal coupling
between two gates and a molecular OR gate. Gate A acts as a simple NOR gate, output O1 providing a NOR
response to inputs I1 and I2, as described herein. Gate B, in which I3 and I4 are identical provides a molecular NOT
gate with O2 providing a NOT response to inputs at I3 or I4 as described herein. Gate A also illustrates regulation
of gene expression. When output O1 is HIGH, protein BP1 can bind to that site. This anchors the tethered activator
(A) which then activates expression of the gene. In Figure 3, the gene expresses a binding protein that can spe-
cifically bind to I3 or I4 of gate B thereby illustrating the coupling of the output of Gate A to the input of Gate B. The
output of gate B (O2) produces an OR in response to inputs (I1 or I2) at gate A. Any of the illustrated binding sites
may also optionally occur with a selector molecule.
Figure 4 illustrates an AND and a NAND gate. Two NOR gates, gates A and B, provide inputs into a third NOR
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gate (gate C). This produces an output at O3 that is an AND function of the inputs to gates A and B (I1 and I2).
Inversion of the AND signal by NOT gate D results in a NAND at output O4 in response to inputs at I1 and I2. The
input sites of gates A, B, and D are identical so these NOR gates act as simple inverters.
Figure 5a illustrates a simplified AND gate in which the same binding site acts as both an input and an output for
gates A and B.
Figure 5b illustrates a second simplified AND gate utilizing five protein binding sites. The AND gate is illustrated
with a tethered binding protein activating a gene.
Figure 6 shows a resettable flip-flop utilizing GTPase-like proteins.The flip-flop consists of a nucleic acid having
4 binding sites, designated c, a1, b, and a2. The site can be bound by σx which is a nucleic acid binding protein.
The σ proteins are GTPase-like proteins that, when triggered, release the nuclei acid. The proteins also contain
a GAP finger that can trigger the release of the adjacent σ protein, but that cannot trigger its own release. The σc
protein then binds site c and because of its GAP finger, causes the removal of a σa at site a1. Thus, when the flip-
flop is contacted with σa the σa only remains bound at site a2. The flip-slop is thus stable at site a2. To switch its
state, the flip-flop is contacted with σb that binds at site b causing the removal of σa and leaving the flip-flop stably
bound at site b, the second state of the flip-flop. The flip-flop can be reset to state a by contacting it with σa which
binds to sites a1 and a2. Site a1 is bound long enough to cause the release of σb before the σa molecule is removed
by σc. This leaves the flip-flop reset to state a, with site a2 bound by σa. The cycle can be repeated indefinitely.
Figure 7 illustrates the self-similarity of Fis binding sites. The sequence logo for Fis (Schneider & Stephens (1990)
Nucl. Acids Res., 18: 6097-6100; Hengen et al. (1997) Nucl. Acids Res., 25(24): 4994-5002) is shown three times.
The upper and lower logos are shifted +11 and +7 bases to the right (respectively) relative to the middle logo. The
cosine wave, with a wavelength of 10.6 bases, shows that the +11 relatively shifted Fis sites would be on the same
face of the DNA, while the +7 relatively shifted Fis sites would be on opposite faces. Arrows are at positions where
the logo is self-similar after a shift. Down arrows mean that the contacts by Fis to the bases would interfere because
they would be on the same face of the DNA. Up arrows mean that the contacts could be simultaneous because
they are on opposite faces.
Figures 8a, 8b, and 8c illustrate the oligonucleotide design of overlapping and separated Fis binding sites. The
predicted Fis sites are shown by walkers floating below each DNA sequence (Schneider (1997) Nucl. Acids Res.,
25: 4408-4415; Hengen et al. (1997) supra.). In a walker, the vertical box marks the zero base of the binding site.
The box also shows the vertical scale, with the upper edge being at +2 bits and the lower edge being at -3 bits.
The height of each letter is determined from the bit value in the Riw(b,l) matrix (Schneider (1997) J. Theoret. Biol.,
189(4): 427-441; Schneider (1997) Nucl. Acids Res., 25: 4408-4415; Hengen et al. (1997) supra.). Negative weights
are represented by drawing the letter upside-down and placing it below the zero bit level. Three DNAs were de-
signed, each having two Fis sites spaced 11, 7 and 23 bases apart. Design details are given in Example 1, Materials
and Methods. The total strength of a site is the sum of the information weights for each base. The 18.1 bit Fis sites
are 3.4 standard deviations higher than the average Fis site in natural sequences (Hengen et al. (1997) supra.;
Schneider (1997) J. Theoret. Biol., 189(4):427-441). The 12.7 and 15.0 bit sites are 1.6 and 2.4 standard deviations
above average (respectively).
Figure 9 illustrates the mobility shift experiments for 11 and 7 base pair overlapping and 23 base pair separated
Fis sites. Each lane contains increasing concentrations of Fis protein, beginning with no Fis, Fis diluted 1 to 64,
etc. The 1:1 dilution is at 2200 nM Fis. This concentration was chosen intentionally so that with 1 nM DNA per
reaction, the protein/DNA ratio is 2-fold higher than that needed to strongly shift DNA containing the 8.9 bit wild-
type hin distal Fis site (Bruist et al. (1987) Genes Dev. 1: 762-772). The sequences are given in Fig. 8. Marker
lanes (M) contain 10 ng of biotinylated φX174 hinfI digested DNA standards (Life Technologies, Inc.). Sizes are
indicated in bp. The lowest band in most lanes of the figure is single-stranded oligonucleotide DNA. In the "Sep-
arated 23" experiment, at high concentrations, Fis proteins are apparently able to capture the single-stranded DNA
when it has folded into a hairpin. This produces a faint band near the 100 bp marker.
Figure 10 shows the positions of Fis and DnaA sites at the Escherichia cali origin of replication (oriC). Sequence
data are from GenBank accession K01789. The horizontal dashes below the sequence represent regions protected
by Fis. Locations of DnaA sites are from Messer et al. (1991) Res. Microbiol, 142: 119-125). The asymmetric DnaA
individual information matrix was created from 27 experimentally demonstrated DnaA binding sites (data not
shown). DNA synthesis start sites are indicated by the arrows at the bottom (Seufert & Messer (1987) EMBO J.
6: 2469-2472). The boxes mark two Fis sites separated by 11 bases. Fis sites with positive individual information
are marked from -7 to +7 but evaluated from -10 to +10 according to the matrix. DnaA site directionality is indicated
by letters turned sideways in the direction that DnaA binds (Schneider (1997) Nucl. Acids Res., 25: 4408-4415).
Figure 11 shows the design of the oligonucleotide of Example 2.
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DETAILED DESCRIPTION

[0049] This invention provides a novel nucleic acid/protein construct that characteristically can exist in either of two
mutually exclusive states. In general the construct, generally referred to herein as a "flip-flop" comprises a nucleic acid
having at least two protein binding sites. The binding sites are situated close to each other so that when a first site is
bound by its cognate nucleic acid binding protein the second site cannot be bound (e.g., due to steric hindrances).
Conversely; when the second site is bound by its cognate nucleic acid binding protein, the first site cannot be bound.
The flip-flop can thus exist in two possible mutually exclusive states; either the first site bound or the second binding
site bound.
[0050] It will be appreciated that two state elements such as the flip-flop described herein form the heart of a wide
variety of digital information processing and control systems. In particular, it is explained herein that the flip-flops can
act as static or dynamic data storage elements (i.e., each flip-flop acting as a bit, e.g., in a read only memory). In
addition, the flip-flops can be assembled into "logic" gates (e.g., AND, OR, NAND, NOR, NOT) that act as computational
elements or that can be assembled to control cellular machinery (e.g. the expression of one or more genes). This
invention thus provides novel methods for regulating gene expression in cells. In addition, the flip-flops of this invention
can be used in sequential logic systems (i.e., as true resettable flip-flops) to provide a true molecular binary computa-
tional or control system.

I. Flip-Flops, Gates, and their uses

A) Simple data stora ge: Read Onl y Memor y (ROM).

[0051] The molecular flip-flops of this invention can be used for simple data storage In effect the molecular flip-flops
consisting of a nucleic acid having two mutually exclusive protein binding sites have three discrete states; completely
unbound, the first site bound, or the second site bound (see, e.g., Figures 1a and 1b). The "flip-flops" could be used
to store information encoded in a trinary system.
[0052] However, given the general emphasis on binary storage, typically only two states will be used. These will
preferably include either bound versus unbound, or site one bound versus site two unbound (BS1 vs BS2 in Figures
1a and 1b). In the first instance, the unbound state could be designated zero and the bound state one, while in the
second case, the first site bound could be designated zero and the second site designated one.
[0053] The state of the single nucleic acid molecule (unbound versus bound) or (site one versus site two bound) or
a multitude of such nucleic acid molecules can be used to encode and store information.
[0054] For example, the origin of products can be tagged at a molecular level. Thus, if a product is from factory A,
site one of the flip-flop may be unbound (e.g., state 0), while if a product is from factory B, site one of the flip-flop can
be bound (e.g. state 1). A single protein/nucleic acid "flip-flop" thus stores 1 bit of information and, in this example, is
able to indicate two different sites of origin. Of course, multiple "flip-flops" can be combined to form "registers" encoding
a virtually limitless amount of information.
[0055] Readout can be easily accomplished by any of a number of means. For example, in one embodiment, the
flip-flop nucleic acid will terminate with overhangs comprising restriction sites and each end will comprise a different
restriction site (e.g., an EcoRI overhang adjacent to binding site 1 and a HindIII overhang adjacent to binding site 2 as
illustrated in Figure 2). The flip-flop is then contacted with two "readout" molecules comprising a double stranded
nucleic acid ending in either an EcoRI overhang or a HindIII overhang and a ligation reaction is performed. The ligase
will be unable to react at the restriction site adjacent to the blocked (bound) site because of the interference afforded
by the binding protein (e.g., Fis). Conversely, the ligase will react at the restriction site adjacent to the blocked (bound)
site thereby attaching the "readout" molecule having the matching restriction site. Thus, where binding site one is
bound, the readout molecule will attach adjacent to binding site two and where binding site two is bound, the readout
molecule will attach adjacent to binding site one.
[0056] The readout molecule can be detected by any of a wide variety of means. For example, the two readout
molecules can be labeled with distinguishable labels (e.g. fluorescent molecules of different colors). The readout mol-
ecules can optionally include a primer site to facilitate PCR amplification of a particular nucleic acid sequence that will
only be amplified when the readout molecule is successfully ligated.
[0057] The nucleic acid of each flip-flop can also encode a unique identifier indicating which bit in the register or
message is represented by that flip-flop. The PCR reaction can therefore simultaneously reveal both the identity or
address of the bit and its state. In another embodiment, the readout sequence can optionally provide a hybridization
target for capture of the bit on a solid support (e.g., in a well of a microtiter or PCR plate).
[0058] The flip-flop can be provided free in solution or it can be anchored to a solid support (e.g., via a biotin/strepta-
vidin reaction). When anchored, the anchor can be situated so that both ends of the nucleic acid are free (e.g., for the
use of two readout molecules) or, it can be anchored through one end.
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[0059] Where one end of the flip flop is anchored, readout can be accomplished with a single readout molecule
having a restriction site complementary to the free end. Successful ligation will indicate that the binding site adjacent
to the free end is unbound, while ligation failure will indicate that the binding site adjacent to the free end is occupied
(bound).
[0060] In another embodiment, the memory can simply consist of a nucleic. acid having a single protein binding site
and a single protein. In this embodiment, the bound nucleic acid will indicate one state, while the unbound nucleic acid
will indicate the other state. This memory can be read by a number of means as described herein. Again, in a preferred
embodiment, readout can be accomplished by a ligation reaction. In this case the nucleic acid molecule can comprise
a single restriction site adjacent to the protein binding site. The molecule is contacted with a nucleic acid having the
complementary restriction site overhang and a ligation reaction is run as illustrated in Figure 2. When the protein is
bound, the ligase cannot react with the restriction site and no ligation reaction occurs. Conversely, when the binding
site is unbound, the ligation can occur and the attached readout molecule can then be detected.
[0061] Once the state of the flip-flop molecular memory is set, the state can be locked-in by cross-linking the nucleic
acid binding protein to the nucleic acid. Many cross-linkers suitable for such immobilization are known and include,
but are not limited to agents such as gluteraldehyde, avidin-biotin, and the like. The flip-flop thus provides a "write once
read many" (WORM) memory that is extremely stable to variations in environmental conditions. As suggested above,
almost any kind of information can be thus encoded into a series of "flip-flops" and read out at a later time. Such
combinations of flip-flops provide messages at the molecular level that can provide useful information (e.g. point of
manufacture of controlled substances such as drugs or explosives, unique identifiers or authenticators e.g., currency,
documents, etc., and the like).
[0062] Where a binding protein having high affinity and stability (e.g., Tus) is used, the message will be relatively
stable and if crosslinked, highly stable, to extreme environmental conditions. The message will also be extremely
difficult, if not impossible, to detect by casual observation and will require use of the appropriate assay (e.g. ligase
reaction with the correct readout molecules) for detection and/or readout.
[0063] It will be noted that, in a preferred embodiment, the readout molecule will be designed so that it contains no
protein binding site(s) other than those desired. This can be routinely accomplished with the use of "sequence walkers"
as described by Schneider (1997) Nucleic Acids Res., 25: 4408-4415.

B) Molecular Computing.

1) Combinatorial T asks

[0064] In digital systems, digital outputs are often generated from digital inputs. For instance, an adder might take
two 16 bit numbers as inputs and generate a 16-bit (plus carry) sum. Alternatively, a system might multiply two numbers.
another task might be to compare two numbers to see which is larger, or to compare a set of inputs with a desired
input to make sure that the systems are equivalent. In another embodiment it might be desirable to attach a "parity bit"
to a number to make the total number of 1's even, say before transmission over a data link. Then the parity could be
checked on receipt (e.g., subsequent analysis) as a simple check of correct transmission. All of these are tasks in
which the output or outputs are predetermined functions of the input or inputs. As a class, they are known as combi-
natorial tasks. They can all be performed with devices called gates, which perform the operations of Boolean algebra
applied to two-state (binary) systems.
[0065] The term "gate" as used herein refers to a device that returns an output that is a function of one or more
inputs. Both the output and the input are HIGH or LOW signal(s), and in the molecular gates of this invention the signals
are carried (indicated) by signal proteins, which are, in a preferred embodiment, nucleic acid binding proteins that bind
to particular nucleic acid sequences (binding sites).
[0066] In the molecular computers and controls of this invention, the two (binary) signal states are represented by
either a protein bound to a nucleic acid at a particular protein binding site (the signal state then being referred to as
HIGH in analogy to electronic systems) or a binding site being unbound (referred to herein as LOW in analogy to
electronic digital systems).
[0067] It will be appreciated that the state of the various gates can be read and thus provide information (e.g., the
result of a computational step) or can be used to control a process. In the latter embodiment, the output state need
not be read directly, but can simply result in the upregulation (e.g., where the output signal protein is a transcription
factor/enhancer) or downregulation (e.g. where the output signal protein is a repressor) of one or more genes. The
gates can also be stacked so that the output of one gate acts as an input for another gate (e.g.one gate activates
transcription of a protein binding molecule (signal molecule) that can act as an input for the next gate)..
[0068] Gates are well known to those of skill in the art. Basic gates include an AND gate, an OR gate, and an Inverter
(the NOT function). Other gates include the NOR (NOT OR), the NAND (NOT AND), the exclusive OR (XOR), and so
forth. A detailed description of gates can be found for example, in Horowitz and Hill (1990) The Art of Electronics,
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Cambridge University Press, Cambridge.
[0069] The construction and use of the NOR gate is described below. It is generally appreciated that the NOR gate
can be used to construct all of the other types of gates and thus is sufficient to provide a functional computer. The use
of the NOR gate to construct NOT, OR, AND, and NAND gates is described below. Using the principles outlined herein,
other gates can be designed at will.

a) NOR Gate

[0070] The output of a NOR gate is HIGH (able to bind a protein) only when both inputs are LOW (unbound). This
can be expressed in a "truth table" as shown in Table 1. In the truth tables shown herein, inputs and outputs refer to
particular preselected binding sites on an underlying nucleic acid. The inputs are viewed as HIGH when bound by a
nucleic acid binding protein (e.g., Fis, LacI, lambda cI, lambda cro, LexA, TrpR, ArgR, AraC, CRP, FNR, OxyR, IHF,
GalR, MalT, LRP, SoxR, SoxS, sigma factors, chi, T4 MotA, P1 RepA, p53, NF-kappa-B, ribosomes, T4 regA, spliceo-
somes (donor and acceptor), polyA binding factor, and the like) also referred to herein as a "signal protein" and as
LOW when they are not so bound. The outputs are viewed as HIGH when they are bound or capable of being bound
by a nucleic acid binding protein. (A site that is capable of being bound by a polypeptide can be read out as HIGH by
providing the signal protein under circumstances where the binding will occur if the site state is HIGH and then detecting
the bound protein.) Conversely the outputs are viewed as LOW when they are not or cannot be bound by a nucleic
acid binding protein (i.e., the protein that typically recognizes and binds to that biding site). A "1" in the truth tables
shown herein represents a HIGH state, while a zero represents a LOW state.

As illustrated in Table 1, the NOR gate output is HIGH only when both inputs are low. If there are more than two inputs,
the NOR output gate is HIGH only when all of the inputs are low. If any input is set HIGH, the output of the NOR gate
is LOW.
[0071] One example of a molecular NOR gate of this invention is illustrated in Figure 3. A preferred molecular NOR
gate comprises a nucleic acid sequence having at least three protein binding sites. Two. peripheral "input" binding
sites (designated I1 and I2 in Figure 3) bracketing an "output" binding site (designated O1 in Figure 3). The protein
binding sites are spaced so that when either input site (I1 or I2) is bound, i.e., by a signal protein, the bound protein
prevents a nucleic acid binding protein (e.g., a second signal protein) from binding the central "output" (O1) site.
[0072] Under these circumstances, the conditions of Table 1 are met. If either input protein binding site is bound with
a protein, the output protein binding site cannot be bound. The only condition when the output is HIGH (the output site
can be bound) is when both inputs are LOW (unbound).
[0073] It will be appreciated that in this, and other gates described herein, the protein binding sites can be selected
to bind the same or different proteins. However, where more than one site binds (is recognized by) the same protein,
there preferably exists a "selector" mechanism that allows the sites (e.g. the two inputs) to be distinguished by the
binding protein. In a preferred embodiment, the selector can be a second molecule (e.g. a DNA binding protein that,
when bound blocks the binding of a protein to the respective input or output binding sites). Where the selector molecules
differ at each site, the signal molecules can be directed to the particular location simply by use of the appropriate
selectors.
[0074] In one embodiment, each input specifically binds a different binding protein and the output binds a third dif-
ferent binding protein. Alternatively, the two inputs can bind the same type of binding protein while the output binds a
different protein. In this instance only two selectors may be required, e.g. one selector at each input to specify whether
I1 or I2 (or I3 . . . if there are more inputs) is bound. The readout binding protein can then be added. after the input
binding step and no selector is required for the output binding site. From the foregoing explanation, other combinations
of the same or different binding proteins and/or selectors will be routinely determined by one of ordinary skill in the art.
It will be noted that in one preferred embodiment, the input and/or output DNA binding proteins include, but are not

Table 1.

The truth table of a NOR gate.

Input 1
I1

Input 2
I2

Output
O1

0 0 1

0 1 0

1 0 0

1 1 0
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limited to LacI, lambda cI, lambda cro, LexA, TrpR, ArgR, AraC, CRP, FNR, OxyR, IHF, GalR, MalT, LRP, SoxR, SoxS,
sigma factors, chi, T4 MotA, P1 RepA, p53, NF-kappa-B, while preferred input and/or output RNA binding proteins
include, but are not limited to ribosomes, T4 regA, spliceosomes (donor and acceptor), polyA binding factor, and the like.
[0075] It will be appreciated that these and other nucleic acid binding proteins can also act as selectors. Alternatively,
the selectors can be restriction endonucleases modified so that they bind, but do not cut the bound nucleic acid. The
selection and/or design of DNA binding proteins and/or selectors is described below in section II.

b) Coupling the NOR gate to another gate .

[0076] As indicated above, in the design of various gates and more elaborate molecular computing circuits it is often
desirable to couple the output of one gate to the input of another gate. More particularly, the output of one gate acts
as the input to one or more other gates.
[0077] For example, the output of a NOR gate can act as the input of a NOR gate to produce an OR gate. In this
case, the output (O1) produced by two inputs (I1 and I2) is represented algebraically as:

[0078] Coupling the output of one gate (or flip-flop) to the input of another gate (or flip-flop) can be accomplished by
a number of means. For example, in one embodiment, a single binding site can act as both the output for one gate
and the input for another gate. However, in a preferred embodiment, it is generally preferred that the output of one
gate or flip-flop and the input of another gate or flip-flop comprise different binding sites. In this instance, the logic
elements (gates or flip-flips) can regulate expression of a signaling molecule (binding protein) that acts as an input into
one or more logic elements
[0079] A gate regulating expression of a binding protein is illustrated in Figure 3. While this figure illustrates a NOR
gate regulating gene expression this can be accomplished with essentially any gate.
[0080] As shown in Figure 3, readout of the NOR gate is accomplished by contacting the output binding site (O1 in
Figure 3) with a tethered activator. The tethered activator comprises a binding protein capable of specifically binding
to the output binding site (e.g., O1) attached (directly or through a linker) to a gene activator (e.g., Gal4, see, e.g.,
Ptashne (1985) Cell 43(3): 729-736). When the output binding site is set HIGH (e.g. by both inputs being set LOW in
the NOR gate illustrated in Figure 3), the binding protein of the tethered activator binds to the output binding site. This
anchors the activator which then activates transcription of a gene under the activator's control.
[0081] The gene encodes a binding protein (signaling molecule) that, once expressed, can bind to the input binding
sites of other logic elements (e.g., gates or flip-flops) thereby setting the input(s) HIGH. Where the output site is set
LOW, the tethered activator cannot bind and no transcription occurs. No signaling protein is expressed and the input
(s) of "downstream" logic elements stays LOW. Thus, the logic element regulated expression of a signaling molecule
(binding protein) couples the output of one logic element with the input of other logic elements.
[0082] It is well known that the anchoring of a tethered activator can express gene activation. This was first demon-
strated by Ptashne (1985) Cell 43(3): 729-736, who showed that GAL4, a Saccharomyces cerevisiae transcriptional
activator attached to a LexA, an Escherichia coli repressor protein could activate transcription of a gene if and only if
a lexA operator (a binding site to anchor the construct) was present near the transcription start site. A number of other
tethered activator-binding protein constructs have similarly been shown to activate transcription (see, e.g., Silverman
et al. (1993) Proc. Natl. Acad. Sci. USA, 91: 11665-11668, Chrivia et al. (1993) Nature, 365: 855-859, and Pfisterer et
al. (1995) Biol. Chem., 270(50): 29870-29880).
[0083] The coupling can also be run with the opposite "sign". In this embodiment, the gene that encodes the binding
protein can be constitutive active. The output of the logic element can then be bound by a tethered repressor that when
bound switches off gene expression. As the binding protein is cleared from the system, the formerly bound (HIGH)
input sites will reset to a LOW state. However, in a preferred embodiment, logic element coupling is accomplished with
the use of activators to avoid inadvertent and undesired suppression of the signal protein by free repressor in the
solution.

c) Inver ter (Not) Function.

[0084] A second important combinatorial logic function is the inverter or NOT function. The NOT function returns the
complement of a logic level. The not function is illustrated by the truth table of Table 2.

O1 = OR(I1, I2) = NOT(NOR(I1, I2))
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A NOT function returns a LOW signal state when the input is HIGH and a HIGH signal state when the input is LOW.
In the context of a molecular inverter, binding a protein to an input (thereby setting the input HIGH) prevents binding
of a protein to the output binding site thereby setting the output LOW).
[0085] Inspection of Table 1 reveals that a NOR gate in which both inputs are equal becomes a NOT gate (inverter
function). Thus, where both inputs are set HIGH, the output of a NOR gate is LOW and, conversely, where both inputs
are set LOW, the output of the NOR gate is HIGH.
[0086] One embodiment of the NOT gate is illustrated by Gate B in Figure 3. In this gate, both inputs are the same
binding site and no selectors are used to control which of the two sites is specifically bound.
[0087] When an input binding protein (BP3 in Figure 3) is present either or both I3 and I4 are bound and set HIGH.
The output site (O2) is blocked and thereby set LOW. Conversely, when the input binding protein (BP3) is absent, both
I3 and I4 are unbound and therefore set LOW. The output site (O2) is unblocked and can therefore be bound. The
output is thus set HIGH. Gate B thus conforms to the truth table illustrated in Table 2.
[0088] While the NOT gate is illustrated as an OR gate in which the inputs are set equal, it will be appreciated that
one of the inputs can be eliminated with essentially no change in function. For example, if input 3 (I3) is eliminated, a
LOW input 4 (I4) will still result in a HIGH output and vice versa. Indeed, both inputs can be eliminated and a single
site can be viewed as self-NOT. However, in this instance it becomes difficult to distinguish input from output unless
the signal and readout steps are clearly distinguished (e.g., performed at separate times or different input and readout
molecules are used).
[0089] In a preferred embodiment, the NOT gate is a NOR gate having two input binding sites (I1 and I2) that are
identical. The use of two input sites increases the likelihood of detecting an input signal when signaling protein con-
centration is low.

d) OR Gate

[0090] A NOR gate is essentially an inverted OR gate. The converse is also true. Thus, passing the output of a NOR
gate through a NOT gate gives OR. Algebraically this may be designated as:

[0091] An OR gate is characterized by the truth table illustrated in Table 3.

Generally an OR gate produces a HIGH output (the output protein binding site is available for binding or bound by a
signal protein) when any or all inputs are HIGH (binding sites are bound).
[0092] A molecular OR gate is illustrated in Figure 3 which shows a NOR gate feeding an output (BP3) into a NOT
gate. The output of the NOT gate (O2) is a NOR of the inputs I1 and I2 into the OR gate (gate A). The NOR gate

Table 2.

Truth table of the NOT (inverter) function

Input 1
I1

Output
O1

0 1

1 0

Table 3.

Truth table of an OR gate.

Input 1
I1

Input 2
I2

Output
O1

0 0 0

0 1 1

1 0 1

1 1 1

O1 = NOT(NOR(I1, I2)) = OR(I1,I2)
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regulates the expression of a gene as described above. The gene encodes a binding protein (BP3 in Figure 3) that
specifically binds to either of the two inputs (BS3 in Figure 3) of a NOT gate. When either or both inputs of the first
NOR gate (gate A) are set high, the activator is not bound to the output and gene activation does not occur. The input
of the NOT gate (Gate B) is set LOW and the output is thereby set HIGH. Conversely, when both inputs of the NOR
gate are unbound (LOW), the transactivator (A) can be anchored at O1 resulting in the activation of the gene encoding
a binding protein (BP3 in Figure 3). The binding protein sets the input(s) of the NOT gate high resulting in a LOW output
at O2. Thus the only condition in which O2 is LOW is when neither input (I1, or I2) is HIGH. This conforms with the truth
table illustrated in Table 3.
[0093] As indicated above, one or both of the inputs of the NOT function (Gate B in Figure 3) can optionally be
eliminated. Particularly, where the NOT gate provides input to another gate or function by anchoring a second trans-
activator, both inputs can be eliminated. Then, when both inputs to Gate A (I1 and I2) are set LOW, the binding protein
BP3 will be expressed, bind to the single site (O2) and thereby prevent anchoring of the second transactivator.

e) AND Gate

[0094] The output of an AND gate is HIGH (able to bind a protein) only when both inputs are HIGH. An AND gate
can be constructed from NOR gates as:

[0095] This can be expressed in a "truth table" as shown in Table 4. Again, as described above, inputs and outputs
refer to particular preselected protein binding sites.

[0096] One AND gate of this invention is illustrated in Figure 4. The AND gate consists of three NOR gates (described
above). The first two NOR gates (Gates A and B in Figure 4) accept inputs I1 and I2 respectively. It will be noted that
two input binding sites in each NOR gate are the same so that in effect the NOR gates act as NOT functions. When
the inputs of the NOR gates are set LOW, a binding protein (BP1 in Figure 4) binds to the output binding site(s) (O1
and/or O2) thereby anchoring a transactivator that activates transcription of binding proteins from each of the OR gates
(BP4 and/or BP3 in Figure 4). The binding proteins then act as inputs into the third gate (gate C). The only condition
under which the output (O3) of the third NOR gate is high is when both I1 and I2 of gate A are HIGH resulting in no
transcription of BP4 or BP3. This satisfies the conditions of Table 4.
[0097] While the AND gate is illustrated as a series of NOR gates in Figure 4, since both gates A and B are actually
NOT functions, in some embodiments, one or both inputs can be eliminated. Thus, the AND gate can be reduced to
a collection of five binding sites as illustrated in Figure 5a. However, in this instance, it is preferable to use different
binding sites for the inputs so as to distinguish them.
[0098] Another simplified AND gate is illustrated in Figure 5b. This AND gate consists of five protein binding sites
as well. Each pair of adjacent binding sites is capable of acting as a flip-flop (i.e. the constituent sites in a pair are
mutually exclusive). When either, or both, I1 and I2 is unbound (LOW) a binding protein can bind to site(s) BS2. When
either BS2 site is bound, site BS3 is blocked and O1 is thus set LOW. The only condition under which BS3 can be set
high is when both I1 and I2 are bound. Then no protein binds at BS2, and BS3 (O1) is unblocked (HIGH).

f) NAND Gate

[0099] The output of a NAND (NOT AND) is shown in Table 5. The NAND gate is essentially an inverted AND gate.
This gate produces a LOW output only when both inputs are set HIGH.

Table 4.

The truth table of an AND gate constructed of NOR gates.

Input
I1

Input
I2

X = NOR (I1, I1) Y = NOR(I2, I2) Output
O1 NOR(X, Y)

0 0 1 1 0

0 1 1 0 0

1 0 0 1 0

1 1 0 0 1

AND(I1,I2) = NOR(NOR(I1,I1), NOR(I2,I2))
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[0100] A molecular NAND gate of this invention is illustrated in Figure 4. As explained above, gates A, B, and C form
an AND gate. The output of this AND gate (BP5) is run through a NOT gate (gate D) which inverts the signal producing
a NAND gate at output O4 in response to inputs I1 and I2.

g) Other gates.

[0101] Using the principles described above, virtually any type of gate can be constructed from the proper combina-
tion of NOR and NOT. The identities of various gates are well known to those of skill in the art and can also be determined
from first principles of boolean algebra. Various gates are illustrated in Horowitz and Hill, supra. as well as in numerous
other references pertaining to digital circuitry.
[0102] While the NOR and NOT gates comprising the various constructs in Figures 3, 4, and 5 are illustrated as
separate nucleic acids, it will be appreciated that the various elements, gates, and even complex digital circuits can
exist on and be encoded by a single nucleic acid.
[0103] It is also noted that the same species of tethered transactivator (i.e., same binding protein, activator protein
combinations) can couple numerous different gates. By placing this activator under logic control, entire circuits can be
controlled by a single input.

2) Sequential Logic: The basic flip-flop.

[0104] In combinatorial circuits, the output is determined completely by the existing state of the inputs. There is no
"memory", no history in these systems. In contrast, in sequential logic systems the output is not determined entirely
by the input, but is also affected by the history of the system.
[0105] When devices with "memory" are added to the system, it becomes possible to construct counters, accumu-
lators, and other functions that have a historical element.
[0106] The basic unit of storage is the "flip-flop". Generally speaking a flip-flop is a device (or system) that has two
stable states; it is said to be "bistable". Which state the flip-flop is in depends on its past history.

a) The basic flip-flops and stora ge register s.

[0107] A basic flip-flop of this invention is illustrated in Figures 1a and 1b. A nucleic acid is provided having two
protein binding sites positioned such that they cannot simultaneously be occupied by a nucleic acid binding protein.
Thus, if a first site (e.g., BS1 in Figure 1a) is bound (HIGH), the second site (BS2 in Figure 1a) is unbound (LOW),
conversely, if the second site is bound (HIGH), the first site is unbound (LOW). The flip-flop thus has two stable states:
the first site HIGH and the second site LOW or the second site HIGH and the first site LOW.
[0108] Binding of the signal polypeptide (BP1 or BP2 in Figures 1a and 1b) can be reversible or irreversible. Where
the binding is irreversible, the flip-flop acts as a read only storage device (read only memory ROM) and each flip-flop
stores one bit of information. As explained above, the flip-flops can be combined (e.g., to form storage registers) and
can ultimately encode vast amounts of information. Such registers include at least two and may include even more
flip-flops (e.g., up to 3, 4, 5, 6, . . . 4096 or even more flip-flops).
[0109] One particularly preferred flip-flop comprises a deoxyribonucleic acid (DNA) having two Fis binding sites. The
sites are spaced apart by less than 23 base pairs (bp), preferably less than about 20 bp, most preferably less than
about 15 bp and most preferably less than about 12 bp. In one most preferred embodiment, the Fis binding sites are
7 or 11 base pairs apart (see e.g., Example 1) but it will be appreciated that the sites can fully overlap and can be
separated by a spacing of 1-11 base pairs. As illustrated in Figure 8, spacing (expressed in base pairs) refers to the
shift in base pairs from fully overlapping sites. Thus a spacing of 0 means the two sites fully overlap. A spacing of 7

Table 5.

The truth table of a NAND gate.

Input 1
I1

Input 2
I2

Output
O1

0 0 1

0 1 1

1 0 1

1 1 0
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bp means that the binding sites are displaced relative to each other by 7 base pairs. In the case of the Fis binding sites
of Figure 8, where the binding site is 21 bp in length, when the sites are spaced apart by 7 bp, there still exists a 14
bp overlap (see, e.g, Figure 8).
[0110] In a preferred embodiment, the Fis binding sites are selected to provide a binding strength of at least about
0 bits, preferably at least about 1 bit, more preferably at least about 2 bits and most preferably at least about 2.4 bits
as determined by individual information theory (see, Hengen et al. (1997) supra.). In one preferred embodiment, one
or more of the binding sites in a molecular flip-flop or gate of this invention is a Fis binding site having the sequence
(TTTG(G/C)TCAAAATTTG A(G/C)CAAA, SEQ ID NO: 1). The binding sites are preferably spaced from 7 to about 11
base pairs apart and more preferably are spaced at 7 or 11 base pairs apart (see, e.g., Example 1). Particularly preferred
paired-binding sites include, but are not limited to, 11 bp spacing (e.g., 5'-TATTCTTTGCTCAA AATTTGATCAAATTTT-
GAGCAAAGAATA-3', SEQ ID No: 2) and 7 bp spacing (e.g., 5'-AGGCTTTTGCTCAAAGTTTAAACTTTGAG-
CAAAAGCCT-3', SEQ ID NO: 3) whose walker maps are illustrated in Figure 8. Particularly preferred Fis-based flip-
flops are illustrated in the Examples.

b) Setting the state of the flip-flop.

[0111] The state of the flip-flop is set by binding a protein to either the first or to the second binding site (BS1 or BS2
in Figures 1a and 1b). The state can be set randomly or alternatively, the flip-flop can be set to a particular preselected
state (i.e., it is predetermined whether the first or second binding site will be occupied). Where the two binding sites
bind to characteristically different nucleic acid binding proteins (e.g. Fis binds at the first site and CRP binds at the
second site), the state of the flip-flop can be set by providing one of the two binding proteins. Alternatively, the flip-flop
can be used to read the relative abundance of the two proteins. To the extent one binding protein is present in greater
concentration than the other, the predominance of flip-flops in one state as opposed to the other will indicate the relative
abundance of the proteins. The flip-flop may be used alone to achieve such a readout or may be used in conjunction
with one or more other flip-flops and/or gates to provide such a readout as described below.
[0112] Alternatively, both binding sites of the flip-flop may bind to the same binding protein (e.g. Fis). In this case,
setting the flip-flop to a particular predetermined state may require the use of a selector.
[0113] A selector is a moiety that prevents binding of the binding protein to a particular binding site. Thus, for example
in Figure 1b, if a selector is bound to selector binding site S1, then binding site BS1 cannot be occupied and the flip-
flop is set with site BS2 HIGH. Conversely if the selector S1 in Figure 1b is occupied the binding protein can only bind
to site BS1 and BS1 is then set HIGH.
[0114] Selectors are discussed below. However, at this point it is noted that the selector can be a binding protein or
any other moiety that selectively blocks the binding site with which it is associated. Thus, the selector can be a modified
restriction endonuclease (e.g., EcoRI) that binds to, but does not cleave the underlying nucleic acid (see, e.g., see,
King et al. (1989) J. Biol. Chem. 264(20): 11807-11815). The selector could also be a chemical that selectively modifies
the underlying nucleic acid (e.g., base modification, thymidine dimerization, etc.) to prevent attachment of the binding
protein. Other possible selectors include nucleic acids (e.g., antisense molecules) peptide nucleic acids, streptavidin/
biotin, and the like.

c) Resetting the state of the flip-flop.

[0115] As indicated above, the flip-flop can use proteins that bind nucleic acids irreversibly and thus act as a read-
only memory component. Alternatively, binding proteins can be used that can be released from the flip-flop. Thus the
state of the flip-flop can be set by binding a binding protein to one site and then reset by releasing that protein (and
preferably binding a protein to the other site).
[0116] Nucleic acid binding proteins that bind reversibly are known to those of skill in the art and include, but are not
limited to LacI, lambda cI, lambda cro, LexA, TrpR, ArgR, AraC, CRP, FNR, OxyR, IHF, GalR, MalT, LRP, SoxR, SoxS,
sigma factors, chi, T4 MotA, P1 RepA, p53, NF-kappa-B, ribosomes, T4 regA, spliceosomes (donor and acceptor),
poly A binding factor, and the like.
[0117] In addition, non-naturally occurring binding proteins can be obtained by the mutation and selection of natural
binding proteins or by de novo synthesis. The identification and preparation of suitable nucleic acid binding proteins
is described below in Section II.

3) Combinations of gates to f orm logic cir cuits.

[0118] It will be appreciated that logic gates and flip-flops of this invention can be combined in a wide variety of ways
to process signals. This involves coupling the output of one gate to an input of another gate. This is illustrated above,
where the output of the NOR gate is coupled to (provides) the input of the inverter to produce an OR gate. Similarly,
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the output of the AND gate is coupled to an inverter to produce a NAND gate. Of course more than two gates may be
coupled into a circuit and the coupling may be to gates other than an inverter. Indeed virtually any type of gate can be
coupled to any other type of gate.
[0119] Using the gates illustrated herein, numerous other logic functions will be apparent to those of skill in the art.
Moreover, extending the principles of gate formation and coupling described above, various combinations of gates
and/or flip-flops can be combined to produce complex computational signal and/or control circuits. One example of
such a circuit is the use of gates to produce a simple adder. The adder circuit is well known and described, for example,
by Gonick (1983) The Cartoon Guide to Computer Science, Barnes & Noble Books, New York, N.Y.
[0120] Briefly, components of a one bit adder can be made from XOR and AND gates and a carry bit. When the carry
is 0, the SUM is the XOR of the addends, while the CARRY is the AND of the addends. Thus, where c is a previous
carry, a is one addend and b is the other addend the adder meets the conditions of Table 6.

As evidenced by Table 6, this is indeed the sum and carry. When the input carry is 1, the table changes a little as shown
in Table 7.

[0121] If there is a carry from the previous one bit adder, the sum is NOT(XOR(a,b)) and the CARRY is OR(a,b).
The input carry c can be used to select these states and make equations:

[0122] As indicated above other logic functions can be produced using similar approaches. Signal processing and
control circuits comprising a multiplicity of coupled gates are well known to those of skill in the art (see, Horowitz and
Hill, supra.).
[0123] While the NOR and NOT gates comprising the various constructs in Figures 3, 4, and 5 are illustrated as

Table 6.

Adder logic in which carry bit is 0.

c a b Sum a XOR b Carry a AND b Value

0 0 0 0 0 0+0=0

0 0 1 1 0 0+1=1

0 1 0 1 0 1+0-0

0 1 1 0 1 1+1=10 (i.e., "2)

Table 7.

Adder logic in which carry bit is 1.

c a b Sum NOT(a XOR b) Carry a OR b Value

1 0 0 1 0 1+0+0=1

1 0 1 0 1 1+0+1=10 ("2")

1 1 0 0 1 1+1+0=10 ("2")

1 1 1 1 1 1+1+1=11 ("3")
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separate nucleic acids, it will be appreciated that the various elements, gates, and even complex digital circuits can
exist on and be encoded by a single nucleic acid. The combination of flip-flops and NOR gates with activators leading
to transcription of the next logic level means that individual yeast (or other) cells could be used to perform molecular
logic.
[0124] It will also be appreciated that these circuits are essentially equivalent to their digital electronic counterpart.
These circuits, however exist on the molecular level. Moreover, they can be produced in enormous numbers (e.g.,
through simple expression from appropriate vectors) and thus are amenable to enormous parallelism and are therefore
well adapted to the solution of certain classes of complex computational problems.
[0125] It is noted, for example, that nucleic acid constructs have been used to solve a directed Hamiltonian path
problem (Adleman (1994) Science, 266: 1021-1024). Moreover, following Schneider (1991) J. Theoret. Biol., 148: 125,
Adleman concluded that molecular computation approaches theoretical efficiencies as much as 10 orders of magnitude
greater than conventional supercomputers.

4) Signal Readout.

[0126] A wide variety of means can be used to read the status of one or more gate outputs or flip-flops. As indicated
above, a gate output is read as HIGH where it is bound or capable of being bound by a signal protein. Thus, in a
preferred embodiment, the output status can be determined simply assuring that the output site is contacted with an
appropriate signal protein under conditions in which, if the site is HIGH and unbound, the signal protein can bind, and
then determining the presence or absence of a bound signal protein.
[0127] Methods of identifying the binding of proteins to nucleic acids are well known to those of skill in the art. In one
embodiment, this can be accomplished by gel shift assays as described herein in the Examples (see, also, Lane et al.
(1992) Microbiol. Rev. 56(4): 509-528 and Garner et al. (1981) Nucl. Acids Res., 9(13): 3047-3060).
[0128] However, the binding can be more easily assayed by detecting the binding of a labeled signal molecule. Means
of labeling proteins are well known to those of skill (see, for example, Chapter 4 in Monoclonal Antibodies: Principles
and Applications, Birch and Lennox, eds. John Wiley & Sons, Inc. N.Y. (1995) which describes conjugation of antibodies
to labels and other moieties). Proteins contain a variety of functional groups; e.g., carboxylic acid (COOH) or free amine
(-NH2) groups, which are available for reaction with a suitable functional group on either the label or on a linker attached
to the label.
[0129] Detectable labels suitable for use in the present invention include any composition detectable by spectro-
scopic, photochemical, biochemical, immunochemical, electrical, optical, genetic or chemical means. Useful labels in
the present invention include biotin for staining with labeled streptavidin conjugate, magnetic beads (e.g., Dyna-
beads™), fluorescent dyes (e.g., fluorescein, texas red, rhodamine, green fluorescent protein, and the like, see, e.g.,
Molecular Probes, Eugene, Oregon, USA), radiolabels (e.g., 3H, 125I, 35S, 14C, or 32P), enzymes (e.g., horse radish
peroxidase, alkaline phosphatase and others commonly used in an ELISA), selectable markers (e.g., antibiotic resist-
ance genes), and colorimetric labels such as colloidal gold (e.g., gold particles in the 40-80 nm diameter size range
scatter green light with high efficiency) or colored glass or plastic (e.g., polystyrene, polypropylene, latex, etc.) beads.
Patents teaching the use of such labels include U.S. Patent Nos. 3,817,837; 3,850,752; 3,939,350; 3,996,345;
4,277,437; 4,275,149; and 4,366,241.
[0130] In another embodiment, the binding of a protein to a particular site on a nucleic acid can be determined by
changes in fluorescence of a fluorophore attached either to the binding protein or to the nucleic acid caused by energy
transfer between the fluorophore and a quencher molecule or a second fluorophore (e.g., a fluorescence resonance
energy transfer system) on protein binding. Thus, for example, a lumazine derivative has been used in conjunction
with a bathophenanthroline-ruthenium complex as an energy transfer system in which the lumazine derivative acted
as an energy donor and the ruthenium complex acted as an energy receptor. The lumazine derivative and ruthenium
complex were attached to different nucleic acids. Energy transfer occurred when the two compounds were brought
into proximity resulting in fluorescence. The system provided a mechanism for studying the interaction of molecules
bearing the two groups (see, e.g., Bannwarth et al. (1991), Helvetica Chimica Acta. 74: 1991-1999, Bannwarth et al.
(1991), Helvetica Chimica Acta. 74: 2000-2007, and Bannwarth et al., European Patent Application No. 0439036A2).
[0131] Such resonance energy transfer systems are easily adapted to detect protein nucleic acid interactions as
well. This involves placing the fluorophore or quencher near the particular binding site it is desired to "read" and then
detecting the change in fluorescence as the respectively labeled protein binds to that site. Alternatively, the binding
protein can carry the flurophore while the DNA carries the quencher or vice versa, and the intensity of fluorescence
will then indicate the state of the flip-flop. Other energy transfer systems are well known to those of skill in the art (see,
e.g., Tyagi et al. (1996) Nature Biotechnology, 14: 303-308). Such systems can readily distinguish between the two
stable states of a flip-flop as well simply by providing different quenchers or different fluorophores at each binding site.
[0132] As suggested above, the state of a flip-flop or gate can be locked prior to reading by covalently attaching the
nucleic acid binding protein (if present) to the underlying nucleic. This can be accomplished by the use of cross-linkers.
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Protein and nucleic acid cross-linkers are well known to those of skill in the art and include, but are not limited to
gluteraldehyde, disuccinimidyl suberate (DSS) (Pierce, Rockford, Illinois, USA), active esters of N-ethylmaleimide (see,
e.g., Lerner et al. (1981) Proc. Nat. Acad. Sci. USA. 78: 3403-3407 and Kitagawa et al. (1976) J. Biochem., 79: 233-236),
and the like.
[0133] In another embodiment the state of the flip-flop and/or gate can be read by the use of a surrogate marker (a
readout molecule) that can optionally preserve the state information even after the binding protein(s) is removed from
the underlying nucleic acid. One example of the use of such a readout molecule is described above in the use of ligation
reactions to attach a readout nucleic acid to one or the other end of a flip-flop.
[0134] Another surrogate readout molecule utilizes an avidin (streptavidin)/biotin interaction. In this embodiment, a
biotin is attached to the underlying nucleic acid (preferably via a linker). The biotin is located nearby one of the flip-flop
binding sites or near the output site of a gate. After the state of the gate or flip-flop is set, the logic element is contacted
with an avidin or streptavidin molecule. When the binding site is occupied by a nucleic acid binding protein (HIGH),
the binding protein will block the interaction of the streptavidin with the biotin. Conversely, when the binding site is
unbound (LOW), the streptavidin can bind the biotin. The bound streptavidin can be detected using standard methods
(e.g., gel shift assay or labeled streptavidin) and a bound streptavidin will indicate a LOW binding site state. The biotin/
streptavidin interaction is extremely stable and the state can be read even after the nucleic acid binding protein is
dissociated from the underlying nucleic acid. An illustration of this readout system is provided in Example 2.

C) Comple x ("digital") Contr ol of Gene Expression

[0135] In another embodiment, the signal protein need not be labeled at all in order to detect the state of the output
site. For example, where a tethered activator is used to bind to the output site (e.g.. as shown in Figure 3), binding of
the tethered activator will induce activation of the appropriately located gene. Where the input signal serves to block
an output site (e.g. in the NOR gate), the tethered activator will fail to bind and gene transcription will not occur. Detection
of the expression of a gene or genes under the control of these tethered activators (or repressors) then provides an
indication of the status of the output. Thus, for example, where the tethered activator is a transcription activator, up-
regulation of gene transcription indicates a HIGH state at the output. Conversely, where the tethered construct protein
is a repressor, and the gene is constitutively activated, a decrease in transcription indicates a HIGH output state.
[0136] In this case, where it is desired simply to "read" the output state, the gene or genes under the control of the
gate will typically be reporter gene(s). A reporter gene is a gene that that codes for a protein whose activity is easily
detected, allowing cells expressing such a marker to be readily identified. Such markers are well known to those of
skill in the art and include, but are not limited to glucuronidase, bacterial chloramphenicol acetyl transferase (CAT),
beta-galactosidase (β-gal), various bacterial luciferase genes encoded by Vibrio harveyi, Vibrio fischeri, and Xenorhab-
dus luminescens, the firefly luciferase gene FFlux, green fluorescent protein, and the like.
[0137] Selectable markers (e.g., antibiotic resistance genes) provide another simple mechanism for reading out the
state of a flip-flop. In this embodiment, the gene or one of the genes under control of a logic element of this invention
is a selectable marker. Cells containing the logic cassette are grown under selection conditions (e.g., in the presence
of one or more antibiotics) and survival of the cells indicates the state of the logic element.
[0138] In another embodiment the logic gates of this invention can be used for expression control rather than com-
putation. In this case, the reporter gene can be substituted with one or more genes whose expression it is desired to
regulate using the logic apparatus of this invention. Such genes include, but are not limited to the multidrug resistance
gene (MDR1), e.g., to confer drug resistance on healthy cells during chemotherapy, the p53 tumor suppressor gene,
e.g.. in certain breast cancers, the telomerase gene, and the like.
[0139] This invention thus provides means of regulating gene expression in response to complex stimuli. A simple
example, is illustrated in Figure 3 which shows a gene under the control of a NOR gate. The output of the NOR gate
is "read" by a tethered activator having, at one end, a binding protein that specifically recognizes the output binding
site and at the other end a gene activator (A). In this case when either input 1 (I1) or input 2 (I2) is bound, the tethered
construct cannot anchor to the output site (O1) and the activator attached to the tethered construct fails to activate the
gene. However, when both inputs are unbound, the tethered construct attaches to the output site (O1) anchoring the
activator to the nucleic acid where it can then activate transcription of the gene.
[0140] The source of the two input (signal) proteins can be exogenous (preferably delivered to the cell by a transporter,
e.g. lipsome or other vehicle) or heterologous. Alternatively, one or more of the signal protein can be the product of
endogenous metabolic pathways in the cell or they can either or both be the product of heterologous expression cas-
settes which themselves can be simple traditional cassettes (inducible or constitutive) or can be "logic" cassettes having
genes under the expression of one or more logic gates and/or flip-flops of this invention. Similarly, the tethered activator
(s) can be exogenously supplied, or alternatively, particularly where the linker joining the binding protein and the acti-
vator is itself a polypeptide (thereby providing a tethered activator that is a fusion protein), the tethered activator can
be expressed as a heterologous polypeptide by an appropriate expression cassette.
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[0141] In one embodiment, the regulated gene can itself be a nucleic acid encoding a binding protein or multiple
genes can be expressed by the "logic cassette" one or more of which is another signaling protein (nucleic acid binding
protein) as described above. The expressed nucleic acid binding proteins can act as inputs to the logic cassette pro-
viding negative or positive regulation of gene expression by that cassette. Alternatively, or in combination with such
feedback regulation, the expressed binding proteins can act as inputs into other logic cassettes thereby allowing cas-
cade regulation of multiple logic cassettes and extremely complex regulation of the gene or genes expressed by the
logic cassettes.
[0142] The logic-based expression control systems of this invention thus provide a vast improvement in regulation
of the expression of heterologous genes (or cDNAs). In traditional heterologous gene expression systems, gene ex-
pression is typically regulated by a single inducer (e.g., IPTG). In contrast, expression of a gene (or cDNA) under the
control of one or more logic elements as described above can be the result of a complex combination of stimuli including
one or more inducers, positive and negative feedback regulation, and the like.

D) Affinity c hromatograph y/anal yte quantification.

[0143] In a somewhat more mundane, but highly useful application, the flip-flops of this invention can be used to
efficiently quantify the amount of an analyte in a solution (e.g., in a biological sample such a cell homogenate, blood,
etc.). In this embodiment, both binding domains of the flip-flop are identical and selected to specifically bind to the
analyte of interest (e.g., a nucleic acid binding protein (e.g., Fis) or a nucleic acid, etc.). The sites are still positioned
however so that binding of the target analyte at one site excludes binding at another site.
[0144] The provision of two binding sites on each nucleic acid molecule enhances the probability of binding, as
compared to a system in which each nucleic acid bore a single binding site. Because the number of binding sites is
doubled the likelihood of the target analyte finding and correctly orienting to an appropriate binding site is increased.
However once bound, the second binding site becomes unavailable. Thus, the number of bound nucleic acids is equiv-
alent to the number of bound target analytes. Quantification of the bound nucleic acid thus provides a direct measure
of the quantity of bound target analyte and an indirect measure of the amount of analyte in the solution.
[0145] The amount of bound nucleic acid can be quantified by a number of means well known to those of skill in the
art. For example, an electrophoretic gel can be used to separate the bound from the unbound nucleic acid and unbound
analyte. The separated bound nucleic acid can then be quantified e.g., an electrophoretic gel can be used to separate
the bound from the unbound nucleic acid and unbound analyte. The separated bound nucleic acid can then be quantified
e.g., by quantification of a label that is attached to the nucleic acid. The nucleic acid can be labeled by a number of
means as described above.
[0146] Such assays are performed in a manner analogous to immunoassays, which also just detect and/or quantify
binding of an antibody to a target analyte. Formats for such binding assays are well known to those of skill in the art
and include, but are not limited to competitive assay formats, non-competitive assays formats, and other formats (see,
e.g., U.S. Patents 4,366,241; 4,376,110; 4,517,288; and 4,837,168). For a review of the general immunoassays and
binding assay formats, see also Methods in Cell Biology Volume 37: Antibodies in Cell Biology, Asai, ed. Academic
Press, Inc. New York (1993); Basic and Clinical Immunology 7th Edition, Stites & Terr, eds. (1991).

II. Assemb ly of Molecular Flip-Flops and Gates.

A) Binding Pr otein/Nuc leic acid design/selection

1) Identification and selection of binding sites.

[0147] Many nucleic acid binding proteins and their cognate binding sites are suitable for the practice of this invention.
Generally, a suitable protein will bind to a "substrate" nucleic acid (e.g., single or double stranded, RNA, DNA, peptide
nucleic acid, etc.) at a site characterized by a particular nucleotide sequence. This site, designated a protein binding
site, can vary in sequence and it will be appreciated that for any particular binding protein there may exist a number
of different nucleotide binding sites that, while still specific for the binding protein, bind that protein with different
strengths (see, e.g., Hengen et al. (1997) supra.).
[0148] The binding protein/binding site combinations to be used will be determined by consideration of a number of
different factors. These include the number of different binding proteins it is desired to use in the particular system,
whether binding at a particular site is to be reversible or irreversible, and what binding site spacing is desirable.
[0149] A large number of suitable binding protein are known to those of skill in the art. These include, but are not
limited to Fis, LacI, lambda cI, lambda cro, LexA, TrpR, ArgR, AraC, CRP, FNR, OxyR, IHF, GalR, MalT, LRP, SoxR,
SoxS, sigma factors, chi, T4 MotA, P1 RepA, p53, NF-kappa-B, ribosomes, T4 regA, spliceosomes (donor and accep-
tor), polyA binding factor, and the like.
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[0150] Particularly preferred binding proteins are those that when their binding sites are spaced suitably close to-
gether, block binding of the cognate protein of the "adjacent" site. Such proteins can be identified by simple screening.
This entails providing a nucleic acid (e.g. a double stranded DNA) containing the binding sites at various spacings and
then determining at what spacing the two proteins bind exclusively. An illustration of such an assay is provided in the
Examples.
[0151] Appropriate binding site spacings (e.g., overlapping sites) can be engineered using individual information
theory (see, e.g., USSN 08/494,115, filed on June 23, 1995, Hengen et al. (1997) supra., Schneider (1991) J. Theoret.
Biol., 148: 125, and Schneider (1997) Nucl. Acids Res., 25: 4408-4415). In one approach, sequence walkers for all
the required components are displayed for a sequence. The sequence is then modified while the quantitative effect on
each walker is observed (see, e.g., Example 1 and Figure 8). For example, it is possible to engineer restriction enzyme
site into a Fis site while maintaining the same strength of the Fis site (see, e.g., Schneider (1997) Nucl. Acids Res.,
25: 4408-4415). Thus design of the overlapping sites for the logic components is straightforward and can be accom-
plished computationally.
[0152] Nucleic acid binding proteins whose binding sites appear to be closely associated (e.g. in pairs) in nature are
expected to provide particularly good candidates for naturally occurring blocking sites. Searches for the occurrence of
such binding sites can be accomplished computationally using deposited (e.g., GenBank) sequence information. Meth-
ods of searching for and identifying such binding sites using "Sequence Walkers" are described in Schneider (1997)
Nucl. Acids Res., 25: 4408-4415, and in copending application USSN 08/494,115, filed on June 23, 1995.
[0153] It is expected that for most protein binding sites, the exclusionary spacing will range from about 0 base pairs
(complete overlap), to about 60 base pairs, preferably from about 0 base pairs to about 40 base pairs, more preferably
from about 0 or 1 base pair to about 20 base pairs and most preferably from about 7 to about 11 base pairs.
[0154] Where the flip-flop state or the inputs or outputs is to be altered (reset) it is desirable to use nucleic acid
binding proteins that bind reversibly to the nucleic acid. Such reversible binding proteins are known to those of skill in
the art and include, for example, Fis, LacI, lambda cI, lambda cro, LexA, TrpR, ArgR, AraC, CRP, FNR, OxyR, IHF,
GaIR, MalT, LRP, SoxR, SoxS, sigma factors, chi, T4 MotA, P1 RepA, p53, NF-kappa-B, while preferred input and/or
output RNA binding proteins include, but are not limited to ribosomes, T4 regA, spliceosomes (donor and acceptor),
polyA binding factor, and the like.

2) GTPase-like binding pr oteins.

[0155] One particular preferred group of reversibly binding proteins are those for . which release can be accomplished
with the consumption of an energy source (e.g. hydrolysis of ATP or GTP to ADP or GDP respectively). One particular
preferred class of such proteins are the GTPase-like or ATPase-like binding proteins. GTPase proteins, e.g., EF-Tu,
bind to a nucleic acid (in this case tRNA) and then are released when provided an energy source (e.g., GTP). The
proteins may also require a co-factor for release (e.g., GAP) and thus release can be modulated by limiting supply of
either the energy source or the co-factor. Detailed descriptions of GTPase-like proteins can be found in Scheffzek et
al. (1997) Science, 277(18): 333-338, and Ahmadian et al. (1997) Nature Structural Biology, 4(9): 686-689).
[0156] The GTPase-like proteins provide a convenient means for setting and resetting the flip-flop. Such a resettable
flip-flop is illustrated in Figure 6. This consists of a nucleic acid having 4 binding sites, designated c, a1, b, and a2. The
site can be bound by σx which is a nucleic acid binding protein. The σ proteins are GTPase-like proteins that, when
triggered, release the nucleic acid. The proteins also contain a GAP finger that can trigger the release of the adjacent
σ protein, but that cannot trigger its own release (see, Scheffzek et al. supra. and Ahmadian et al. supra.)
[0157] The σc protein then binds site c and because of its GAP finger, causes the removal of any σa. Thus, when
the flip-flop is contacted with σa the σa only remains bound at site a2. The flip-slop is thus stable at site a2. To switch
its state, the flip-flop is contacted with σb that binds at site b causing the removal of σa and leaving the flip-flop stably
bound at site b, the second state of the flip-flop. The flip-flop can be reset to state a by contacting it with σa which binds
to sites a1 and a2. When a1 is bound by σa it will cause the release of σb. Although σa may only be bound transiently,
the free σa in solution will ensure that the site is occupied long enough to cause the displacement of σb. This leaves
the flip-flop reset to state a, with site a2 bound by σa. The cycle can be repeated indefinitely.
[0158] It will be appreciated that non-naturally occurring releasable proteins can be obtained by routine selection
procedures. For example, the EF-Tu protein (or other binding proteins, e.g., restriction nucleases) can be routinely
mutagenized and expressed on the surface of a filamentous phage in a "phage display library" (see, e.g., Marks et al.
(1991) J. Mol. Biol., 222: 581-597, Vaughn et al. (1996) Nature Vaughn et al. (1996) Nature Biotechnology, 14(3):
309-314, and the like).
[0159] Good releasable proteins can then be routinely identified by screening the library for phage (clones) that bind
to a nucleic acid bearing appropriate binding sites and that release in the presence of an energy source (GTP) with or
without a cofactor (e.g., GAP). Subsequent rounds of mutagenesis and selection can produce binding proteins that
show high affinity and specificity and efficient release in a manner analogous to the enrichment and selection for
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antibodies having high specificity and affinity (see, e.g., Vaughn et al. supra, Marks et al. supra.).

3) Construction of n ucleic acid.

[0160] The underlying nucleic acid can be produced according to any of a number of methods well known to those
of skill in the art. In one embodiment, the nucleic acid can be an isolated naturally occurring nucleic acid (e.g., a Fis
binding site containing segment from E. coli). However, in a preferred embodiment, the nucleic acid is created de novo,
e.g. through chemical synthesis.
[0161] Nucleic acids (e.g., oligonucleotides) are typically chemically synthesized according to the solid phase phos-
phoramidite triester method described by Beaucage and Caruthers (1981), Tetrahedron Letts., 22(20): 1859-1862, e.
g., using an automated synthesizer, as described in Needham-VanDevanter et al. (1984) Nucleic Acids Res., 12:
6159-6168. Purification of oligonucleotides, where necessary, is typically performed by either native acrylamide gel
electrophoresis or by anion-exchange HPLC as described in Pearson and Regnier (1983) J. Chrom. 255:137-149. The
sequence of the synthetic oligonucleotides can be verified using the chemical degradation method of Maxam and
Gilbert (1980) in Grossman and Moldave (eds.) Academic Press, New York, Methods in Enzymology 65:499-560.
[0162] It will be appreciated that chemically synthesized oligonucleotides are single-stranded. Double stranded nu-
cleic acids (e.g. for binding proteins such as Fis) can be produced by synthesizing the complementary oligonucleotide
and then annealing the two fragments in a simple hybridization reaction according to methods well known to those of
skill in the art (see, e.g., Sambrook, et al., Molecular Cloning A Laboratory Manual (2nd Ed.), Vol. 1-3, Cold Spring
Harbor Laboratory, Cold Spring Harbor, New York, 1989).
[0163] Alternatively a single oligonucleotide can be synthesized having complementary regions. Under appropriate
hybridization conditions the oligonucleotide will self-hybridize forming a hairpin having a double stranded region con-
taining the desired binding site (see, e.g., Example 2).

4) Construction of binding pr otein.

a) Isolation

[0164] The nucleic acid binding protein can be isolated from natural sources, mutagenized from isolated proteins or
synthesized de novo. Means of isolating naturally occurring nucleic acid binding proteins are well known to those of
skill in the art. Such methods include but are not limited to well known protein purification methods including ammonium
sulfate precipitation, affinity columns, column chromatography, gel electrophoresis and the like (see, generally, R.
Scopes, (1982) Protein Purification, Springer-Verlag, N.Y.; Deutscher (1990) Methods in Enzymology Vol. 182: Guide
to Protein Purification., Academic Press, Inc. N.Y.).
[0165] Where the binding protein binds reversibly, nucleic acid affinity columns bearing a nucleic acid having a binding
site specific for the protein of interest can be used to affinity purify the protein. Alternatively the protein can be recom-
binantly expressed with a HIS-Tag and purified using Ni2+/NTA chromatography.

b) Chemical synthesis

[0166] In another embodiment, the binding protein can be chemically synthesized using standard chemical peptide
synthesis techniques. Where the desired subsequences are relatively short the molecule may be synthesized as a
single contiguous polypeptide. Where larger molecules are desired, subsequences can be synthesized separately (in
one or more units) and then fused by condensation of the amino terminus of one molecule with the carboxyl terminus
of the other molecule thereby forming a peptide bond. This is typically accomplished using the same chemistry (e.g.,
Fmoc, Tboc) used to couple single amino acids in commercial peptide synthesizers.
[0167] Solid phase synthesis in which the C-terminal amino acid of the sequence is attached to an insoluble support
followed by sequential addition of the remaining amino acids in the sequence is the preferred method for the chemical
synthesis of the polypeptides of this invention. Techniques for solid phase synthesis are described by Barany and
Merrifield, Solid-Phase Peptide Synthesis; pp. 3-284 in The Peptides: Analysis, Synthesis, Biology. Vol. 2: Special
Methods in Peptide Synthesis, Part A., Merrifield, et al. (1963) J. Am. Chem. Soc., 85: 2149-2156, and Stewart et al.
(1984) Solid Phase Peptide Synthesis, 2nd ed. Pierce Chem. Co., Rockford, Ill.

c) Recombinant e xpression.

[0168] In a preferred embodiment, the binding proteins are synthesized using recombinant DNA methodology. Gen-
erally this involves creating a DNA sequence that encodes the binding protein, placing the DNA in an expression
cassette under the control of a particular promoter, expressing the protein in a host, isolating the expressed protein
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and, if required, renaturing the protein.
[0169] DNA encoding binding proteins or subsequences of this invention can be prepared by any suitable method
as described above, including, for example, cloning and restriction of appropriate sequences or direct chemical syn-
thesis by methods such as the phosphotriester method of Narang et al. (1979) Meth. Enzymol. 68: 90-99; the phos-
phodiester method of Brown et al. (1979) Meth. Enzymol. 68: 109-151; the diethylphosphoramidite method of Beaucage
et al (1981) Tetra, Lett., 22: 1859-1862; and the solid support method of U.S. Patent No. 4,458,066.
[0170] The amino acid and nucleic acid sequences of literally hundreds of nucleic acid binding proteins are well
known to those of skill in the art. Thus, for example, the amino acid sequence of Fis (E. coli Factor for Inversion
Stimulation) is found at Swiss-Prot entry P11028.
[0171] The nucleic acid sequences encoding the desired binding protein(s) may be expressed in a variety of host
cells, including E. coli, other bacterial hosts, yeast, and various higher eukaryotic cells such as the COS, CHO and
HeLa cells lines and myeloma cell lines. The recombinant protein gene will be operably linked to appropriate expression
control sequences for each host. For E. coli this includes a promoter such as the T7, trp, or lambda promoters, a
ribosome binding site and preferably a transcription termination signal. For eukaryotic cells, the control sequences will
include a promoter and preferably an enhancer derived from immunoglobulin genes, SV40, cytomegalovirus, etc., and
a polyadenylation sequence, and may include splice donor and acceptor sequences.
[0172] The plasmids of the invention can be transferred into the chosen host cell by well-known methods such as
calcium chloride transformation for E. coli and calcium phosphate treatment or electroporation for mammalian cells.
Cells transformed by the plasmids can be selected by resistance to antibiotics conferred by genes contained on the
plasmids, such as the amp, gpt, neo and hyg genes.
[0173] Once expressed, the recombinant binding proteins can be purified according to standard procedures of the
art as described above.
[0174] One of skill in the art would recognize that after chemical synthesis, biological expression, or purification, the
binding protein(s) may possess a conformation substantially different than the conformations of the native polypeptides.
In this case, it may be necessary to denature and reduce the polypeptide and then to cause the polypeptide to refold
into the preferred conformation. Methods of reducing and denaturing proteins and inducing re-folding are well known
to those of skill in the art (See, Debinski et al. (1993) J. Biol. Chem., 268: 14065-14070; Kreitman and Pastan (1993)
Bioconjug. Chem., 4: 581-585; and Buchner, et al., (1992) Anal. Biochem., 205: 263-270). Debinski et al., for example,
describes the denaturation and reduction of inclusion body proteins in guanidine-DTE. The protein is then refolded in
a redox buffer containing oxidized glutathione and L-arginine.
[0175] One of skill would recognize that modifications can be made to the binding proteins without diminishing their
biological activity. Some modifications may be made to facilitate the cloning, expression, or incorporation of the targeting
molecule into a fusion protein. Such modifications are well known to those of skill in the art and include, for example,
a methionine added at the amino terminus to provide an initiation site, or additional amino acids (e.g., poly His) placed
on either terminus to create conveniently located restriction sites, termination codons or purification sequences.
[0176] It is also recognized that a large number of binding proteins have been cloned and can be reproduced using
standard recombinant DNA methodology. In addition some (particularly normal and modified restriction enzymes) are
commercially available.

B) Binding site selector s/modulator s/b loc kers.

[0177] It was noted above, that the binding of binding proteins to particular binding sites can be controlled by the
use of various selectors (also referred to as modulators or blockers). The selector can be a binding protein or any other
moiety that selectively blocks the binding site with which it is associated. Thus, the selector can be a modified restriction
endonuclease (e.g., an EcoRI mutated to eliminate the cleavage function, see, e.g., King et al. (1989) J. Biol. Chem.,
264(20): 11807-11815 and Wright et al. (1989) J. Biol. Chem., 264(20) 11816-11821) that binds to, but does not cleave
the underlying nucleic acid. The selector could also be a chemical that selectively modifies the underlying nucleic acid
(e.g., base modification, thymidine dimerization, etc.) to prevent attachment of the binding protein. Other possible
selectors include nucleic acids (e.g., antisense molecules) peptide nucleic acids, streptavidin, avidin, and the like.
[0178] Selectors can also include photocleavable blockers. Such blockers remain attached to the substrate molecule
until they are exposed to light of a particular wavelength. Once exposed they cleave thereby unblocking the site and
allowing the binding of the signal molecule. This permits the use of an optical signal to set the state of various elements
of the logic circuit. Similarly the use of fluorescent readout methods, described above, provides an optical output. Thus,
both input and output of the system can be effected by optical signals.
[0179] This is convenient for computational input and output. It is noted that where the computational elements are
components of "logic cassettes", this also provides optical control over gene expression. It is expected that such optical
control systems will prove most efficacious in vitro.
[0180] Photocleavable blockers are well known to those of skill in the art and include, but are not limited to NVOC,
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MeNPOC, Dimethoxybenzoinyl, or DDZ. (see, e.g., U.S. Patents 5,679,773, 5,639,603, 5,525,735, 5,709,848,
5,556,961, and 5,550,215).

C) Tethered activ ator(s).

[0181] It was explained above that tethering a gene activator (e.g., Gal4) to an "output" nucleic acid binding site
provides a mechanism for coupling the output of one logic element (e.g. flip-flop or gate) to another. It has been dem-
onstrated that a number of gene activators will activate a gene even in the absence of the native response element
when the activator is tethered to the underlying nucleic acid. This was first demonstrated by Ptashne who showed that
a nucleic acid binding protein (an Escherichia coli repressor protein; LexA) fused to an activator (a Saccharomyces
cerevisiae transcriptional activator; Gal4) activated transcription of a gene if and only if a protein binding site (the lexA
operator) is present near the transcription start site (see Ptashne (1985) Cell, 43(3): 729-736, and Farrell et al. (1996)
Genes Dev., 10(18); 2359-2367).
[0182] Other tethered activators have been made, for example, by fusing a heterologous DNA binding domain (Gal4)
to yeast ADA2 protein (see, Silverman et al. (1993) Proc. Natl. Acad. Sci. USA, 91: 11665-11668). Similarly, fusion of
a heterologous DNA binding domain to the amino terminus of CREB-binding protein allowed the chimeric protein to
function as a protein kinase A-regulated transcriptional activator. (Chrivia et al. (1993) Nature, 365: 855-859). Similarly,
the BOB.1/OBF.1 B cell-restricted cofactors fused to GAL4 DNA binding domain can efficiently activate octamer-de-
pendent promoters in fibroblasts (see, Pfisterer et al. (1995) Biol. Chem., 270(50): 29870-29880). Other gene activators
and repressors are well known to those of skill in the art.
[0183] When the binding proteins are joined by a linker, the length of the linker is selected so that when one end of
the tethered construct is bound to its cognate target (e.g., the output of a logic gate), the binding protein at the opposite
end is brought into close proximity (e.g., juxtaposed) to transcription initiation site it is designed to interact with.
[0184] Methods of linking proteins are well known to those of skill in the art. Typically the binding and activator proteins
can be linked by a chemically conjugated linker or alternatively, can be expressed as a fusion protein in which the two
binding proteins are linked by a polypeptide.
[0185] Means of chemically conjugating molecules are well known to those of skill (see, for example, Chapter 4 in
Monoclonal Antibodies: Principles and Applications, Birch and Lennox, eds. John Wiley & Sons, Inc. N.Y. (1995) which
describes conjugation of antibodies to anticancer drugs, labels including radio labels, enzymes, and the like). Proteins
contain variety of functional groups; e.g., carboxylic acid (COOH) or free amine (-NH2) groups, which are available for
reaction with a suitable functional group on a suitable linker bind the protein thereto.
[0186] Alternatively, the binding protein(s) may be derivatized to expose or attach additional reactive functional
groups. The derivatization may involve attachment of any of a number of linker molecules such as those available from
Pierce Chemical Company, Rockford Illinois.
[0187] A "linker", as used herein, is a molecule that is used to join the binding proteins. The linker is capable of
forming covalent bonds to both the targeting molecule and to the effector molecule. Suitable linkers are well known to
those of skill in the art and include, but are not limited to, straight or branched-chain carbon linkers, heterocyclic carbon
linkers, or peptide linkers. The linkers may be joined to the constituent amino acids through their side groups (e.g.,
through a disulfide linkage to cysteine). However, in a preferred embodiment, the linkers will be joined to the alpha
carbon amino and carboxyl groups of the terminal amino acids.
[0188] A bifunctional linker having one functional group reactive with a group on a particular agent, and another
group reactive with an antibody, may be used to form the desired tethered construct. Alternatively, derivatization may
involve chemical treatment of the binding protein, e.g., glycol cleavage of a sugar moiety attached to the protein with
periodate to generate free aldehyde groups. The free aldehyde groups on the protein may be reacted with free amine
or hydrazine groups on an agent to bind the agent thereto. (See U.S. Patent No. 4,671,958). Procedures for generation
of free solfhydryl groups on polypeptides are also known (See U.S. Pat. No. 4,659,839).
[0189] Many procedures and linker molecules for attachment of various proteins are known. See, for example, Eu-
ropean Patent Application No. 188,256; U.S. Patent Nos. 4,671,958, 4,659,839, 4,414,148, 4,699,784; 4,680,338;
4,569,789; and 4,589,071; and Borlinghaus et al. Cancer Res. 47: 4071-4075 (1987). Such linkers are widely used in
the production of immunotoxins and can be found, for example in "Monoclonal Antibody-Toxin Conjugates: Aiming the
Magic Bullet," Thorpe et al., Monoclonal Antibodies in Clinical Medicine, Academic Press, pp. 168-190 (1982), Wald-
mann, Science, 252: 1657 (1991), U.S. Patent Nos. 4,545,985 and 4,894,443.
[0190] In a preferred embodiment, the tethered construct is expressed as a recombinant fusion protein (i.e. the two
binding domains are joined by a polypeptide linkage). This basically involves providing an expression cassette encoding
both binding proteins, and if necessary a linker, transfecting a cell with the expression cassette and thereby expressing
the tethered construct. Methods of expressing heterologous nucleic acids are described above in the discussion of
recombinant expression of binding proteins and the recombinant expression of binding protein - activator fusion proteins
is well known (Silverman et al. (1993) Proc. Natl. Acad. Sci. USA, 91: 11665-11668, Chrivia et al. (1993) Nature, 365:
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855-859, and Pfisterer et al. (1995) Biol. Chem., 270(50): 29870-29880).
[0191] It will be appreciated that the binding proteins attached to the activators need not be full-length binding pro-
teins. To the contrary, in a preferred embodiment, only the nucleic acid binding domain will be attached to the termini
of the tethered construct.

III) Solution Phase , Solid Phase and In viv o systems.

A) Ex viv o systems.

[0192] Where the logic constructs (e.g. flip-flops and/or gates) of this invention are used for computation and/or
affinity chromatography, the application will preferentially be performed ex vivo. In this context, the computational ele-
ments may be utilized in solution and/or they may be attached to a solid support. When attached to a solid support the
computation and/or affinity assay is effectively run in the solid phase. The term "solid support" refers to a solid material
which may be functionalized to permit the coupling of the nucleic acid or the binding protein to the surface. However
many solid supports (e.g., nitrocellulose) do not require such derivatization. Any material to which the nucleic acid or
binding protein can be attached and which is stable to reagents with which it will be contacted is suitable. Solid support
materials include, but are not limited to, polacryloylmorpholide, metals, plane glass, silica, controlled pore glass (CPG),
polystyrene, polystyrene/latex, and carboxyl modified teflon.
[0193] In one embodiment, the various logic elements can be arranged in arrays. Methods of making single or double
stranded nucleic acid arrays are well known to those of skill in the art (see, e.g., U.S. Patent 5,143,854 and PCT patent
publication No. WO 90/15070).
[0194] In solution or solid phase, the input signal proteins, output signal proteins, blockers, and tethered construct
(s) can be added simultaneously or sequentially as needed. Similarly, readout is performed by any of a number of
routine means as described above..
[0195] Gene expression may also be performed ex vivo in extracted natural, or synthetic expression systems. Such
systems, typically include a buffer, and all of the elements necessary to transcribe and translate a gene (e.g., ATP, Mg,
ribozymes, nucleotide triphosphates, etc.).
[0196] Alternatively, the gates of this invention could be added to bioreactors to simultaneously assay and modulate
the reactor environment. Thus, for example, the OR gate described above when added to a bioreactor will bind one
or more analytes if they are present in the reactor system. Such binding will set the output HIGH. The HIGH output
binding site can then bind a third analyte in the bioreactor rendering it less available or unavailable to the organisms
growing therein.

B) In viv o systems

[0197] In another embodiment, the logic controls of this invention can be used for regulation of gene expression. As
explained above, a cell can be transfected with one or more "logic cassettes"; expression cassettes comprising nucleic
acids that encode one or more genes whose expression is under the control of a logic element (e.g., one or more gates
and/or flip-flops) of this invention.
[0198] The logic cassette can be transfected into a cell using standard vectors as described above. The logic cassette
can additionally encode one or more binding proteins and/or one or more tethered constructs. Alternatively, the binding
proteins can be endogenously expressed proteins or can be provided by other expression or logic cassettes. Similarly,
the tethered constructs can also be expressed by one or more separate expression cassettes or logic cassettes.

IV. Other substrate-based logic elements.

[0199] While the examples provided herein demonstrate logic elements (flip-flops and gates) that use nucleic acid
binding sites, other substrates are suitable as long as they can be specifically bound. Such substrates include, but are
not limited to proteins, glycoproteins, sugars, and the like. Proteins provide a particularly preferred alternative substrate.
It is well known that a single protein can display a wide variety of different epitopes each of which is specifically bound
by a particular antibody (e.g. a monoclonal antibody or antibody fragment Fv, Fab', etc., or single chain Fv, etc.).
Moreover it is also known that epitopes can be juxtaposed such that they cannot be simultaneously bound by their
respective antibodies. This principle forms the basis of epitope mapping.
[0200] Thus, a protein that displays two epitopes for which antibody binding is mutually exclusive forms the basis
for a protein substrate flip-flop. Similarly, sugars or glycoproteins can form a substrate for mutually exclusive lectin
binding according to the same principle.



EP 1 057 118 B1

5

10

15

20

25

30

35

40

45

50

55

25

V. Kits f or molecular computation and/or comple x expression contr ol.

[0201] This invention also provides kits for molecular computation and/or for the regulation of gene expression. The
kits comprise one or more containers containing the logic elements (e.g., flip-flops, gates, logic cassettes) of this in-
vention. The container(s) may simply contain the underlying nucleic acid or the combined nucleic acid and/or signal
polypeptide and/or one or more tethered constructs. Where the kit is designed for ex vivo application, the various
elements may be provided attached to one or more surfaces of a solid support (e.g. a 96 well microtiter plate).
[0202] The kit may also optionally include reagents, buffers, fluorescent labels, etc., for the practice of one of the
methods described herein.
[0203] The kits may optionally include instructional materials containing directions (i.e., protocols) providing for the
use of the logic elements (flip-flops, gates, etc.) of this invention in molecular computation systems, gene control, and
the like. While the instructional materials typically comprise written or printed materials they are not limited to such.
Any medium capable of storing such instructions and communicating them to an end user is contemplated by this
invention. Such media include, but are not limited to electronic storage media (e.g., magnetic discs, tapes, cartridges,
chips), optical media (e.g., CD ROM), and the like. Such media may include addresses to internet sites that provide
such instructional materials.

EXAMPLES

[0204] The following examples are offered to illustrate, but not to limit the claimed invention.

Example 1: Overlapping Fis Sites 7 or 11 Base P airs Apar t Are Not Bound Sim ultaneousl y

[0205] In this Example, information theory was used to predict Fis (Factor for Inversion Stimulation) binding sites in
Escherichia coli DNAs. These predictions have been confirmed by previously existing DNase I footprints or by gel
mobility shift experiments. In many diverse genetic systems including six site-specific inversion regions, λ att, dif, nrd,
ndh and the fis promoter, Fis sites are also predicted to be 7 or 11 base pairs apart. These overlapping Fis sites are
frequently coincident with binding sites of other proteins, suggesting that Fis can block access to DNA. The structure
of the Fis sequence logo, molecular modeling and gel mobility shift experiments all indicate that Fis sites separated
by 7 or 11 bases are bound antagonistically. Two overlapping Fis sites separated by 11 base pairs also occur in the E.
coli origin of chromosomal replication (oriC). The data presented herein suggest that both sites bind Fis and that they
compete for binding to create two distinguishable molecular states in vitro. Since only one of the two overlapping Fis
sites can be bound by Fis at a time, the structure is a molecular flip-flop. These two Fis sites are precisely positioned
between two DnaA sites in oriC, suggesting that the flip-flop directs alternative firing of replication complexes in opposite
directions.
[0206] Fis is a well characterized site-specific DNA binding protein. When Escherichia coli encounters a rich nutri-
tional medium, the number of Fis molecules increases from nearly zero to 25,000 to 50,000 dimers per cell (Ball et al.
(1992) J. Bact. 174: 8043-8056). Estimates of the number of Fis sites in the E. coli genome based on the average
information in Fis sites give a similar number, indicating that most of these molecules are controlling genetic systems
throughout the genome (Hengen et al. (1997) Nucl. Acids Res., 25(24): 4994-5002). Fis is known to bend DNA and it
is involved in many site-specific recombination systems. In addition, it autoregulates its own promoter and activates
other promoters (Johnson & Simon (1987) Trends in Genetics, 3: 262-267; Finkel & Johnson (1992) Molec. Microb.,
6: 3257-3265; Finkel & Johnson (1992) Molec. Microb., 6: 1023).
[0207] Information analysis of Fis binding sites and their surrounding sequences has revealed previously unidentified
sites adjacent to known ones (Hengen et al. (1997) supra.). It was observed that pairs of Fis sites are often separated
by 7 or 11 bases in many genetic systems. These Fis sites often overlap the binding sites of other proteins in significant
places such as the Xis site of λ att (Schneider (1997) Nucl. Acids. Res., 25: 4408-4415). To understand the significance
of these pairs we sought to determine whether Fis binds cooperatively or antagonistically at the adjacent sites. In this
study we show that in an artificial DNA construct the sites cannot be bound simultaneously and therefore act as a
molecular flip-flop.
[0208] DNA replication starts at 83 minutes on the E. coli chromosome at a locus called oriC. Bidirectional replication
starting at oriC is completed in the terminus region halfway around the chromosome. Replication is dependent on the
DnaA protein which binds at 5 sites in oriC. Using sequence walkers (Schneider (1997) Nucl. Acids. Res., 25
4408-4415), we observed that there are likely to be two Fis sites wedged precisely between two of the DnaA sites.
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Results and Discussion

Self-competition between natural Fis sites.

[0209] When we searched DNA sequences for Fis sites using an information theory based weight matrix, we observed
Fis sites spaced 11 base pairs apart in hin gin, and min (see Fig 5 in (Hengen et al., 1997, supra.). Since B-form DNA
twists every 10.6 base pairs, the sites should be on the same side of the DNA. While it is conceivable that two adjacent
proteins can bind simultaneously by a subtle interleaving of their DNA contacts, it seems more likely that they will
compete for binding in the major groove since after an 11 base shift the sequence logo shows that the predominant C
at -7 corresponds to the G at +4 and the C at -4 corresponds to the C at +7 (downward pointing arrows in Fig. 7).
Competition between these internally (Figure 7) redundant patterns (Schneider & Mastronarde (1996) Discrete Applied
Mathematics, 71: 259-268) would allow Fis to change its site of DNA bending and perhaps this is important for inversion.
[0210] In contrast, in the P1 cin, P7 cin and E. coli e14 pin sites, the spacing between pairs is only 7 bases, which
would place the Fis dimers 122° apart on B-DNA (360° - 360° per turn x 7 bases/10.6 bases per turn = 122°). After a
7 base shift, the sequence logo shows that the G at -7 would match the A/T of the minor groove on the opposite face
of the DNA at coordinate 0, while the C/T at -4 would match the T/C at +3 and the A/G at -3 would match the C/A at
+4 (up arrows in Fig. 7). This allows for the possibility that the two proteins bind at the same time, which might also be
important to the function of these regions.
[0211] To investigate the consequences of two Fis molecules binding to nearby sites, we constructed 3 dimensional
models (Schneider (1997) Nucl. Acids Res., 25: 4408-4415). We found that two Fis proteins bound to sites separated
by 11 base pairs might strongly interpenetrate. In contrast, a 7 base pair separation might only have a minimal van der
Waals force conflict between the two central D helices. This might be accommodated for by flexibility of the DNA-
protein complex, given that there is some uncertainty as to how Fis binds DNA. We thought that 11-base separated
Fis molecules would compete for binding but that a 7-base separation might allow simultaneous binding.
[0212] These ideas are supported by the preliminary observation that synthetic DNA containing either thehin proximal
or medial Fis sites are bound by Fis in electrophoretic mobility gel shift assays (Hengen et al.(1997) supra.). When
these overlapping sites were together on the same fragment with a spacing of 11 bases only one band shift was
observed, suggesting that only one of the sites can be bound at a time. To test whether this is the case requires using
high concentrations of Fis and strong Fis sites to ensure that both sites would be bound if that were possible.

Test of the 7-11 alternation model

[0213] To determine whether overlapping Fis sites can be simultaneously bound by Fis, we synthesized strong Fis
sites that overlap by either 7 or 11 base pairs (Fig. 8a, 8b) or that were separated by 23 base pairs (Fig. 7c) and tested
their properties by gel shift. Neither the 11 nor the 7 overlapping sites showed a doubly-shifted band, even at an
extremely high Fis/DNA ratio and with exceptionally strong (> 12 bits) Fis binding sites (Fig. 9), suggesting that only
one Fis molecule could bind to each DNA fragment. The DNA fragment with two Fis sites separated by 23 base pairs
did double shift, demonstrating that well separated Fis sites can cause two distinct band shifts (Fig. 9). However, Fis
can create a ladder on non-specific sequences (Betermier et al. (1994) Biochimie, 76: 958-967), and this might account
for the double-shifts. Under our conditions with short DNAs, a non-specific (all positions < 1 bit) 66 bp DNA fragment
barely shifted at high Fis concentration (data not shown) so the secondary shifts were not from non-specific binding.
These results demonstrate that Fis sites separated by 7 or 11 bases cannot be bound simultaneously. We could not
exclude the possibility that the single-shifted bands at high concentration of Fis contain two molecules of Fis per DNA
as a complex that runs exactly as a DNA bound by one Fis molecule, but this seems highly unlikely given the sensitivity
of gel shifts to molecular weight changes and the results for the 23 base separated DNA.
[0214] A second Fis molecule might be blocked by direct steric hindrance, but it is also possible for the first protein
to distort the DNA enough to eliminate or occlude the second site. If a distortion mechanism is used, it remains possible
that two weak Fis sites could be bound simultaneously. Further, the 7 base overlapped sites may be simultaneously
bound at lower temperature, since low thermal agitation might allow binding despite some mechanical strain. Finally,
superhelical DNA and other conditions might allow simultaneous binding.

Fis s witc hing: g enetic implications of the 7-11 flip-flop model

[0215] The tyrT promoter has three Fis sites separated by 20 and 31 base pairs, as in our 23 base pair separated
control experiment (Fig. 8 and Fig. 9). The separation in tyrT is sufficient for three Fis dimers to simultaneously position
themselves on the same face of the DNA to cooperatively bind a σ70 subunit and activate transcription of stable RNA
promoters (Muskhelishvili et al. (1995) EMBO J., 14: 1446-1452). In addition to this activation mechanism, which is
based on separated sites, Fis may also have evolved another control mechanism that uses overlapping sites.
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[0216] When we scanned our Fis individual information model across various sequences, we discovered 7 and 11
spacings at inversion regions, the fis, nrd, and ndh promoters, and at dif, E. coli oriC and λ att (Hengen et al., 1997
supra., Schneider (1997) Nucleic Acids Res., 25: 4408-4415). In the latter three systems, Fis sites overlap binding
sites of other proteins in significant places, so we do not think that Fis sites appear at this spacing merely because of
the internal redundancy of the site. For example, scanning with the Fis weight matrix reveals two Fis sites previously
identified in oriC at coordinates 202 and 213 (Roth et al. (1994) Biochimie, 76: 917-923). Footprinting data from two
different groups show protection covering one, the other and both sites (Fig. 10). The two Fis sites fit exactly between
the R2 and R3 DnaA sites and have similar individual information contents, suggesting that their binding energies are
similar, so in the absence of other effects Fis could occupy them for nearly equal fractions of the time as a flip-flop.
Binding by DnaA and by Fis are mutually exclusive (Gille et al. (1991) Nucl. Acids. Res., 19: 4167-4172), implying that
the position of a Fis-induced DNA bend could be controlled by DnaA and the binding of DnaA could be controlled by
Fis. During nutritional upshifts when there is a high Fis concentration (Ball et al. (1992) supra.), occupancy of one Fis
site should ensure only one DnaA site is available at a time. Since absence of Fis leads to asynchronous replication
(Boye et al. (1982) In DNA Replication and the Cell Cycle, Fanning Knippers and Winnacker eds., vol. 43: 15-26,
Springer-Verlag, Berlin), this flip-flop might control alternative firing of replication complexes in opposite directions.
[0217] Closely spaced sites are often bound cooperatively, as in the classical example of T4 gene 32 autogenous
regulation (Miller et al. (1994) In Molecular Biology of Bacteriophage T4, Karam et al., ed. pp. 193-205, American Soc.
Microbiol., Washington, D.C.). In contrast, Fis represents the unusual situation where a protein competes with itself by
binding at overlapping positions. Self-occlusion has been observed in artificial constructs, where one ribosome is ap-
parently blocked by the presence of another ribosome bound nearby (Barrick et al. (1994) Nucl. Acids. Res., 22:
1287-1295, Likewise, in ColE1 and ColE7, a pair of LexA sites may be competing with each other for LexA binding
(Ebina et al. (1983) J. Biol. Chem., 258: 13258-13261); Lu & Chak (1996) Mol. Gen. Genet., 251: 407-411).
[0218] The same pair of LexA sites in ColE7 may also compete with a 9.1 bit Fis site immediately upstream, and all
three of these sit adjacent to two overlapping IHF sites immediately downstream. This interplay of factors may be
typical of more complex flip-flop mechanisms. For example, as many as five Fis sites are likely to be in λ att. Two of
these are spaced 11 base pairs apart, with one of them overlapping an Xis site (Schneider (1997) Nucl. Acids. Res.,
25: 4408-4415).
[0219] The positioning of Fis binding sites relative to one another and to the binding sites of other proteins therefore
appears to be key for the ability of Fis to perform many diverse functions. Fis has evolved a transcriptional activation
mode in which sites are on the same face of the DNA and are sufficiently apart to be bound simultaneously. Fis may
also have specifically evolved to allow for two competitive binding modes. When the sites are on the same face of DNA
(11 bp apart), a single Fis molecule could disengage and rebind to move the bend location between two possible places
without changing the overall direction of the DNA. When sites are on nearly opposite faces (7 bp apart), Fis would
cause the bend direction to change by 122°. How these cogs fit into the larger picture of pleiotropic Fis functions
remains to be determined.
[0220] This Example demonstrates that adjacent Fis sites can have two distinct binding modes in which Fis competes
with itself for binding and therefore acts as a molecular flip-flop.

Materials and Methods

Sequence anal ysis pr ograms

[0221] Delila system programs were used for handling sequences and information calculations (Schneider et al.
(1982) Nucl. Acids Res., 10: 3013-3024; Schneider et al. (1984) Nucl. Acids Res., 12: 129-140; Schneider et al. (1986)
J. Mol. Biol., 188: 415-431; Schneider & Stephens (1990) Nucl. Acids. Res., 18: 6097-6100; Stephens & Schneider
(1992) J. Mol. Biol., 228: 1124-1136; Schneider (1997) J. Theoret. Biol., 189(4): 427-441; Schneider (1997) Nucl. Acids
Res., 25: 4408-4415). Figures were generated automatically from raw GenBank data using Delila and UNIX script
programs.

Design of Fis binding e xperiments

[0222] Synthetic DNAs containing strong Fis sites separated by I 1 and 7 base pairs were designed by selecting
from the most frequent bases at each position in the Fis sequence logo (Hengen et al. (1997) supra.). These were
then merged with the same sequence shifted by 11 or 7 base pairs by comparing the Riw(b,l) values for various choices.
(Note: the consensus sequence of the early model we used was TTTG(G/C)TCA AAATTTGA(G/C)C AAA (SEQ ID
NO: 4) which differs from that of the logo.) Five extra bases were added to the ends based on the natural sequences
around the hin proximal and medial sites for the overlap 11 oligo, and the sequences around cin external and proximal
sites were used for the overlap 7 oligo (Hengen et al. (1997) supra.). The DNAs were made self complementary (Fig.
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8a, 8b). Sites separated by 23 bases were created starting with the 11 base separated DNA and duplicating the central
overlap region. A BamHI site was also inserted and the DNA was flanked by EcoRI sites (Fig. 10c). Oligonucleotides
were synthesized with biotin on the 5' end and gel purified (Oligos Etc., Wilsonville, OR, USA). To ensure thorough
annealing, they were heated to 90°C for 10 minutes, and slowly cooled to room temperature. The annealed products
were electrophoresed through an 8% (w/v) polyacrylamide gel, and the bands corresponding to the linear duplex DNA
of the correct size were sliced from the gel. DNA was recovered by electroelution and extracted with isoamyl alcohol
to remove ethidium bromide. A non-specific control DNA was composed of the two 66 bp hinFI fragments from bacte-
riophage φX174 (Life Technologies, Inc.). Gel mobility shift experiments were performed as described (Hengen et al.
(1997) supra.).

Example 2: Readout of a Fis/DNA Flip-Flop

[0223] A single very long nucleic acid is synthesized having a sequence in the center that causes a hairpin loop to
form rapidly (see, Figure 11). The entire DNA can then be dissolved in a buffer heated and cooled thereby forming
double stranded DNA. This guarantees that the complementary strands are equimolar and there isn't any single-strand-
ed DNA present in the mixture.
[0224] The nucleic acid is designed so that it form the oriC site on hairpin formation and a biotin is attached (via a
19 atom linker) to the T's at either position 77 or 78.
[0225] Fis is put in with the hairpin loop DNA. The Fis is expected to bind to the two positions (18 and 29 in Figure
11, note that the Fis sites at 87 and 98 are the same ones on the other strand of the DNA). Streptavidin is then added.
[0226] When a Fis molecule is bound at position 18, the streptavidin can also bind and one should see a high band
shift consisting of DNA, Fis and streptavidin. When a Fis molecule is bound a position 29, it will block streptavidin and
only DNA and Fis will be present so the band will be lower on the gel. Visiblity of both bands will indicate that in solution
both binding sites form.
[0227] Appropriate controls include knockouts of each binding site individually and of both sites. Experiments include
just DNA, DNA+Fis, DNA+Fis+Streptavidin, and DNA+ Streptavidin+Fis to see that the order of addition affects the
results. The only time that there should be two bands is the DNA+Fis+Streptavidin order of addition when both Fis
sites exist.
[0228] It is understood that the examples and embodiments described herein are for illustrative purposes only and
that various modifications or changes in light thereof will be suggested to persons skilled in the art. All publications,
patents, and patent applications cited herein are hereby incorporated by reference for all purposes.

Claims

1. A logic element system for molecular computation and information processing, the system comprising

an isolated nucleic acid having a length of at least 5 base pairs and having a nucleotide sequence that encodes
a first protein binding site and a second protein binding site wherein said first and second protein binding sites
each has a binding strength of at least 0 bits and are spaced in proximity to each other such that:

when said first protein binding site is specifically bound by a cognate binding protein for the first binding
site, said second binding site cannot be bound by a protein that otherwise specifically recognizes and
binds said second binding site; and
when said second binding site is specifically bound by a cognate binding protein for the second site, said
first binding site cannot be bound by a protein that otherwise specifically recognizes and binds said first
binding site; and

a cognate binding protein that specifically binds said first protein binding site or said second protein binding site.

2. The system of claim 1, wherein said nucleic acid is a double-stranded nucleic acid.

3. The system of claim 1, wherein said nucleic acid is a deoxyribonucleic acid (DNA).

4. The system of claim 1, wherein said first binding site and said second binding site have the same nucleotide
sequence.

5. The system of claim 4, wherein said first binding site and said second binding site have the nucleotide sequence
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of SEQ ID NO: 1.

6. The system of claim 1, wherein said first binding site or said second binding site is specifically recognized and
bound by a protein selected from the group consisting of Fis, and Tus.

7. The system of claim 1, wherein said first binding site or said second binding site is bound by EF-tu.

8. The system of claim 1, wherein said first binding site is within 20 nucleotides of said second binding site.

9. The system of claim 1, wherein said first binding site is within 11 nucleotides of said second binding site

10. The system of claim 8, wherein said first binding site has a strength of at least 2.4 bits as determined by individual
information theory.

11. The system of claim 1, wherein the difference in strength between said first protein binding site and said second
protein binding site is at least 0 bits as determined by individual information theory.

12. The system of claim 1, further comprising a third protein binding site wherein said third site is in proximity to said
first protein binding site or to said second protein binding site such that specific binding of said third binding site
with a protein precludes specific protein binding of said first or said second protein binding sites.

13. The system of claim 1, wherein:

said first protein binding site is a Fis binding site;
said second protein binding site is a Fis binding site; and
said binding sites are separated from each other by less than 12 nucleotide base pairs.

14. The system of claim 13, wherein said nucleic acid is a deoxyribonucleic acid comprising the sequence of SEQ ID
NO: 2 or SEQ ID NO: 3.

15. A logic element composition comprising, an isolated nucleic acid having a length of at least 5 base pairs and having
a nucleotide sequence that encodes a first protein binding site, a second protein binding site, and a third protein
binding site, wherein each binding site has a binding strength of at least 0 bits, and where said protein binding
sites are spaced in proximity to each other such that:

when either said first protein binding site or said third protein binding is specifically bound by a nucleic acid
binding protein that specifically binds to the site, said second binding site cannot be bound by a nucleic acid
binding protein that otherwise specifically recognizes and binds said second binding site; and
where said first protein binding site and said third protein binding site can simultaneously be specifically bound
by a nucleic acid binding protein.

16. The composition of claim 15, wherein said first protein binding site or said third protein binding site is bound by a
nucleic acid binding protein.

17. The composition of claim 15, wherein said third protein binding site is bound by a nucleic acid binding protein.

18. The composition of claim 17, wherein said binding protein is attached to a gene transactivator.

19. The composition of claim 18, wherein said transactivator is a Gal4 transactivator.

20. The composition of claim 15, further comprising a gene or cDNA under the control of said transactivator.

21. The composition of claim 20, further comprising a gene or cDNA under the control of said transactivator.

22. The composition of claim 21, wherein said gene is a reporter gene.

23. The composition of claim 21, wherein said gene encodes a nucleic acid binding protein.
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24. The composition of claim 15, wherein said nucleic acid is a double-stranded nucleic acid.

25. The composition of claim 15, wherein said nucleic acid is a deoxyribonucleic acid (DNA).

26. The composition of claim 15, wherein said first binding site and said third binding site have the same nucleotide
sequence.

27. The composition of claim 15, wherein said first binding site or said second binding site is specifically recognized
and bound by a protein selected from the group consisting of Fis, and Tus.

28. The composition of claim 15, wherein said first binding site or said second binding site is bound by EF-tu.

29. The composition of claim 15, wherein said first binding site is within 20 nucleotides of said second binding site.

30. The composition of claim 15, wherein said first binding site is within 11 nucleotides of said second binding site.

31. The composition of claim 30, wherein said first binding site has a strength of at least 2.4 bits as determined by
individual information theory.

32. The composition of claim 15, wherein the difference in strength between said first protein binding site and said
second protein binding site is at least 0 bits as determined by individual information theory.

33. The composition of claim 15, wherein:

said first protein binding site is a Fis binding site;
said third protein binding site is a Fis binding site..

34. A composition for the storage of binary information, said composition comprising an isolated nucleic acid having
a length of at least 5 base pairs and having a nucleotide sequence that encodes a first protein binding site and a
second protein binding site, wherein each binding site has a binding strength of at least 0 bits, and where said first
and second protein binding sites are spaced in proximity to each other such that:

when said first protein binding site is specifically bound by a cognate binding protein for the first site, said
second binding site cannot be bound by a protein that otherwise specifically recognizes and binds said second
binding site; and
when said second binding site is specifically bound by a cognate binding protein for the second site, said first
binding site cannot be bound by a protein that otherwise specifically recognizes and binds said first binding
site; and
further comprising a cognate binding protein bound to said. first protein binding site or said second protein
binding site.

35. The composition of claim 34, wherein said nucleic acid is a double-stranded nucleic acid.

36. The composition of claim 34, wherein said nucleic acid is a deoxyribonucleic acid (DNA).

37. The composition of claim 34, wherein said first binding site and said second binding site have the same nucleotide
sequence.

38. The composition of claim 34, wherein said first binding site or said second binding site is specifically recognized
and bound by a protein selected from the group consisting of Fis, and Tus.

39. The composition of claim 34, wherein said first binding site is within 20 nucleotides of said second binding site.

40. The composition of claim 34, wherein said first binding site is within 20 nucleotides of said second binding site

41. The composition of claim 40, wherein said first binding site has a strength of at least 2.4 bits as determined by
individual information theory.
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42. The composition of claim 34, wherein the difference in strength between said first protein binding site and said
second protein binding site is at least 0 bits as determined by individual information theory.

43. The composition of claim 34, further comprising a third protein binding site wherein said third site is in proximity
of said first protein binding site or of said second protein binding site, and such that specific binding of said third
binding site with a protein precludes specific protein binding of said first or said second protein binding sites.

44. The composition of claim 34, wherein:

said first protein binding site is a Fis binding site;
said second protein binding site is a Fis binding site; and
said binding sites are separated from each other by less than 12 nucleotide base pairs.

45. The composition of claim 44, wherein said nucleic acid is a deoxyribonucleic acid comprising the sequence of SEQ
ID NO: 2 or SEQ ID NO: 3.

46. The composition of claim 34, wherein said binding protein is attached to a gene transactivator.

47. The composition of claim 46, wherein said transactivator is a Gal4 transactivator.

48. The composition of claim 46, further comprising a gene or cDNA under the control of said transactivator.

49. The composition of claim 48, wherein said gene is a reporter gene.

50. The composition of claim 48, wherein said gene encodes a nucleic acid binding protein.

51. A method of storing information, said method comprising the step of:

binding a nucleic acid binding protein to a first protein binding site on a nucleic acid, wherein said nucleic acid
has a length of at least 5 base pairs and said nucleic acid encodes said first protein binding site and a second
protein binding site, wherein each binding site has a binding strength of at least 0 bits, where said first and
second protein binding sites are spaced in proximity to each other such that:

when said first protein binding site is specifically bound by a cognate binding protein for the first site, said
second binding site cannot be bound by a protein that otherwise specifically recognizes and binds said
second binding site; and
when said second binding site is specifically bound by a cognate binding protein for the second site, said
first binding site cannot be bound by a protein that otherwise specifically recognizes and binds said first
binding site.

52. The method of claim 51, further comprising the step of determining which binding site on said nucleic acid is bound
by said binding protein.

53. The method of claim 51, wherein said nucleic acid is a double-stranded nucleic acid.

54. The method of claim 51, wherein said nucleic acid is a deoxyribonucleic acid (DNA).

55. The method of claim 51, wherein said first binding site and said second binding site have the same nucleotide
sequence.

56. The method of claim 55, wherein said first binding site and said second binding site have the nucleotide sequence
of SEQ ID NO: 1.

57. The method of claim 51, wherein said first binding site or said second binding site is specifically recognized and
bound by a protein selected from the group consisting of Fis, EF-tu, and Tus.

58. The method of claim 51, wherein said first binding site is within 20 nucleotides of said second binding site.
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59. The method of claim 51, wherein said first binding site is within 11 nucleotides of said second binding site

60. The method of claim 51, wherein said first binding site has a strength of at least 2.4 bits as determined by individual
information theory.

61. The method of claim 51, wherein the difference in strength between said first protein binding site and said second
protein binding site is at least 0 bits as determined by individual information theory.

62. The method of claim 51, wherein:

said first protein binding site is a Fis binding site;
said second protein binding site is a Fis binding site; and
said binding sites are separated from each other by less than 12 nucleotide base pairs.

63. The method of claim 51, wherein said nucleic acid is a deoxyribonucleic acid comprising the sequence of SEQ ID
NO: 2 or SEQ ID NO: 3.

64. A method of transforming binary information, said method comprising the steps of

(i) binding a nucleic acid binding protein to an input protein binding site on a first nucleic acid; and
(ii) determining whether or not a nucleic acid binding protein can bind to an output protein binding site on a
second nucleic acid;

wherein said first nucleic acid is an isolated nucleic acid having a length of at least 5 base pairs and having
a nucleotide sequence that encodes a first protein binding site, a second protein binding site, and a third protein
binding site where said protein binding sites are spaced in proximity to each other such that:

when either said first protein binding site or said third protein binding is specifically bound by a nucleic acid
binding protein, said second binding site cannot be bound by a nucleic acid binding protein that otherwise
specifically recognizes and binds said second binding site; and
where said first protein binding site and said third protein binding site can simultaneously be specifically bound
by a nucleic acid binding protein.

65. The method of claim 64, wherein said first nucleic acid and said second nucleic acid are the same nucleic acid.

Patentansprüche

1. System logischer Elemente zur molekularen Berechnung und Informationsbearbeitung mit

einer isolierten Nucleinsäure mit einer Länge von mindestens 5 Basenpaaren und einer Nucleotidsequenz,
die für eine erste Proteinbindungsstelle und eine zweite Proteinbindungsstelle codiert, wobei die besagte erste
und zweite Proteinbindungsstelle jeweils eine Bindungskraft von mindestens 0 Bit hat und die in Nähe zuein-
ander angeordnet sind, sodass:

wenn die besagte erste Proteinbindungsstelle an ein für die erste Bindungsstelle kognatbindendes Protein
spezifisch bindet, die besagte zweite Bindungsstelle nicht an ein Protein binden kann, das ansonsten die
besagte zweite Bindungsstelle spezifisch erkennt und daran bindet; und
wenn die besagte zweite Bindungsstelle an ein für die zweite Stelle kognatbindendes Protein spezifisch
bindet, die besagte erste Bindungsstelle nicht an ein Protein binden kann, das ansonsten die besagte
erste Bindungsstelle spezifisch erkennt und daran bindet; und

ein kognatbindendes Protein, das spezifisch an die besagte erste Proteinbindungsstelle oder an die besagte
zweite Proteinbindungsstelle bindet.

2. System nach Patentanspruch 1, in dem die besagte Nucleinsäure eine doppelsträngige Nucleinsäure ist.

3. System nach Patentanspruch 1, in dem die besagte Nucleinsäure eine Desoxyribonucleinsäure (DNA) ist.
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4. System nach Patentanspruch 1, in dem die besagte erste Bindungsstelle und die besagte zweite Bindungsstelle
dieselbe Nucleotidsequenz haben.

5. System nach Patentanspruch 4, in dem die besagte erste Bindungsstelle und die besagte zweite Bindungsstelle
die Nucleotidsequenz SEQ ID NO:1 besitzen.

6. System nach Patentanspruch 1, in dem die besagte erste Bindungsstelle oder die besagte zweite Bindungsstelle
spezifisch erkannt wird und von einem aus der aus Fis und Tus bestehenden Gruppe ausgewählten Protein ge-
bunden wird.

7. System nach Patentanspruch 1, in dem die besagte erste Bindungsstelle oder die besagte zweite Bindungsstelle
von EF-tu gebunden wird.

8. System nach Patentanspruch 1, in dem die besagte erste Bindungsstelle innerhalb von 20 Nucleotiden der be-
sagten zweiten Bindungsstelle liegt.

9. System nach Patentanspruch 1, in dem die besagte erste Bindungsstelle innerhalb von 11 Nucleotiden der be-
sagten zweiten Bindungsstelle liegt.

10. System nach Patentanspruch 8, in dem die besagte erste Bindungsstelle, wie durch die individuelle Informations-
theorie bestimmt, eine Kraft von mindestens 2,4 Bits hat.

11. System nach Patentanspruch 1, in dem der Kraftunterschied zwischen der besagten ersten Proteinbindungsstelle
und der besagten zweiten Proteinbindungsstelle, wie durch die individuelle Informationstheorie bestimmt, minde-
stens 0 Bit beträgt.

12. System nach Patentanspruch 1, das zudem eine dritte Proteinbindungsstelle umfasst und in dem die besagte
dritte Stelle in der Nähe der besagten ersten Proteinbindungsstelle oder der besagten zweiten Proteinbindungs-
stelle liegt, sodass die spezifische Bindung der besagten dritten Bindungsstelle mit einem Protein die spezifische
Proteinbindung der besagten ersten oder besagten zweiten Proteinbindungsstelle verhindert.

13. System nach Patentanspruch 1, in dem:

die besagte erste Proteinbindungsstelle eine Fis-Bindungsstelle ist;
die besagte zweite Proteinbindungsstelle eine Fis-Bindungsstelle ist und
die besagten Bindungsstellen weniger als 12 Nucleotidbasenpaare voneinander entfernt sind.

14. System nach Patentanspruch 13, in dem die besagte Nucleinsäure eine Desoxyribonucleinsäure ist, die die Se-
quenz SEQ ID N°2 oder SEQ ID N°3 enthält.

15. Zusammensetzung logischer Elemente, die eine isolierte Nucleinsäure mit einer Länge von mindestens 5 Basen-
paaren umfasst und eine Nucleotidsequenz besitzt, die für eine erste Proteinbindungsstelle, eine zweite Protein-
bindungsstelle und eine dritte Proteinbindungsstelle codiert, wobei jede Bindungsstelle eine Bindungskraft von
mindestens 0 Bit hat und die besagten Proteinbindungsstellen in Nähe zueinander angeordnet sind, sodass :

wenn die besagte erste Proteinbindungsstelle oder die besagte dritte Proteinbindungsstelle spezifisch durch
ein spezifisch mit dieser Stelle bindendes nucleinsäurebindendes Protein gebunden ist, die besagte zweite
Bindungsstelle nicht durch ein nucleinsäurebindendes Protein, das ansonsten die besagte zweite Bindungs-
stelle spezifisch erkennt und bindet, gebunden werden kann und
die besagte erste Proteinbindungsstelle und die besagte dritte Proteinbindungsstelle gleichzeitig von einem
nucleinsäurebindenden Protein spezifisch gebunden werden können.

16. Zusammensetzung nach Patentanspruch 15, in der die besagte erste Proteinbindungsstelle oder die besagte dritte
Proteinbindungsstelle von einem nucleinsäurebindenden Protein gebunden wird.

17. Zusammensetzung nach Patentanspruch 15, in der die besagte dritte Proteinbindungsstelle von einem nuclein-
säurebindenen Protein gebunden wird.
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18. Zusammensetzung nach Patentanspruch 17, in der das besagte Bindungsprotein an einen Gentransaktivator an-
gehängt ist.

19. Zusammensetzung nach Patentanspruch 18, in der der besagte Transaktivator ein Gal4-Transaktivator ist.

20. Zusammensetzung nach Patentanspruch 15, die zudem ein Gen oder eine cDNA unter der Kontrolle des besagten
Transaktivators enthält.

21. Zusammensetzung nach Patentanspruch 20, die zudem ein Gen oder eine cDNA unter der Kontrolle des besagten
Transaktivators enthält.

22. Zusammensetzung nach Patentanspruch 21, in der das besagte Gen ein Reporter-Gen ist.

23. Zusammensetzung nach Patentanspruch 21, in der das besagte Gen für ein nucleinsäurebindendes Protein co-
diert.

24. Zusammensetzung nach Patentanspruch 15, in der die besagte Nucleinsäure eine doppelsträngige Nucleinsäure
ist.

25. Zusammensetzung nach Patentanspruch 15, in der die besagte Nucleinsäure eine Desoxyribonucleinsäure (DNA)
ist.

26. Zusammensetzung nach Patentanspruch 15, in der die besagte erste Bindungsstelle und die besagte dritte Bin-
dungsstelle dieselbe Nucleotidsequenz haben.

27. Zusammensetzung nach Patentanspruch 15, in der die besagte erste Bindungsstelle oder die besagte zweite
Bindungsstelle von einem Protein, das aus der aus Fis und Tus bestehenden Gruppe ausgewählt wird, spezifisch
erkannt und gebunden wird.

28. Zusammensetzung nach Patentanspruch 15, in der die besagte erste Bindungsstelle oder die besagte zweite
Bindungsstelle von EF-tu gebunden wird.

29. Zusammensetzung nach Patentanspruch 15, in der die besagte erste Bindungsstelle innerhalb von 20 Nucleotiden
der besagten zweiten Bindungsstelle liegt.

30. Zusammensetzung nach Patentanspruch 15, in der die besagte erste Bindungsstelle innerhalb von 11 Nucleotiden
der besagten zweiten Bindungsstelle liegt.

31. Zusammensetzung nach Patentanspruch 30, in der die besagte erste Bindungsstelle, wie durch die individuelle
Informationstheorie bestimmt, eine Kraft von mindestens 2,4 Bit hat.

32. Zusammensetzung nach Patentanspruch 15, in der der Kraftunterschied zwischen der besagten ersten Protein-
bindungsstelle und der besagten zweiten Proteinbindungsstelle, wie durch die individuelle Informationstheorie
bestimmt, mindestens 0 Bit beträgt.

33. Zusammensetzung nach Patentanspruch 15, in der:

die besagte erste Proteinbindungsstelle eine Fis-Bindungsstelle ist,
die besagte dritte Proteinbindungsstelle eine Fis-Bindungsstelle ist.

34. Zusammensetzung für die Speicherung binärer Informationen, wobei die besagte Zusammensetzung eine isolierte
Nucleinsäure mit einer Länge von mindestens 5 Basenpaaren enthält und eine Nucleotidsequenz hat, die für eine
erste Proteinbindungsstelle und für eine zweite Proteinbindungsstelle codiert, wobei jede Bindungsstelle eine Bin-
dungskraft von mindestens 0 Bit hat und die besagte erste und zweite Proteinbindungsstelle in Nähe zueinander
angeordnet sind, sodass:

wenn die besagte erste Proteinbindungsstelle durch ein für die erste Stelle kognatbindendes Protein spezifisch
gebunden wird, die besagte zweite Bindungsstelle nicht von einem Protein gebunden werden kann, das an-
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sonsten die besagte zweite Bindungsstelle spezifisch erkennt und bindet und
wenn die besagte zweite Bindungsstelle durch ein für die zweite Stelle kognatbindendes Protein spezifisch
gebunden wird, die besagte erste Bindungsstelle nicht von einem Protein gebunden werden kann, das an-
sonsten die besagte erste Bindungsstelle spezifisch erkennt und bindet und
zudem ein kognatbindendes Protein, das an der besagten ersten Proteinbindungsstelle oder an der besagten
zweiten Proteinbindungsstelle gebunden ist, enthält.

35. Zusammensetzung nach Patentanspruch 34, in der die besagte Nucleinsäure eine doppelsträngige Nucleinsäure
ist.

36. Zusammensetzung nach Patentanspruch 34, in der die besagte Nucleinsäure eine Desoxyribonucleinsäure (DNA)
ist.

37. Zusammensetzung nach Patentanspruch 34, in der die besagte erste Bindungsstelle und die besagte zweite Bin-
dungsstelle dieselbe Nucleotidsequenz haben.

38. Zusammensetzung nach Patentanspruch 34, in der die besagte erste Bindungsstelle oder die besagte zweite
Bindungsstelle von einem Protein, das aus der aus Fis und Tus bestehenden Gruppe ausgewählt wird, spezifisch
erkannt und gebunden wird.

39. Zusammensetzung nach Patentanspruch 34, in der die besagte erste Bindungsstelle innerhalb von 20 Nucleotiden
der besagten zweiten Bindungsstelle liegt.

40. Zusammensetzung nach Patentanspruch 34, in der die besagte erste Bindungsstelle innerhalb von 11 Nucleotiden
der besagten zweiten Bindungsstelle liegt.

41. Zusammensetzung nach Patentanspruch 40, in der die besagte erste Bindungsstelle, wie durch die individuelle
Informationstheorie bestimmt, eine Kraft von mindestens 2,4 Bit hat.

42. Zusammensetzung nach Patentanspruch 34, in der der Kraftunterschied zwischen der besagten ersten Protein-
bindungsstelle und der besagten zweiten Proteinbindungsstelle, wie durch die individuelle Informationstheorie
bestimmt, mindestens 0 Bit beträgt.

43. Zusammensetzung nach Patentanspruch 34, die zudem eine dritte Proteinbindungsstelle enthält und in der die
besagte dritte Stelle in der Nähe der besagten ersten Proteinbindungsstelle oder der besagten zweiten Protein-
bindungsstelle liegt, sodass die spezifische Bindung der besagten dritten Bindungsstelle mit einem Protein die
spezifische Proteinbindung der besagten ersten oder der besagten zweiten Proteinbindungsstelle verhindert.

44. Zusammensetzung nach Patentanspruch 34, in der:

die besagte erste Proteinbindungsstelle eine Fis-Bindungsstelle ist,
die besagte zweite Proteinbindungsstelle eine Fis-Bindungsstelle ist und
die besagten Bindungsstellen weniger als 12 Nucleotidbasenpaare voneinander entfernt sind.

45. Zusammensetzung nach Patentanspruch 44, in der die besagte Nucleinsäure eine die Sequenz SEQ ID N°2 oder
SEQ ID N°3 enthaltende Desoxyribonucleinsäure ist.

46. Zusammensetzung nach Patentanspruch 34, in der das besagte Bindungsprotein an einen Gentransaktivator an-
gehängt ist.

47. Zusammensetzung nach Patentanspruch 46, in der der besagte Transaktivator ein Gal4-Transaktivator ist.

48. Zusammensetzung nach Patentanspruch 46, die zudem ein Gen oder eine cDNA unter der Kontrolle des besagten
Transaktivators enthält.

49. Zusammensetzung nach Patentanspruch 48, in der das besagte Gen ein Reporter-Gen ist.

50. Zusammensetzung nach Patentanspruch 48, in der das besagte Gen für ein nucleinsäurebindendes Protein co-
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diert.

51. Methode zur Informationsspeicherung, wobei die besagte Methode folgenden Schritt umfasst:

Binden eines nucleinsäurebindenden Proteins an eine erste Proteinbindungsstelle an einer Nucleinsäure, wo-
bei die besagte Nucleinsäure eine Länge von mindestens 5 Basenpaaren hat und die besagte Nucleinsäure
für die besagte erste Proteinbindungsstelle und für eine zweite Proteinbindungsstelle codiert, wobei jede Bin-
dungsstelle eine Bindungskraft von mindestens 0 Bit hat und die besagte erste und die zweite Proteinbin-
dungsstelle in Nähe zueinander angeordnet sind, sodass:

wenn die besagte erste Proteinbindungsstelle durch ein für die erste Stelle kognatbindendes Protein spe-
zifisch gebunden ist, die besagte zweite Bindungsstelle nicht von einem Protein gebunden werden kann,
das ansonsten die besagte zweite Bindungsstelle spezifisch erkennt und bindet und
wenn die besagte zweite Bindungsstelle durch ein für die zweite Stelle kognatbindendes Protein spezifisch
gebunden ist, die besagte erste Bindungsstelle nicht von einem Protein gebunden werden kann, das
ansonsten die besagte erste Bindungsstelle spezifisch erkennt und bindet.

52. Methode nach Patentanspruch 51, die zudem den Schritt der Bestimmung umfasst, welche Bindungsstelle an der
besagten Nucleinsäure durch das besagte Bindungsprotein gebunden wird.

53. Methode nach Patentanspruch 51, in der die besagte Nucleinsäure eine doppelsträngige Nucleinsäure ist.

54. Methode nach Patentanspruch 51, in der die besagte Nucleinsäure eine Desoxyribonucleinsäure (DNA) ist.

55. Methode nach Patentanspruch 51, in der die besagte erste Bindungsstelle und die besagte zweite Bindungsstelle
dieselbe Nucleotidsequenz haben.

56. Methode nach Patentanspruch 55, in der die besagte erste Bindungsstelle und die besagte zweite Bindungsstelle
die Nucleotidsequenz SEQ ID N°1 haben.

57. Methode nach Patentanspruch 51, in der die besagte erste Bindungsstelle oder die besagte zweite Bindungsstelle
von einem Protein, das aus der aus Fis, EF-tu und Tus bestehenden Gruppe ausgewählt wird, spezifisch erkannt
und gebunden wird.

58. Methode nach Patentanspruch 51, in der die besagte erste Bindungsstelle innerhalb von 20 Nucleotiden der be-
sagten zweiten Bindungsstelle liegt.

59. Methode nach Patentanspruch 51, in der die besagte erste Bindungsstelle innerhalb von 11 Nucleotiden der be-
sagten zweiten Bindungsstelle liegt.

60. Methode nach Patentanspruch 51, in der die besagte erste Bindungsstelle, wie durch die individuelle Informati-
onstheorie bestimmt, eine Kraft von mindestens 2,4 Bit hat.

61. Methode nach Patentanspruch 51, in der der Kraftunterschied zwischen der besagten ersten Proteinbindungsstelle
und der besagten zweiten Proteinbindungsstelle, wie durch die individuelle Informationstheorie bestimmt, minde-
stens 0 Bit beträgt.

62. Methode nach Patentanspruch 51, in der:

die besagte erste Proteinbindungsstelle eine Fis-Bindungsstelle ist
die besagte zweite Proteinbindungsstelle eine Fis-Bindungsstelle ist und
die besagten Bindungsstellen durch weniger als 12 Nucleotidbasenpaare voneinander getrennt sind.

63. Methode nach Patentanspruch 51, in der die besagte Nucleinsäure eine Desoxyribonucleinsäure ist, die die Se-
quenz SEQ ID N°2 oder SEQ ID N°3 umfasst.

64. Methode zur Umwandlung binärer Informationen, wobei die besagte Methode folgende Schritte umfasst:
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(i) Binden eines nucleinsäurebindenden Proteins an eine Eingangsproteinbindungsstelle an einer ersten Nu-
cleinsäure und
(ii) Bestimmen, ob ein nucleinsäurebindendes Protein an eine Ausgangsproteinbindungsstelle an einer zwei-
ten Nucleinsäure binden kann oder nicht;

wobei die besagte erste Nucleinsäure eine isolierte Nucleinsäure mit einer Länge von mindestens 5 Basen-
paaren ist und eine Nucleotidsequenz hat, die für eine erste Proteinbindungsstelle, eine zweite Proteinbindungs-
stelle und eine dritte Proteinbindungsstelle codiert, wobei die besagten Proteinbindungsstellen in Nähe zueinander
angeordnet sind, sodass:

wenn die besagte erste Proteinbindungsstelle oder die besagte dritte Proteinbindungsstelle spezifisch an ein
nucleinsäurebindendes Protein gebunden ist, die besagte zweite Bindungsstelle nicht durch ein nucleinsäu-
rebindendes Protein, das ansonsten die besagte zweite Bindungsstelle spezifisch erkennt und bindet, gebun-
den werden kann und
die besagte erste Proteinbindungsstelle und die besagte dritte Proteinbindungsstelle gleichzeitig von einem
nucleinsäurebindenden Protein spezifisch gebunden werden können.

65. Methode nach Patentanspruch 64, in der die besagte erste Nucleinsäure und die besagte zweite Nucleinsäure
dieselbe Nucleinsäure sind.

Revendications

1. Système d'éléments logiques pour le calcul moléculaire et le traitement d'informations, le système comprenant

un acide nucléique isolé ayant une longueur d'au moins 5 paires de bases et possédant une séquence de
nucléotides qui code un premier site de liaison de protéine et un second site de liaison de protéine, dans lequel
lesdits premier et second sites de liaison de protéine possèdent chacun une force de liaison d'au moins 0 bit
et sont espacés à proximité l'un de l'autre de telle sorte que :

lorsque ledit premier site de liaison de protéine est spécifiquement lié par une protéine se liant à un cognat
pour le premier site de liaison, ledit second site de liaison ne peut être lié par une protéine qui autrement
reconnaît et se lie spécifiquement audit second site de liaison ; et
lorsque ledit second site de liaison de protéine est spécifiquement lié par une protéine se liant à un cognat
pour le second site, ledit premier site de liaison ne peut être lié par une protéine qui autrement reconnaît
et se lie spécifiquement audit premier site de liaison ; et

une protéine se liant à un cognat qui se lie spécifiquement audit premier site de liaison de protéine ou audit
second site de liaison de protéine.

2. Système selon la revendication 1, dans lequel ledit acide nucléique est un acide nucléique à double brin.

3. Système selon la revendication 1, dans lequel ledit acide nucléique est un acide désoxyribonucléique (ADN).

4. Système selon la revendication 1, dans lequel ledit premier site de liaison et ledit second site de liaison possèdent
la même séquence de nucléotides.

5. Système selon la revendication 4, dans lequel ledit premier site de liaison et ledit second site de liaison possèdent
la séquence de nucléotides SEQ ID N°1.

6. Système selon la revendication 1, dans lequel ledit premier site de liaison ou ledit second site de liaison est spé-
cifiquement reconnu et lié par une protéine sélectionnée parmi le groupe comprenant Fis et Tus.

7. Système selon la revendication 1, dans lequel ledit premier site de liaison ou ledit second site de liaison est lié
par EF-tu.

8. Système selon la revendication 1, dans lequel ledit premier site de liaison se trouve à moins de 20 nucléotides
dudit second site de liaison.
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9. Système selon la revendication 1, dans lequel ledit premier site de liaison se trouve à moins de 11 nucléotides
dudit second site de liaison.

10. Système selon la revendication 8, dans lequel ledit premier site de liaison possède une force d'au moins 2,4 bits
telle qu'elle est déterminée par la théorie de l'information individuelle.

11. Système selon la revendication 1, dans lequel la différence de force entre ledit premier site de liaison de protéine
et ledit second site de liaison de protéine est d'au moins 0 bit, telle qu'elle est déterminée par la théorie de l'infor-
mation individuelle.

12. Système selon la revendication 1, comprenant en outre un troisième site de liaison de protéine dans lequel ledit
troisième site est à proximité dudit premier site de liaison de protéine ou dudit second site de liaison de protéine
de telle sorte que la liaison spécifique dudit troisième site de liaison avec une protéine empêche la liaison de la
protéine spécifique dudit premier ou second site de liaison de protéine.

13. Système selon la revendication 1, dans lequel :

ledit premier site de liaison de protéine est un site de liaison Fis ;
ledit second site de liaison de protéine est un site de liaison Fis ; et
lesdits sites de liaison sont séparés l'un de l'autre par moins de 12 paires de bases de nucléotides.

14. Système selon la revendication 13, dans lequel ledit acide nucléique est un acide désoxyribonucléique comprenant
la séquence SEQ ID N°2 ou SEQ ID N°3.

15. Composition d'éléments logiques comprenant un acide nucléique isolé ayant une longueur d'au moins 5 paires
de bases et possédant une séquence de nucléotides qui code un premier site de liaison de protéine, un second
site de liaison de protéine et un troisième site de liaison de protéine, dans laquelle chaque site de liaison possède
une force de liaison d'au moins 0 bit et où lesdits sites de liaison de protéine sont espacés à proximité les uns des
autres de telle sorte que :

lorsque ledit premier site de liaison de protéine ou ledit troisième site de liaison de protéine est spécifiquement
lié par une protéine se liant à un acide nucléique qui se lie spécifiquement au site, ledit second site de liaison
ne peut être lié par une protéine se liant à un acide nucléique qui autrement reconnaît et se lie spécifiquement
audit second site de liaison ; et
où ledit premier site de liaison de protéine et ledit troisième site de liaison de protéine peuvent simultanément
être liés spécifiquement par une protéine se liant à un acide nucléique.

16. Composition selon la revendication 15, dans laquelle ledit premier site de liaison de protéine ou ledit troisième site
de liaison de protéine est lié par une protéine se liant à un acide nucléique.

17. Composition selon la revendication 15, dans laquelle ledit troisième site de liaison de protéine est lié par une
protéine se liant à un acide nucléique.

18. Composition selon la revendication 17, dans laquelle ladite protéine de liaison est fixée à un gène transactivateur.

19. Composition selon la revendication 18, dans laquelle ledit transactivateur est un transactivateur Gal4.

20. Composition selon la revendication 15, comprenant en outre un gène ou un ADNc sous le contrôle dudit transac-
tivateur.

21. Composition selon la revendication 20, comprenant en outre un gène ou un ADNc sous le contrôle dudit transac-
tivateur.

22. Composition selon la revendication 21, dans laquelle ledit gène est un gène rapporteur.

23. Composition selon la revendication 21, dans laquelle ledit gène code une protéine se liant à un acide nucléique.

24. Composition selon la revendication 15, dans laquelle ledit acide nucléique est un acide nucléique à double brin.
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25. Composition selon la revendication 15, dans laquelle ledit acide nucléique est un acide désoxyribonucléique (ADN).

26. Composition selon la revendication 15, dans laquelle ledit premier site de liaison et ledit troisième site de liaison
possèdent la même séquence de nucléotides.

27. Composition selon la revendication 15, dans laquelle ledit premier site de liaison ou ledit second site de liaison
est spécifiquement reconnu et lié par une protéine sélectionnée parmi le groupe comprenant Fis et Tus.

28. Composition selon la revendication 15, dans laquelle ledit premier site de liaison ou ledit second site de liaison
est lié par EF-tu.

29. Composition selon la revendication 15, dans laquelle ledit premier site de liaison se trouve à moins de 20 nucléo-
tides dudit second site de liaison.

30. Composition selon la revendication 15, dans laquelle ledit premier site de liaison se trouve à moins de 11 nucléo-
tides dudit second site de liaison.

31. Composition selon la revendication 30, dans laquelle ledit premier site de liaison possède une force d'au moins
2,4 bits telle qu'elle est déterminée par la théorie de l'information individuelle.

32. Composition selon la revendication 15, dans laquelle la différence de force entre ledit premier site de liaison de
protéine et ledit second site de liaison de protéine est d'au moins 0 bit, telle qu'elle est déterminée par la théorie
de l'information individuelle.

33. Composition selon la revendication 15, dans laquelle :

ledit premier site de liaison de protéine est un site de liaison Fis ;
ledit troisième site de liaison de protéine est un site de liaison Fis.

34. Composition pour le stockage d'informations binaires, ladite composition comprenant un acide nucléique isolé
ayant une longueur d'au moins 5 paires de bases et possédant une séquence de nucléotides qui code un premier
site de liaison de protéine et un second site de liaison de protéine, dans laquelle chaque site de liaison possède
une force de liaison d'au moins 0 bit et où lesdits premier et second sites de liaison de protéine sont espacés à
proximité l'un de l'autre de telle sorte que :

lorsque ledit premier site de liaison de protéine est spécifiquement lié par une protéine se liant à un cognat
pour le premier site, ledit second site de liaison ne peut être lié par une protéine qui autrement reconnaît et
se lie spécifiquement audit second site de liaison ; et
lorsque ledit second site de liaison est spécifiquement lié par une protéine se liant à un cognat pour le second
site, ledit premier site de liaison ne peut être lié par une protéine qui autrement reconnaît et se lie spécifique-
ment audit premier site de liaison ; et
comprenant en outre une protéine se liant à un cognat liée audit premier site de liaison de protéine ou audit
second site de liaison de protéine.

35. Composition selon la revendication 34, dans laquelle ledit acide nucléique est un acide nucléique à double brin.

36. Composition selon la revendication 34, dans laquelle ledit acide nucléique est un acide désoxyribonucléique (ADN).

37. Composition selon la revendication 34, dans laquelle ledit premier site de liaison et ledit second site de liaison
possèdent la même séquence de nucléotides.

38. Composition selon la revendication 34, dans laquelle ledit premier site de liaison ou ledit second site de liaison
est spécifiquement reconnu et lié par une protéine sélectionnée parmi le groupe comprenant Fis et Tus.

39. Composition selon la revendication 34, dans laquelle ledit premier site de liaison se trouve à moins de 20 nucléo-
tides dudit second site de liaison.

40. Composition selon la revendication 34, dans laquelle ledit premier site de liaison se trouve à moins de 11 nucléo-
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tides dudit second site de liaison.

41. Composition selon la revendication 40, dans laquelle ledit premier site de liaison possède une force d'au moins
2,4 bits telle qu'elle est déterminée par la théorie de l'information individuelle.

42. Composition selon la revendication 34, dans laquelle la différence de force entre ledit premier site de liaison de
protéine et ledit second site de liaison de protéine est d'au moins 0 bit, telle qu'elle est déterminée par la théorie
de l'information individuelle.

43. Composition selon la revendication 34, comprenant en outre un troisième site de liaison de protéine dans laquelle
ledit troisième site est à proximité dudit premier site de liaison de protéine ou dudit second site de liaison de
protéine, et de telle sorte que la liaison spécifique dudit troisième site de liaison avec une protéine empêche la
liaison de la protéine spécifique dudit premier ou second site de liaison de protéine.

44. Composition selon la revendication 34, dans laquelle :

ledit premier site de liaison de protéine est un site de liaison Fis ;
ledit second site de liaison de protéine est un site de liaison Fis ; et
lesdits sites de liaison sont séparés l'un de l'autre par moins de 12 paires de bases de nucléotides.

45. Composition selon la revendication 44, dans laquelle ledit acide nucléique est un acide désoxyribonucléique com-
prenant la séquence SEQ ID N°2 ou SEQ ID N°3.

46. Composition selon la revendication 34, dans laquelle ladite protéine de liaison est fixée à un gène transactivateur

47. Composition selon la revendication 46, dans laquelle ledit transactivateur est un transactivateur Gal4.

48. Composition selon la revendication 46, comprenant en outre un gène ou un ADNc sous le contrôle dudit transac-
tivateur.

49. Composition selon la revendication 48, dans laquelle ledit gène est un gène rapporteur.

50. Composition selon la revendication 48, dans laquelle ledit gène code une protéine se liant à un acide nucléique.

51. Méthode de stockage d'informations, ladite méthode comprenant l'étape consistant à :

lier une protéine se liant à un acide nucléique à un premier site de liaison de protéine sur un acide nucléique,
dans laquelle ledit acide nucléique a une longueur d'au moins 5 paires de bases et ledit acide nucléique code
ledit premier site de liaison de protéine et un second site de liaison de protéine, dans laquelle chaque site de
liaison possède une force de liaison d'au moins 0 bit, dans laquelle lesdits premier et second sites de liaison
de protéine sont espacés à proximité l'un de l'autre de telle sorte que :

lorsque ledit premier site de liaison de protéine est spécifiquement lié par une protéine se liant à un cognat
pour le premier site, ledit second site de liaison ne peut être lié par une protéine qui autrement reconnaît
et se lie spécifiquement audit second site de liaison ; et
lorsque ledit second site de liaison est spécifiquement lié par une protéine se liant à un cognat pour le
second site, ledit premier site de liaison ne peut être lié par une protéine qui autrement reconnaît et se
lie spécifiquement audit premier site de liaison.

52. Méthode selon la revendication 51, comprenant en outre l'étape consistant à déterminer quel site de liaison sur
ledit acide nucléique est lié par ladite protéine de liaison.

53. Méthode selon la revendication 51, dans laquelle ledit acide nucléique est un acide nucléique à double brin.

54. Méthode selon la revendication 51, dans laquelle ledit acide nucléique est un acide désoxyribonucléique (ADN).

55. Méthode selon la revendication 51, dans laquelle ledit premier site de liaison et ledit second site de liaison pos-
sèdent la même séquence de nucléotides.
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56. Méthode selon la revendication 55, dans laquelle ledit premier site de liaison et ledit second site de liaison pos-
sèdent la séquence de nucléotides SEQ ID N°1.

57. Méthode selon la revendication 51, dans laquelle ledit premier site de liaison ou ledit second site de liaison est
spécifiquement reconnu et lié par une protéine sélectionnée parmi le groupe comprenant Fis, EF-tu et Tus.

58. Méthode selon la revendication 51, dans laquelle ledit premier site de liaison se trouve à moins de 20 nucléotides
dudit second site de liaison.

59. Méthode selon la revendication 51, dans laquelle ledit premier site de liaison se trouve à moins de 11 nucléotides
dudit second site de liaison.

60. Méthode selon la revendication 51, dans laquelle ledit premier site de liaison possède une force d'au moins 2,4
bits telle qu'elle est déterminée par la théorie de l'information individuelle.

61. Méthode selon la revendication 51, dans laquelle la différence de force entre ledit premier site de liaison de protéine
et ledit second site de liaison de protéine est d'au moins 0 bit, telle qu'elle est déterminée par la théorie de l'infor-
mation individuelle.

62. Méthode selon la revendication 51, dans laquelle :

ledit premier site de liaison de protéine est un site de liaison Fis ;
ledit second site de liaison de protéine est un site de liaison Fis ; et
lesdits sites de liaison sont séparés l'un de l'autre par moins de 12 paires de bases de nucléotides.

63. Méthode selon la revendication 51, dans laquelle ledit acide nucléique est un acide désoxyribonucléique compre-
nant la séquence SEQ ID N°2 ou SEQ ID N°3.

64. Méthode de transformation d'informations binaires, ladite méthode comprenant les étapes consistant à :

(i) lier une protéine se liant à un acide nucléique à un site de liaison de protéine d'entrée sur un premier acide
nucléique ; et
(ii) déterminer si une protéine se liant à un acide nucléique peut ou non se lier à un site de liaison de protéine
de sortie sur un second acide nucléique ;

dans laquelle ledit premier acide nucléique est un acide nucléique isolé ayant une longueur d'au moins 5
paires de bases et possédant une séquence de nucléotides qui code un premier site de liaison de protéine, un
second site de liaison de protéine et un troisième site de liaison de protéine, où lesdits sites de liaison de protéine
sont espacés à proximité les uns des autres de telle sorte que :

lorsque ledit premier site de liaison de protéine ou ledit troisième site de liaison de protéine est spécifiquement
lié par une protéine se liant à un acide nucléique, ledit second site de liaison ne peut être lié par une protéine
se liant à un acide nucléique qui autrement reconnaît et se lie spécifiquement audit second site de liaison ; et
où ledit premier site de liaison de protéine et ledit troisième site de liaison de protéine peuvent simultanément
être liés spécifiquement par une protéine se liant à un acide nucléique.

65. Méthode selon la revendication 64, dans laquelle ledit premier acide nucléique et ledit second acide nucléique
sont le même acide nucléique.
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