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Abstract: One of the fundamental goals of molecular computing is to reproduce the tenets of digital logic,
such as component modularity and hierarchical circuit design. An important step toward this goal is the
creation of molecular logic gates that can be rationally wired into multi-level circuits. Here we report the
design and functional characterization of a complete set of modular DNA-based Boolean logic gates (AND,
OR, and AND-NOT) and further demonstrate their wiring into a three-level circuit that exhibits Boolean
XOR (exclusive OR) function. The approach is based on solid-supported DNA logic gates that are designed
to operate with single-stranded DNA inputs and outputs. Since the solution-phase serves as the
communication medium between gates, circuit wiring can be achieved by designating the DNA output of
one gate as the input to another. Solid-supported logic gates provide enhanced gate modularity versus
solution-phase systems by significantly simplifying the task of choosing appropriate DNA input and output
sequences used in the construction of multi-level circuits. The molecular logic gates and circuits reported
here were characterized by coupling DNA outputs to a single-input REPORT gate and monitoring the
resulting fluorescent output signals.

Introduction can be created by simply modifying the input sequences and
the complementary regions within the ribozyme, this has allowed
the construction of single-level ribozyme networks containing
a large numbers of gate¥ and basic two-level ribozyme-based
circuits®® In addition to addressable hybridization, sequence-

In electronic integrated circuit architectures, logic gate
components receive Boolean inputs representing true (1, high
voltage) or false (0, low voltage) values and generate the
appropriate Boolean outptitSince the output voltage of any
gate can serve as the input to another, gates can be electrically(2) (a) Credi, A.; Balzani, V.; Langford, S. J.; Stoddart, JJFAm. Chem.

Soc. 1997 119 2679-2681. (b) de Silva, A, P.; Gunaratne, H. Q. N.;
W|re_d togeth(_er to form_multl Ieyel circuits _that produce_th_e McCoy, C. P.J. Am. Chem. Sod.997 119 7891-7892. (c) de Silva, A.
desired functional and information processing characteristics. P.; Dixon, I. M.; Gunaratne, H. Q. N.; Gunnlaugsson, T.; Maxwell, P. R.

: : S.' Rice, T. EJ. Am. Chem, 504999 121, 1393-1394. (d} de Silva, A.
By analogy, in recent decades considerable efforts have been 57 NcGianaghan N Do A Chom. Go8008 195 3(935%9('325’?(8)

focused on devising chemical systems that implement the core gg%ﬁhima C'-:; ﬁiméﬁwgki'_l K. A‘L’ifgfgbé“'l%fugi%g?g 447%3 (5;‘%;548-
. . . . aymo, . M.; Gloraani, Org. Lett. y . aymo,
tenets of information processing. As the result logic gates have E. M. Xdy, Mater. 2002 14, 401_9414, (h) Balzani, V.: Credi, }3_; Ve>r/1turi,

been reproduced in numerous molecular settings, includin M. ChemPhysCher2003 4, 49-59. (i) Prasanna de Silva, A.; McClena-
P gs, . 9 ghan, N. D.Chem=—Eur. J.2004 10, 574-586. (j) Andreasson, J.; Straight,
supramolecular complexes and small molecélesizymatic S. D.; Kodis, G.; Park, C. D.; Hambourger, M.; Gervaldo, M.; Albinsson,

i i i B.; Moore, T. A.; Moore, A. L.; Gust, DJ. Am. Chem. So2006 128
biochemical network3 peptide networks,and other systents. 16259-16265. (k) de Silva, A. P.; James, Mark, R.; McKinney, Bernadine,

However, many molecular gates use incompatible input and O. F.; Pears, David, A.; Weir Sheenagh, Mat. Mater.2006 5, 787—

i ; H i 790. (1) Magri, David, C.; Brown, Gareth, J.; McClean, Gareth, D.; de Silva,
output representations (e.g., ligand concentrations as inputs, and A P Am. Chem. Soc2008 128 4950-4951. (m) Marguiics, D.:

fluorescent emission as output), which pose significant chal- Melman, G.; Shanzer, Al. Am. Chem. So@00§ 128 4865-4871. (n)

i i i Singh, P.; Kumar, SNew J. Chem2006 30, 1553-1556. (0) Zhang, H.;
lenges when attempting to connect these gates into multi-level Lin X.: Yan, Y. Wu, L Chem. Commur2006 4575-4577 (p) Cred, A.

circuits® Angew. Chem., Int. EQ007, 46, 5472-5475. (q) Guo, Z.; Zhu, W.; Shen,
e .. . . L.; Tian, H. Angew. Chem., Int. E@007, 46, 5549-5553. (r) Zheng, H.;
The sequence-specific recognition properties of oligonucle- Li. Y.; Wang, S.; Wu, Z.; Liu, P.; Gao, Z.; Liu, H.; Zhu, O. Org. Chem.
i i intrioui ibiliti i 2007, 72, 2878-2885. (s) Magri, D. C.; Vance, T. P.; de Silva, A.IRorg.
otides prowdg Intriguing pOSSIt.)”ItIeS for the construction of Chim. Acta2007, 360, 751—764. (t) Margulies, D.; Felder, C. E.; Melman,
molecular logic gates and multi-level networks. For example, G.; Shanzer, AJ. Am. Chem. So@007, 129, 347-354.

i - i i i _ (3) (a) Arkin, A.; Ross, JBiophys. J.1994 67, 560-578. (b) Zauner, K.-P.;
ribozyme-based logic gates that receive short single-stranded Conrad. M Biotechnol Progo003, 17, 553-559. (¢) Sivan .. Tuchman,

oligonucleotide inputs and cleave a fluorogenic substrate S.; Lotan, BioSyst, N2003 70, 21—33. (d) Baron, R.; Lioubashevski, O
H : P H Katz, E.; Niazov, T.; Willner, IAngew. Chem., Int. E@006 45, 1572
Sequence In résponseé tc_) the appr(_)prlate _BOOlea_n combination 1576. (e) Baron, R.; Lioubashevski, O.; Katz, E.; Niazov, T.; Willned, I.
of inputs have been studied extensivély! Since unique gates Phys. ChemA 2006 110, 8548-8553. (f) Baron, R.; Lioubashevski, O
Katz, E.; Niazov, T.; Willner, 1.0rg. Biomol. Chem200§ 4, 989-991.
(g) Niazov, T.; Baron, R.; Katz, E.; Lioubashevski, O.; WillnerpProc.
(1) Hayes, J. P.ntroduction To Digital Logic Design Addison-Wesley Natl. Acad. SciU.S.A. 2006 103 171606-17163.
Publishing Company: Reading, MA, 1993. (4) Ashkenasy, G.; Ghadiri, M. R. Am. Chem. So2004 126, 11140-11141.
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- KT A A a_pprc_)ach to address_,ing this challenge in DNA-based _Iogic
rrrr—— A A-T _— circuits was recently implemented by orchestrating a series of
A  LLLCEQTETIILILL A A, strand displacement events such that the toe-hold regions of
+ = allp A — + later gates were inaccessible and could not be triggered until
R ey \ — the preceding gates in the circuit had been exectfted.
A A A Here we describe an alternative approach to constructing

) . . multi-level DNA displacement-based logic circuits. Gates were
Figure 1. Sequence-directed DNA strand displacement. Full length .
complement strand (AA binds to the “toe-hold” region (# of the duplex Con_StrUCte_d _by _anneallng output strands tO_ comp!gmentary
leading to the irreversible displacement of strand (A) via a three-way branch regions within single-stranded DNA that was immobilized on
migration mechanisrt The room-temperature kinetics of this process are streptavidin-sephrose beads via 'ab®tin modification. By
limited by the initial hybridization to the toe-hold region when it is . . . .
approximately seven nucieotides or longet. isolating each layer of logic gates on spatlally §eparated supports,

output strands are prevented from acting as inputs to later gates

specific DNA recognition also has the potential to disrupt DNA Until they have been displaced from the solid support by the
interactions through the process of strand displaceA%éftn appropriate combination of inputs. The advantage of this
this process, a full-length complementary strand binds to a modular approach is that gates can be wired together by simply

single-stranded overhang known as a “toe-hold” and proceeds@PPending the input sequence of the destination gate to the
to invade and displace shorter hybridized sequences via a three@UtPut of the source gate (Figure 2).

way branch migration mechanism (Figure 1). This phenomenon Experimental Methods

has been used to produce DNA-based molecular machines

ranging from molecular tweezers to “DNA walkerd2.14.15 Logic Gate Preparation. Each DNA logic gate was prepared in

DNA strand displacements of this type are well-suited for use SPSC buffer (50 mM sodium phosphateM NaCl, pH 7.5) by first
annealing a biotinylated DNA to 1.1 equiv of its corresponding DNA

n |Og|.c cireults, since b.0th the mp_)ut and output of the process output(s) by heating at 88C for 5 min and then slowly cooling down
are single-stranded oligonucleotides. Boolean values can be

. . ) to ambient temperature over 6 h. Streptavidin-Sepharose High Perfor-
represented by high (1) or low (0) concentrations of each single- mance (GE Healthcare, 3dn mean particle size, highly cross-linked

stranded DNA species. The challenge then is to implement angpherical agarose, loading: minimum 300 nmol biotin/mL medium)
experimental design that exploits the sequence-addressabilitywas washed with SPSC buffer §350uL). An excess of streptavidin-

of displaced single-stranded DNA outputs, while enforcing the sepharose suspension was then incubated with the preannealed gates
correct communication, or wiring between different gates. One (~100 equiv of streptavidin per biotinylated DNA gate complex) for

20 min with gentle shaking at room temperature. After washing the
gates with SPSC buffer (10 350uL) to remove unbound output DNA,

all solid-supported gates were diluted with SPSC buffer to a final gate
concentration of approximately 0/8M. The stock solutions of each

gate were stored at &C.

Circuit Execution. Our method of immobilizing DNA on strepta-
vidin-sepharose beads resulted in high surface-exposure, which benefits
the kinetics of logic gate operation. However, this did not completely
prevent surface-exposed single-stranded regions of immobilized output
strands from contacting and prematurely displacing the outputs of

(5) (a) Saghatelian, A.; Volcker, N. H.; Guckian, K. M.; Lin, V. S.; Ghadiri,
M. R. J. Am. Chem. So@003 125 346-347. (b) Okamoto, A.; Tanaka,
K.; Saito, I.J. Am. Chem. So2004 126, 9458-9463. (c) Miyoshi, D.;
Inoue, M.; Sugimoto, NAngew. Chem., Int. EQ200§ 45, 7716-7719.
(d) Muramatsu, S.; Kinbara, K.; Taguchi, H.; Ishii, N.; Aida, I.. Am.
Chem. Soc2006 128 3764-3769. (e) Tang, Y.; He, F.; Wang, S.; Li, Y.;
Zhu, D.; Bazan, G. CAdv. Mater. 2006 18, 2105-2110. (f) Yoshida,
W.; Yokobayashi, YChem. Commur2007,195-197 (g) Gianneschi, N.
C.; Ghadiri, M. R.Angew. Chem., Int. EQR007, 46, 3955-3958.

(6) Szacilowski, K.Chemistry2004 10, 2520-2528.

(7) (a) Stojanovic, M. N.; Mitchell, T. E.; Stefanovic, D. Am. Chem. Soc.
2002 124, 3555-3561. (b) Stojanovic, M. N.; Stefanovic, D. Am. Chem.

(8)

(9) Stojanovic, M. N.; Semova, S.; Kolpashchikov, D.; Macdonald, J.; Morgan,

Soc.2003 125 6673-6676. (c) Stojanovic, M. N.; Stefanovic, D. Nat.
Biotechnol.2003 21, 1069-1074. (d) Tabor, J. J.; Ellington, A. Nat.
Biotechnol.2003 21, 1013-1015. (e) Kolpashchikov, D. M.; Stojanovic,
M. N. J. Am. Chem. So@005 127, 11348-11351. (f) Margolin, A. A.;
Stojanovic, M. N.Nat. Biotechnol2005 23, 1374-1376. (g) Chen, X.;
Wang, Y.; Liu, Q.; Zhang, Z.; Fan, C.; He, lAngew. Chem., Int. Ed.
2006 45, 1759-1762. (h) Macdonald, J.; Stefanovic, D.; Stojanovic, M.
N. Methods Mol. Biol2006 335, 343—-363.

Penchovsky, R.; Breaker, R. Rat. Biotechnol2005 23, 1424-1433.

C.; Stefanovic, DJ. Am. Chem. So®Q005 127, 6914-6915.

subsequent layers of gates (data not shown). Thus, we employed a more
robust filtering procedure to ensure the complete isolation of each layer
of gates, which improved the contrast between true (high) versus false
(low) output levels.

AND, OR, AND-NOT to Report Circuits. Ten microliters of
0.5uM input strands were incubated with 1 equiv (@0 stock) of the
corresponding gate fd h in afinal volume of 30uL SPSC buffer at
room temperature with light stirring. Gates were filtered though an

(10) Lederman, H.; Macdonald, J.; Stefanovic, D.; Stojanovic, MBidchem- ) _ - ’ -
istry 2006 45, 1194-1199. ) Ultrafree-MC Centrifugal 0.22m filter (Amicon Bioseparations). The
an Xn%ﬁgwsa'% P e Sulovie, '\g't;ojlé?w%?/ri?al\r)f m;aﬁgnl_dét't' deb'é“é W. resulting solution was incubated as before with the addition of 1 equiv
2508-2603. T o ' ' of the reporter Gate and filtered again. The final solution was diluted
(12) Yurke, B.; Turberfield, A. J.; Mills, A. P.; Jr.; Simmel, F. C.; Neumann, J. tg 300uL with SPSC buffer to allow the measurement of the sample
L. Nature200Q 406, 605-608. fi
(13) ge?/nzacl)%%, Iéés.%\{glosgz%dskii, A. V.; Neri, B. P.; Lyamichev, VJI.Mol. u?(rg;cglce.-t ; valents of the AND gate (2L stock) and
iol. , 511-520. ircuit. Two equivalents of the ate stock) an
(14) (a) Balzani, V.; Credi, A.; Raymo, F. M.; Stoddart, J.Ahgew. Chem., . q . 9 . .
Int, Ed. 2000 39, 3348-3391. (b) Simmel, F. C.. Yurke, Bhys. Re. E: 1 equiv of the OR gates (10L stock) were incubated with the input
Stat. Phys., Plasmas, FIui@901, 63, 041913/1-041913/5 (c) Simmel, F. strands in parallel in 30L of SPSC buffer fo5 h atroom temperature.
C.; Yurke, B.Appl. Phys. Lett2002 80, 883-885. (d) Yan, H.; Zhang, Two equivalents of the AND gate and it iated inputs wer:
X.; Shen, Z., Seeman, Nadrian, ature 2002 415 62 65. (€) Yurke, to ((:Jon?:enz:ate fc?r itselower ?)?Jt(:)ut )C/jielzsscsoﬁsaf:d tg tr?e SF\"e ;Zteed
B.; Mills, A. P., Jr.Genet. Program Eolvable Mach.2003 4, 111-122.
(f) Sherman, W. B.; Seeman, N. Glano Lett.2004 4, 1203-1207. (9) (see Results and Discussion). Both gates were filtered, and the output
?ir:]'n’P‘]:'iarf’ ltizqueb’;ll;]i’:.lli A)En'GC hngEb%?%l% Alzg _132?}%10&%556(2) solution from the AND gate was preincubated with 1 equiv of the AND-
Chem., Int. Ed2004 43, 4906-4911, S4906/+S4906/5. (i) Seeman, N.  NOT gate (1QuL stock). After 5 h, 1 equiv (1@L stock) of the output
C. Trends Biochem. Sc2005 30, 119-125. (j) Simmel, F. C.; Dittmer, i -
W. U. Small2005 1. 284-299. (k) Beissenhirtz. M. K. Willner. 10rg solution from the OR gate was also added to the AND-NOT gate and
Biomol. Chem.2006 4, 3392-3401. (I) Green, S. J.; Lubrich, D.;
Turberfield, A. J.Biophys. J.2006 91, 2966-2975. (16) (a) Seelig, G.; Soloveichik, D.; Zhang, D. Y.; Winfree, &ience2006
(15) Turberfield, A. J.; Mitchell, J. C.; Yurke, B.; Mills, A. P., Jr.; Blakey, M. 314 1585-1588. (a) Seelig, G.; Yurke, B.; Winfree, E.Am. Chem. Soc.

I.; Simmel, F. C.Phys. Re. Lett. 2003 90, 118102/1-118102/4.
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Figure 2. Any single-stranded sequence containingrA&n serve as an input to the first gate by binding theo®hold and subsequently displacing ABB

into solution via a three-way branch migration mechanism. The displaced terminae®Bence is then able to serve as the input to the second gate, which

in turn mediates the output of BGGnto solution. By immobilizing the first and second gates on isolated solid supports, outputs are unable to trigger
downstream gates until they are displaced into solution by the appropriate inputs. This modular approach allows gates to be chained together to form
multi-level circuits.

incubated for one further hour. The combined output solution was a)

filtered as before to remove the gates and added to 1 equiwl(10 hv —
Repm-t no input
stock) of the reporter gate. The resulting solution was incubated with ZZ P

1 equiv (10uL stock) of the reporter gate fd h and filtered again.

The final solution was diluted to 300L with SPSC buffer to allow @, 2. A
the measurement of the sample fluorescence. L

DNA SequencesDNA sequences were generated using a custom + e~
code based on the algorithm reported by Fledkamp and co-wdrkers. z

Sequences were analyzed with the DINAMelt online server folding/ b)
hybridization tools to minimize the number of undesirable stable XX,
secondary structuré8.The sequences used in this study are specified Wrzz'
in the Supporting Information. DNA was purchased from Sigma
Genosys and purified by preparative PAGE. DNA stock solutions
(3.5-7 uM) were prepared in ultrapure water using extinction coef- no input
ficients calculated by the nearest neighbor method with Ambion’s web-
based scrip? and stored at 5C.

Fluorescence DataFluorescence data were acquired on a Series 2
Luminescence Spectrometer (Sim-Aminco) with the AB2 (v5.5) Y o,
software package (Thermo Electron). Each sample was diluted to a
final volume of 300uL and was excited at 525 nm (8 nm band-pass)
with emission readings at 565 nm (8 nm band-pass) at a photomultiplier ~ ¢)
tube sensitivity (gain) of 835 V (OR-reporter) or 900 V (for the other xx‘zz_

no input —

circuits). One-hundred data points were taken for each sample at arate vy, no input -
of 1 reading per second and averaged to obtain a final value. AND- —
>Report, OR>Report, AND-NOT=Report circuits were indepen- X X ¥ i;% X X j\{E

dently executed 5 times to estimate experimental errors. Five baseline no input X\ Y =% % _\v )
- Z. +
£

recordings were taken for each sensitivity level and the average values
subtracted from the raw RFU to correct signal baseline. After adjusting
the baseline, data were normalized by setting the lowest value (buffer

only) to 1, to determine the relative fluorescence of each recording. ‘-;'“‘—;T""

Results and Discussion

Using the methods described above, we constructed a set of ) A
2-input logic gates (AND, OR, and AND-NOT) and a single-
input REPORT gate that produces a fluorescent signal in :ZZ' no input e
response to an input sequence (Figure 3). When the reporter -
gate is triggered by a ZZinput sequence, the fluorescent Cy3- s E ““E
labeled strand is displaced into solution, freeing it from contact- no input N2\ N,
mediated quenching by the dabcyl group on the immobilized Z <~
strand (Figure 3a). The fluorescent response of the reporter gate .
was used to validate the function of the 2-input gates (AND, e . —: :‘lé
OR, and AND-NOT) by appending the Z&equence to the Ny — + z 2'
output sequences of each 2-input gate. s '

The DNA-based AND gate (Figure 3b) was designed such
that the addition of either the XXor the YYr input sequence Figure 3. Mechanisms of DNA-based logic gate operation. The first row
and column of each truth table show the inputs and the associated output

17) gg(l)dkampys%; Rauhe, H.; Banzhaf, Wenet. Program Eolvable Mach. states. (a) Reporter gate. (b) AND gate. (c) OR gate. (d) AND-NOT gate.
(18) Man?dfér%sN.'l;ﬁker MNucleic Acids Res2005 33, W577-W581. Letters A, B, etc. represent unique, noncomplementary nucleotide sequences
(19) http://www.ambion.com/techlib/misc/oligo_calculator.html. with Xt,Y7, etc. designating “toehold” regions 25 nucleotides in length.
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a) AND Logic b) OR Logic c) AND-NOT Logic
[.I'nputs [!ﬂputs“";-"f""f\';:"] [!nputs o Th ]
AND AND ‘_

5 NOT 7 N

X N ra
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i ) S8 0 S (R ) e v R B /) S e o

g . :

] 1 § 1 § 1

8 5 g ' 5 H -

g o =] o =] o

3 5 =2 5 =2 =

[ w o [ =

2 © 2 F 6

5 0 3 0 s 0

. m N @ @ - .

XG0 1 0 1 X%;0 1 0 1 NN, O 1 0 1 AND
AND OR T

YY:0 0 1 1 YY;0 0 1 1 N, O O 1 1 NOT

2z, 0 0 0 1 Report ZZ, 0 1 1 1 Report zz, 0 1 0 0 Report

Av 0O 0 0 1 hv 0 1 1 1 hv o 1 0 0

Figure 4. Diagrammatic representation of each 2-input logic gate wired to a fluorescent reporter (top) and the experimentally observed fluorescence output
from execution of each simple circuit with every combination of inputs (bottom). Circuits were executed as described in the experimental segjate. Ea
was executed with each set of inputs five times to produce error Bdrstandard deviation).

8
XX § !
! NN
~ ) (amer) 1 © 2
e T 3
] T [T
AND H 2 o]
= 0
2 m | N
XX 0 1 0 1R+
YY; 0 0 1 1AND
NN, O 1 1 1aND
N, 0 0 0 1NOT
ZZ; 0 1 1 0 Report
hv o 1 1 0

Figure 5. Multi-level circuit built from an OR, AND, and AND-NOT gates of gates that performs a net XOR (exclusive-OR) analysis on the inputs. The
function of the circuit was assayed using the fluorescent readout from the reporter gate and is described in the experimental section.

displaces only one duplex region (X or Y), leaving the X¥ZZ displacing the output strand. Thus, the AND-NOT gate requires
output anchored to the stationary strand. However, addition of two incubation cycles to ensure correct Boolean execution.
both XXt and Y'Yt inputs displaces both anchor points andthe  Each of the 2-input logic gates were wired to the reporter
XYZZ+ output strand is released into solution. gate as described above, and executed with all possible
The DNA-based OR gate (Figure 3c) was designed such thatcombinations of initial inputs as described in the experimental
the addition of either the XXor the Y Yt input displaces either ~ section. Fluorescent analysis of the resulting output solutions
the XZZ; or the YZZ output strands, respectively. When both  revealed proper implementation of Boolean behavior in all cases
inputs are present, the effective output off4€ doubled since (Figure 4).
the immobilized OR gate DNA possesses tworZntaining This particular combination of logic gates (AND, OR, AND-
outputs. However, equimolar quantities of the gate complexes NOT) was selected because it represents one example of a
are used throughout an assembled circuit, so the maximum“complete” set of logic gates, meaning that they can be
output of each gate is limited to a single equivalent even in the theoretically assembled into multi-level circuits capable of

presence of excess inputs. performing any imaginable Boolean functiétiTo demonstrate
The DNA-based AND-NOT gate (Figure 3d) was designed the emergence of novel function through rational gate network-
such that the addition of the NNinput displaces the NZzZ ing, we set about rewiring the gates to into a multi-level circuit

output into solution, whereas addition of the Mput only binds ~ that enforced a net XOR (exclusive OR) Boolean behavior
the toe-hold region of the immobilized gate DNA. Thus, if the

Nt input is bound to the gate prior to addition of the NiNput, (20) Feynman, R. PFeyman Lectures on ComputatiolVestview Press:
then the N strand occupies the toe-hold and prevents: KM (21) Li, Q.; Luan, G.; Guo, Q.; Liang, Nucleic Acids Re2002 30, e5.
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(Figure 5). Rewiring was accomplished by simply modifying propriate Boolean combination of single-stranded DNA inputs.
the output sequences of each logic gate. The terminal ZZ We validated the function of these gates using a single-input
sequence of the OR gate, which had previously directed it to reporter gate that releases a fluorescently labeled output in
the reporter, was replaced with a terminal NNequence response to a specific single-stranded DNA input. The im-
directing it to the activating input of the AND-NOT gate. mobilization of gates allows for simple gate designs and
Similarly, the terminal Z£ sequence of the AND gate output facilitates the construction of modular logic circuits. These gates
was replaced with the Nsequence to direct it to the inhibiting  can be wired together to form multi-level circuits that use the
input of the AND-NOT gate. The AND-NOT gate was left solution as a communication medium, since the output of one
unchanged and remained wired to the reporter gate via thegate can serve as the input to another. We demonstrated this
terminal Z% sequence so that overall circuit operation could capability by modifying output sequences to redirect the wiring
be verified using fluorescence. However, when attempting to between gates to create a circuit that possesses XOR Boolean
construct logic networks, it is important to remember that our behavior as an emergent property of the network. One notable
molecular implementations of logic gates are by nature analog drawback of this approach is that our circuits are analog
approximations of their electronic digital counterparts. Sources approximations of digital circuits. Thus, imperfect strand
of signal discrepancies arise from nonideal displacement yields, displacement yields result in a minor loss in the input/output
with different sequences and gate architectures leading to uniquesignal at each level of circuit operation, which fundamentally
output levels. Small differences in gate output levels accumulate limits the size of circuits that can be constructed. Implementation
at each level of circuit execution, and without correction can of methods that amplify and threshold strand concentrations
cause improper network behavior. For instance, we noted thatwould overcome this limitation by producing a truly digital
the output level of the AND gate was30% lower than the system, thus facilitating the construction of multi-level circuits
OR gate in the case when both Boolean inputs were present.of arbitrary depth. Work is currently underway to explore these
Therefore, 2 equiv of the AND gate and longer incubation times possibilities.

were used to compensate for these differing output levels in

our implementation of the XOR gate (see Experimental Section). Acknowledgment. We thank our colleagues L. Leman, N.
After taking these precautions, the circuit demonstrated proper Gianneschi, J. Chu, J. Picuri, and T. Tiefenbrunn for many
XOR behavior for all combinations of input (Figure 5, right). Nelpful discussions.

Conclusion Supporting Information Available: DNA sequences. This
material is available free of charge via the Internet at

In summary, we hav nstr mpl f im-
su ary, we have constructed a complete set o http://pubs. acs.org.

mobilized 2-input logic gates (AND, OR, AND-NOT) that
release single-stranded DNA outputs in response to the ap-JA0710149
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