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Abstract

A lot of current research in DNA computing has been directed towards solifficut
combinatorial search problems. However, for DNA computing to be appticaba wider
range of problems, support for basic computational operations suolgiaperations like
AND, OR and NOT and arithmetic operations like addition and subtradtiorecessary.
Unlike search problems, which can be solved by generating all possibleircatinhs and
extracting the correct output, these operations mandate that only @eumifput be gener-
ated by specific inputs. The question of suitability of DNA for suahge operations has
so far largely been unaddressed. In this paper we describe a novel methathfpDINA
molecules to solve the basic arithmetic and logic operations. We atse ttat multiple
rounds of operations can be performed in a single test tube, utilizgngutput of an opera-
tion as an input for the next. Furthermore, the operations can be perdidn a linear series
or a series-parallel fashion and operators can be mixed to form any opesgicense.

1 Introduction

In recent work, Adleman [1] and Lipton [8] presented the idéaolving difficult combinatorial search
problems using DNA molecules. These studies showed that Bdputing may have an advantage over
electronic computers for such problem domains due to thesimgparallelism inherent in DNA reactions.
However, for DNA computing to be applicable on a wider ranferoblems, support for simple compu-
tational operations is necessary [5, 12, 14]. Boolean ¢perguch as AND, OR and NOT, and arithmetic
operators such as addition and subtraction are the fundahmperations of an electronic computer. In
contrast to search problems, which can be solved by gengrali possible combinations and extracting
the correct output, these operations mandate that onlycueriutput be generated by specific inputs. Al-
though DNA computers might not improve on current silicochteology for these operations, as Adleman
[2] has pointed out, “they can contribute to our understagdif the nature of computation.” There has
been some work in simulating boolean circuits and perfogn@dditions and matrix multiplications with
DNA. Ogihara and Ray [9] have shown how DNA computers can EitalBoolean circuits with a small
overhead. Oliver [10] has shown how DNA based methods carséa to calculate the product of Boolean
matrices or matrices containing positive, real numbersar@ariet al. [6] have proposed a clever way to
add two binary numbers. The novelty of their approach is ti@duction of a place holder for the carry
position while performing additions. As they themselves point out, a limitation of their approgcthat

In contrast to boolean operators, ADD can generate two obifsi(e.g. 1+1 = 10). In this case that bit position is assiba
value of zero (0) and the one (1) is carried over. The carnexd bit is added to the next bit position and the value of tlsiton
adjusted accordingly. The operation is repeated as mamstas there is a carry over.



the output strand of one operation cannot serve as the itauidsfor another round of addition. This has
been a constraining factor so far in performing a sequenop@fations in a single vessel. In this paper we
show that this limitation can be overcome (in DNA), allowiaghumber of basic series and series-parallel
bit operation sequences in solution.

The rest of the paper is organized as follows. We presentibanboding scheme, and our approach to
performing a single bit operation in solution in section 2e ¥ktend this framework to handlesariesor a
linear sequence of mixed operations in section 3. We thew slov to combine multiple series to perform
series-paralleloperations in section 4. Finally we conclude in section Bhwaidiscussion on the advantages
and limitations of our approach, as well as directions fourfe work.

2 Bit Encoding and Single Operations

Table 1 A. The truth table for various binary operations

Qut put
I nput 1 I nput 2
NAND AND XOR ADD
o 1 (0] (0]
1
1 (0] [0} 1 1
1 0o 1 (0] 10

Table 1 B. The truth table encodi ng usi ng di nucl eotide "bits"

Level 1 Level 2 Level 3
(Interpretation of the Duplex for the CQutput)
| nput Strand Operand Strand
NAND AND XOR ADD
PT = O 1 [0} (0] [0}
UA = O
AT = 1 1

In an electronic computer an operator is succinctly reprteseby a truth table, a table of all possible
combinations of the input bit values and their correspogdintput values, as shown in table 1 A. Our
approach is to encode these truth tables in DNA using a fkexext-scheme. An operation is represented in
terms of DNA hybridization. For each binary operation, the bit strings are represented with two different
DNA single strands. The first string is called the “input” ahe second the “operand” strand. Each bit is
represented with a dinucleotide unit, and a bit string witeguence of dinucleotides. The natural DNA
bases Adenine (A), Thymine (T), Uracil (U) and a non-natbasde 7-deaza-adenine (P) (shown in figure 1)
are used for constructing the dinucleotides. A non-natiigae is needed in order to realize all possible
input and operand bit values in DNA; a base which can pair Whi¢hspecificity of A and yet is chemically
distinct. 7-deaza-adeninebase-pairs selectively with U and T just like A which makegiéal for our
application. The input DNA strand is constructed with dieotides 5-AU representing bit 1, and 5’-UA,
the bit 0, where 5’ and 3’ denote directionality of the DNAastd. The operand strand is constructed with

22-aminopurine and 2-aminoadenine could potentially bel tse.



dinucleotides 3'-TA and 3'-PT, representing bit 0, and tiudleotides 3’-AT and 3'-TP, representing bit
1. The table 1 B shows how these dinucleotides can basegpaitotv for all possible combinations of
the input strand and the operand strand. Since, as we wil &iter in the paper, the operand strands do
not have to be sequenced to obtain the final result, but ihstaay an output strand, we do not have to
chemically distinguish between A and P at any stage. DNAdsaarrying TA (similarly AT) might have

a different output appended to it than the DNA strand cag¥iiR (similarly PT) depending upon the result
of the calculation. If the input strand is constructed inBhto 3’ direction the operand strand is constructed
in the 3’ to 5" direction and vice versa. The input strand iastaucted using only A and U (level 1), while
the operand strand with A, T, and P (level 2). This keeps tpeatidistinct from the operand, yet retains
the same base-pairing structure and allows all possiblebtwtions of the input and operand bits (see
table 1). As a result of an operation the input strand hybesliwith its complementary operand strand to
form a double stranded DNA complex. This output is integedccording to the truth table (level 3) of the
operator applied. Table 1 B shows our encoding scheme al@hdhe truth tables for different boolean and
arithmetic operations such as NAND, AND, XOR and ADD (adui)i The truth table encoding can easily
be extended to a number of other operators.
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Figure 1. Chemical structure of the bases used; Adeninelf®)amine (T), Uracil (U), 7-deaza-adenine (P),
Guanine (G), Cytidine (C), iso-Guanine (M) and iso-Cyt&{iN). Also shown are some example base-pairs,
and a dinucleotide “bit” unit.

The NAND operator is ainiversalboolean operator, which means that any boolean operatiohea
represented in terms of a sequence of NAND operators. Ouefiesnple shows the execution, in DNA,
of the operator NAND on the two binary strings 1001 and 01@Idepicted in table 2. The input bit string
1001, is represented as the DNA sequence 5-AUUAUAAU. Allpssible DNA sequences are used to
represent the operand 0101, since there are two alterrttiveleotides for each bit in the level 2 encoding.
However, only one of the operand strands carries a DNA segueomplementary to the sequence of the
input strand. This strand (3'-TAATPTTP) is thus the only dhat can hybridize with the input strand to



yield a unique output duplex. The output, when decoded usiadruth table for NAND, yields the correct
answer of 1110. In fact, the same output can be interpreffstatitly if decoded using a different operator’s
truth table. For instance, if we were to perform the opera{itD01 XOR 0101) instead of (1001 NAND
0101), the input and all of the operand strands would stiltheesame, and would yield the same output
duplex. However, interpreting this output duplex accogdio the truth table for XOR ( see table 1 B)
would generate a different but correct answer of 1100. Thsvs that single operations can be performed
efficiently with DNA using the proposed approach.

Tabl e 2 Exanpl e of a NAND operati on

I nput Strand Oper and Strands Uni que Cut put
1001 0101 1110
5’ - AUUAUAAU 3’ - TATPPTAT 3’ - TATPPTTP 5’ - AUUAUAAU
3’ - TATPTAAT 3’ - TATPTATP 3’ - TAATPTTP

3’ - TAATPTAT 3’ - TAATPTTP

3’ - TAATTAAT 3’ - TAATTATP

3’ - PTTPPTAT 3’ - PTTPPTTP

3’ - PTTPTAAT 3’ - PTTPTATP

3’ - PTATPTAT 3’ - PTATPTTP

3’ - PTATTAAT 3’ - PTATTATP

3 Mixed Operation Series

In order to extend this framework to handleeriesoperation, i.e. a linear sequence of operations, we have
to address two main issues: 1) how can the output of one eperat double strand, be used as the input
for the next operation, and 2) how to ensure that the operstiake place only in the desired order. As
shown in the first example from table @ach input strand can bind with only one of the operand stsand
producing a duplex representing the unique outp\g a solution to the first problem we attaehpriori, the
corresponding output value to each of the operand strantthe iform of a single stranded DNA. The DNA
sequence of the output is constructed using the level 1 eamgdem table 1 B. Thus, each operand strand
carries a covalently linked output strand which does nafrfete with its operation of hybridizing with the
input strand, but instead results in a duplex with a stickg-epon one such complexation. This sticky-end
can then act as the input strand for the next operation. Ngtdwes this allow a series operation involving
a single operator, but also mixed operators, since the bstyand attached to the operand is dependent only
on a particular operator.

To solve the second problem, we use a unique DNA sequencentagah strand. This tag is just a
length 4 DNA segment comprised of four bases, the naturasb@sianine(G) and Cytidine (C) along with
the non-natural bases iso-Guanine (M) and iso-Cytidinge §Ndwn in figure 1. This allows for a maximum
of 256 unique tags, which gives us the option of performin§ @dnsecutive operations. This number can
be increased by simply using a longer tag sequence. Eachsimand is linked with a unique tag, while
the operand strand next in order in the sequence, is linkddtine complementary tag. The input can thus
only hybridize with the next operand. A unique tag for thetre&bep is also linked to the output strand,
since it serves as the input for the next operation. The tigs@event the formation of unproductive
duplexes. For example, since each of the strands is madearpagferand and an output, they may become



self-complementary. The tags prevent this from happenitging this approach, we generate unique DNA
sequences as inputs and obtain a unique final output reséiom the desired sequence of operations.

Input Strand (1 0 0 1)

+ = Qut put (Sticky-ended Dupl ex)

3" - TATPPTAT- CGNM AUUAAUAU- COGG 3 - TATPPTTP: CGNM AUUAAUUA- OCGG | 5' - AUUAUAAU- GOWN

3 - TATPTAAT- CGAM AUUAAUAU- COGG  3' - TATPTATP- CGNM AUUAAUUA- 00GG | 3~ TAATPTTP- CGNM AUSUAULI- GGG
3' - TAATPTAT- CGNM AUAUAUAU- CCGG 3" - TAATPTTP- CGNM: AUAUAUUA- COGG |

3" - TAATTAAT- CGNM AUAUAUAU- COGG 3" - TAATTATP- CGNM AUAUAUUA- COGG |

3' - PTTPPTAT- CGNM AUUAAUAU- COGG 3" - PTTPPTTP- GGV AUUAAUUA- COGG |

3 - PTTPTAAT- CGNV AUUAAUAU- COGG 3" - PTTPTATP: CGNM: AUUAAUAU- CCGG !

3' - PTATPTAT- CGNM AUAUAUAU- COGG 3’ - PTATPTTP- CGNM AUAUAUUA- CCGG |

3" - PTATTAAT- CGNM AUAUAUAU- COGG 3

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

B I'nput Strand Second Operand Strand

S et N || Final Qutput
© 5" - AUUAUAAUGCWN : :5’ - TATATAATGGCC- 1 - - - AUAUAUAUCGCG! 10000
‘ : ‘

. |
3" - TAATPTTPCGNM -: --- AUAUAUUACUBQ: 3’ - TATATATPGCGC- - - - AUUAUAUAUA( NNNN)3

First Operand Strand Third Operand Strand

Figure 2: Example of a series operation. A) The first openatitil001 NAND 0101); B) The whole series :
(((1001 NAND 0101) XOR 0001) ADD 0001); C) A template of theustture generated (The arrows denote
directionality, the unfilled boxes the input and operantis, llack box the output, and the pattern-filled
boxes the tags).

In figure 2, we present an example of how three different dpesa- NAND, XOR and ADD — can be
performed in succession on DNA. The example solves thesseperation sequence (((1001 NAND 0101)
XOR 0001) ADD 0001). The first two bit strings are the same asdtused in our first example from table 2.
The input strand (5’-AUUAUAAU-GCMN) has the bit string 5*AJAUAAU (1001) linked with the tag 5'-
GCMN. Figure 2 A shows the 16 possible representations obpleeand strand (0101) that could possibly
bind with the input (similar to our first example). Only oneastd hybridizes with the input, namely the
strand 3'-TAATPTTP-CGNM-AUAUAUUA-CCGG, where 3'-TAATPTP is the bit string 0101, 3'-CGNM
is the complement of the tag 5-GCMN, 3'-AUAUAUUA is the attzed output (1110) of the operation and
3'-CCGG is the tag for the next operation. The result of th& fiperation is thus a duplex with a single
stranded overhang (3'-AUAUAUUA-CCGG), which is ideallyiwd to serve as the input strand for the next
operation — XOR 0001.



Our second operand strand, representing 0001, also hass$blgorepresentations (not shown). Only
5'-TATATAATGGCC-AUAUAUAUCGCG (see figure 2 B) hybridizes ith the output of the previous op-
eration, producing a duplex with the overhang 5’-AUAUAUAGBCG as the output (1111) of the current
operation. Out of the 16 possible third operand strand (D@INA sequences, for ADD 0001, only 3'-
TATATATPGCGCAUUAUAUAUA(NNNN); hybridizes with the output of the previous round of opera-
tions. 5’-(NNNN); is a special tag signifying that the sequence of operatiasschmpleted and is used for
extracting the result. The unique result of our operaticABUAUAUAUA, when decoded using the truth
table, is 10000, which is the correct result of our operasiequence. This examples shows that our scheme
generates a unigue output from a series operation in solutio

4 Series-Parallel Operations

In order to emulate the more complex boolean circuits as ielaatronic computer, support feeries-
parallel operation sequences is desirable. A series-parallel ipersequence merges two or more series
operation sequences. In figure 3 we show how the above arthidecan be extended to handle a series-
parallel operation sequence in a single test tube. The tofploe series operation (from the previous exam-
ple, figure 2 B), a duplex with an overhang is used as both teat iand the operand complex, performing
the operatior¥ NAND O, whereZ = O = (((1001 NAND 0101) XOR 0001) ADD 0001). However, instead
of the typical operand strand which has an output attachégttee operand complex for the series-parallel
operation has two attached outputs — the output of the seaiedlel operation followed by the output of the
series operation sequence, shown in figure 3 A). The finalistagcopy-operation — AND 11111 (which
simply replicates the output). The result of this operaiequence is a three-arm junction [15, 17] with the
correct output (01111) as the overhang, ideally suited éofgoming more operations.

5 Discussion and Conclusion

Only a theoretical model is presented in this paper. Howéter based on well-established techniques of
biological chemistry. To practically carry out the opepas in a test tube, we can attach the input strand
5-AUUAUAAUGCMN to a magnetic bead, and add all the operatrdreds for the different operations to
be performed, to the solution. The solution can then be tea&tured, annealed and ligatédAll strands
with the magnetic bead attached can be filtered off, and thgubstrand end-sequenced to produce the
result.

For ann bit long string @n length DNA strand), with tag lengttn, our techniqgue must satisfy some
constraints. The length of an input/operand stranahis- 2n. Since the mismatch tolerance of a duplex
increases with its length, at present duplexes only abob&a26-pairs long can distinguish single-base mis-
matches [16], introducing the constraint+ 2n < 20 on our system. Furthermore, for operations, we
need at least: - 2" distinct DNA strands in the solution. For nanomolar quaegibf each, thermodynamical
limitations would put the upper bound at approximatedy* different strands. The first constraint, though,
clearly subsumes the second. The total length of the outpuplex, 2n - m, might also be limited by
various factors that affect the reliability, such as therfdibation conditions, nearest-neighbor interactions
(sequence context), and the efficiency of both the sucaelgiations and the result extraction process. We
use two-fold (internal and end) mismatch discriminatiostsgn to prevent formation of unwanted (mis-
matched) duplexes/complexes. Each internal mismatchiésstt two base long since we use dinucleotides

3Ligation can be performed either enzymatically, using Difage enzyme, or chemically using Letsinger's method [He T
DNA strands will have to be properly end-modified for eithétte cases. The modifications should not affect their hybirg
properties.



Seri es Qutput
10000

- AUUAUAAUGCWN  TATATAATGGCC- AUAUAUAUCGCG
- TAATPTTPCGNM AUAUAUUACCGG TATATATPGCGC- AUUAUAUAUA-

I nput Conpl ex
(((1001 NAND 0101) XOR 0001) ADD 0001)

wa

NAND
Operand Conpl ex 5’ - AUUAUAAUCCCG TATATAATCMCM AUAUAUAUCNCN 3
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Figure 3: Example of a series-parallel combination openatinput NAND operand);input: (((1001
NAND 0101) XOR 0001) ADD 0001) = 10000 (same as in figureQerand: same asnput; Interme-
diate Result: 10000 NAND 10000 = 01111Copy-operation: 01111 AND 11111 =01111 (Final Output).
A) The sequence of the input complex, operand complex, addpy-operation strands; B) The three-arm
junction generated as a result of the series-parallel tpara(lnset) A template of the three-arm junction
structure.



as single "bits”. Thus the stability of the perfectly matdrdiplex is much higher than that of a mismatched
duplex. Moreover, ligases are very sensitive to end misshest Only perfectly matched duplexes are lig-
ated by the enzyme. This gives us a very good mismatch pimteat the ends of each duplex. To improve
the reliability, the end-tag can be used for PCR amplificatibthe output. The PCR amplified output can
be sequenced to also verify the operations performed. Iiitlaé number of series-parallel operations may
be limited due to the steric constraints (branching-oud} three-arm junctions introduce.

There aret?” different sequences possible foRa length DNA strand, if random encodings are used.
An advantage of using our fixed encoding scheme is that wetoesghthesize onl2™ DNA sequences per
operation®, which is a very small subset df”. The increase in demand of DNA strands is also linear in
the number of operations rather than exponential " instead oR™ - 2"). Furthermore, since all possible
representations of the operands, for each of the operatmasadded to the solution in the beginning, all
possible outputs are produced in the solution. We can tmeplgiadd a given input to the solution, which
will bind to its complementary sequence, and then extraetutiique output. The same solution can then
be reused with different inputs, for sequential extractdrihe corresponding outputs. Thus the vessel
serves as a black-box (representing some function to berpeetl), which takes in different input values
to produce the corresponding outputs, without having téoper the operation again. Moreover, the fact
that all the intermediate results are present in the fingdudyuprevents the loss of any information about the
computation, and can be used for implementing reversilgie igates [3].

There are some other advantages to our approach. The useucfeditides as single bit units lets us
represent information at a much higher bit density than aayipus methodology, and brings it very close
to the theoretical limit of a bit per base.Our methodology also makes possible a succinct repregentat
of basic computational operators. The use of different b&seencoding the bits and the operation order
permits series as well as series-parallel operation segsen one test tube, producing a unique result, and
simplifies the extraction process. The unique tags help tteepperation sequence in order. They also avoid
the fan-out problem where a randomized sequence of molecules can graduexponentially increasing
number of product strands with the progression of the ograequence. We us¥ molecules for each
step, which interact witB™ molecules from the previous step to generate the same nwhirerlecules for
the next step.

Generation of DNA molecules carrying sticky-ends as thepatubf each operation, in the reaction
vessel, is another nice feature of our scheme. This outpuelissuited to serve as the input for the next
operation which enables us to accomplish the generic iopiiit semantics of an electronic computer.
This is an important first step in solving problems using DNAnputing where the DNA molecules have
to go through multiple rounds of computation. Moreover, instinof the prior approaches where DNA
was used for computing, the encoding was application speanifil based on the particular application in
mind. One of the most important advantages of our proposezthamism is that it makes both encoding
and computation more general (uniform) and applicatiorjrhdent. As our examples show, almost any
basic computational operation can be carried out on our “RNéputer”. The addition of a memory is an
important issue and we plan to incorporate that into our rhi@ke [13] for a solution to this problem. They
propose atickerbased model which has a random access memory.

In conclusion, we present a new approach for computing witlADT he ability to perform complex bit
operations in solution might help us learn more about thereaif computation and lead to the development
of better DNA based computers, capable of solving a widegarfigomplex problems.

4All the strands can be synthesized in a single combinateyiaihesis cycle using techniques of photolithography arudeic
acid chemistry [4, 11].

5 Although, in principle mono-nuclectides can be used adeinigs, there may be some complications to using such strémd
performing different operations. For example, a long saqa®f a mono-nucleotide can form unwanted triplexes.



Acknowledgements

We thank R. Jakubiak, Prof. E. T. Kool, H. S. Malik, Prof. B.Miller, Prof. M. Ogihara and Prof. A. Ray
for their insightful comments and helpful discussions.

References

[1] Leonard M. Adleman. Molecular computation of solutiotts combinatorial problems.Science
266:1021-1024, November 1994.

[2] Leonard M. Adleman. On the potential of molecular conipgit Science268(5210):483-484, 1995.

[3] C. H. Bennet and R. Landauer. The fundamental physigdtdiof computation Scientific American
253:48, 1985.

[4] S. P. A. Fodor and et al. Light-directed, spatially addable parallel chemical synthesiScience
251:767, 1991.

[5] David K. Gifford. On the path to computation with DN/&cience266:993-994, November 1994,

[6] Frank Guarnieri, Makiko Fliss, and Carter Bancroft. MakDNA add. Science273(5272):220-223,
July 1996.

[7] M. K. Herrlein and et al. A covalent lock for self-assemtbloligonucleotide conjugateslournal
American Chemical Societ§17:10151, 1995.

[8] Richard J. Lipton. DNA solution of hard computationabptems.Science268:542-545, April 1995.

[9] Mitsunori Ogihara and Animesh Ray. Simulating booleanudits on a DNA computer. l1dst Annual
Conference on Computational Molecular Biologages 326—331, 1997.

[10] John S. Oliver. Computation with DNA-matrix multipidon. In2nd Annual Meeting on DNA Based
ComputersJune 1996.

[11] A. C. Pease and et al. Light-generated oligonuclecdiatays for rapid dna sequence analy$tsoc.
National Academy of Science, US4:5022, 1994.

[12] Robert Pool. A boom in plans for DNA computin§cience268:498—499, April 1995.

[13] Sam Roweis, Erik Winfree, Richard Burgoyne, Nickola€¥elyapov, Myron F. Goodman, Paul W. K.
Rothemund, and Leonard M. Adleman. A sticker based ardhitedor DNA computation. Ir2nd
Annual Meeting on DNA Based Computdviay 1996.

[14] Harvey Rubin. Looking for the dna killer applature Structural Biology3(8):656—658, August 1996.
[15] N. C. Seeman. Nucleic acid junctions and lattic&surnal Theoretical Biology99:237, 1982.

[16] R. B. Wallace and et. al. Hybridization of syntheticgatdeoxyribonucleotides t¢-x 174 dna: The
effect of single base pair mismatdNucleic Acid Researcl®:3543, 1979.

[17] Erik Winfree, Xiaoping Yang, and Nadrian C. Seeman. wdrsal computation via self-assembly of
DNA: Some theory and experiments. 2nd Annual Meeting on DNA Based Compuiéisy 1996.



