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Abstract: The enzymatic manipulation of DNA molecules immobilized on a surface that each contain linked,
multiple “DNA words” is demonstrated, with applications to DNA computing. A new DESTROY operation

to selectively remove unmarked DNA strands from surfaces, consisting of polymerase extension followed by
restriction enzyme cleavage, has been developed for multiple-word DNA computing. DNA polymerase is
used to extend DNA primers hybridized to DNA strands that are covalently attached to a chemically modified
gold thin film. The efficiency of this surface polymerase extension reactiet®@%, as determined by removal

of the extended DNA molecules from the surface followed by gel electrophoretic analysis. Complete extension
of the DNA strands createsZpn Il restriction enzyme site in the duplex DNA; these molecules may then be
cleaved from the surface by addition Bpn II, with an efficiency exceeding 90%. DNA molecules may be
protected from such destruction by hybridization of a peptide nucleic acid (PNA) oligomer to one of the
words. The hybridized PNA blocks polymerase extension, thereby preventing formation of the restriction site
and consequent strand cleavage. The utility of these operations for DNA computing is demonstrated by solving
a small (2-bit) Satisfiability problem in which information was encoded in two tandem words.

I. Introduction on surfaces, which utilizes 16-base oligonucleotides, or DNA
“words”, to encode information. The 16mer DNA words contain

8 fixed word label bases and 8 variable bases which encode
the information in each word. In the multiple-word stratédy,
the word label sequence is the same for every 16mer in a given

these ideas to combinatorial mixtures of DNA molecules word set; additional vyorpl set_s are generated by varying the word
attached to surfaces in an unaddressed format and havelabel sequence. By linking different word sets together to form

performed logical manipulations of sets of data by the hybrid- multiple-word DNA strands, large combmatonal mlxtures can
ization and enzymatic manipulation of the attached oligonucle- P€ created to encode the set of possible solutions to large
otides. In a recent papéme solved a 4-variable 3-Satisfiability ~cOmPutational problems. We have shown previotigiat the
(SAT) problem using a brute-force search algorithm applied to €NZyme T4 DNA I_|gase can be utilized to create and manipulate
a mixture of 16 distinct DNA strands attached to chemically Such linked multiple-word DNA strands. However, the DE-
modified gold thin films. Three “primitive” operations were STROY operation developed previously for single-word DNA
employed: “MARK”, in which subsets of the DNA strands are cOmputing is not suitable for use in multiple-word DNA
tagged (marked) by the hybridization of complementary strands; COMputing. In this paper we describe the development of a new
“DESTROY”, in which DNA strands that are not marked are DESTROY operation suitable for use in multiple-word DNA
removed from the surface: and “UNMARK”, in which marked computing, and demonstrate how to use this operation to solve
molecules are untagged by removing hybridized complenfents. @ small Satisfiability problem with multiple words.

To scale-up this approach to solve larger problems, a larger The DESTROY operation for single-word DNA computing
combinatorial set of DNA molecules is required, encoding more consists of adding an exonuclease specific for single-stranded
possible solutions to the computational problem. A previous DNA.35 After the MARK operation, each unmarked strand is
study has described a word design strategy for DNA computing in a single-stranded form. It is then destroyed by single-strand
specific enzymeE. coli exonuclease |, leaving on the surface

The field of DNA computing was initiated in 1994 by
Adleman?! who proposed that the tools of molecular biology
could be used to solve instances of difficult mathematical
problems known as NP-complete problet/e have adapted
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Figure 1. Overview of the DESTROY operation for multiple-word
DNA computing. The figure shows three four-word DNA strands on
the surface. StrandS andS; are marked by complements at word 3
and word 1, respectively, whereas straBdis not marked by any
complements. Therefore, the DNA polymerase extends the primer
annealed to stran& to form a double-stranded restriction enzyme
cleavage site near the spacer region. Strénid thus cleaved by the

Wang et al.

unmodified oligonucleotide, to avoid their displacement by the
polymerase enzyme during the strand extension reaction.
These operations for multiple-word DNA computing were
developed and tested upon a small example of the Satisfiability
(SAT) problem? The SAT problem is one of the first NP-
complete search problems described. The simple example of
the SAT problem we examined in the present workxis/(y)
A (X v'y). (Note that this small example is a 2-SAT problem
(two variables or fewer per clause), which is not NP-complete;
however, as we have shown previouslthese methods are
readily applied as well to 3-SAT problems, which are NP-
complete.) The variables andy are Boolean logic variables
which can hold only one of two possible values, 0 (false) and
1 (true). This example consists of two clauses separated by the
logical AND operation (denoted byx”; x A y =1 if and only
if x =y =1); within each clause, Boolean variables are separated
by the logical OR operation (denoted by™ xv y =10, if and
only if x =y = 0). The problem is to find whether there are
values for the variables that simultaneously satisfy each clause
in a given instance of the problemdenotes the “negation” of
x (X =0 if and only ifx =1, andx = 1 if and only if x = 0).
Each of the two variables can be either true or false and thus
there are a total of2or 4 candidate solutions.

restriction enzyme, whereas the polymerase extensions are blocked on |t may be noted that although the primary emphasis of this

both strandsS, and $; by marked complements. Peptide nucleic acid
(PNA) oligonucleotide analogues were used in the MARK operation
rather than standard unmodified oligonucleotides to avoid their

paper is in the area of surface-based DNA compuititig!?
the chemical and biochemical procedures being developed are
likely to find substantial applicability in other areas as well.

displacement by the polymerase enzyme during the strand extensionThere is presently widespread interest and activity in the

reaction.

in a short double-stranded region (the word which was marked)
flanked by single-stranded DNA (the words that have not been
marked). Treatment of such a structure with the single-strand
specificE. coliexonuclease | will result in destruction of single-
stranded DNA from the '3terminus, an unwanted result if an
internal word was marked.

Accordingly, an alternative strategy for the DESTROY
operation for multiple-word DNA computing has been devel-

development and use of large arrays of proteins and nucleic
acids on surfaces, permitting highly parallel analyses of RNA,
protein, and small molecule binding and other activities in
biological system$3-22 The ability to enzymatically manipulate
surface-bound biomolecules substantially extends the power and
versatility of such array-based methodologies.

II. Experimental Section

A. Materials. The chemicals 11-mercaptoundecanoic acid (MUA)
(Aldrich), poly(L-lysine)hydrobromide (PL) (Sigma), sulfosuccinimidyl

oped here, consisting of polymerase extension followed by 4.(N-maleimidomethyi)cyclohexane-1-carboxylate (SSMCC) (Pierce),
restriction enzyme cleavage (Figure 1). Each surface im- yrea (United States Biochemical), and triethanolamine hydrochloride
mobilized DNA strand has a common primer site at the 3 (TEA) (Sigma) were all used as received. Gold substrates were
terminus and a specific restriction site near its spacer region manufactured by Evaporated Metal Films (Ithaca, NY). They were

close to the surface. In the MARK operation, a primer
oligonucleotide is combined with the MARK oligonucleotides,
to form a duplex region at the 8erminus of the immobilized
strand. After the MARK operation, if there is no duplex region
formed below the primer site, the polymerase will extend the
primers to the downstream spacer region to form a double-
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surface. In contrast, for any DNA strands that were marked
(formed a duplex) in the MARK operation, the hybridized
complement will block the polymerase extension, preventing
double-stranded restriction sites from being formed near the
spacer region. Therefore, after the DESTROY operation, only
marked DNA molecules will remain on the surface. In practice,
it was found that successful development of this operation
required the use of a peptide nucleic acid (PRApligonucle-
otide analogue in the MARK operation rather than a standard
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Dpn Il restriction site acid (MUA), followed by the electrostatic adsorption of a poHysine

‘;QGS;sacers Word labe! 2 (PL) monolayer. These steps create an amine-terminated surface that
v Variable bases w can then be reacted with the heterobifunctional linker sulfosuccinimidyl

4-(N-maleimidomethyl)cyclohexane-1-carboxylate (SSMCC), creating
a thiol-reactive, maleimide-terminated surfaceTBiol-modified DNA
strands were covalently attached to this maleimide-terminated surface
by placing a 0.5:L drop of a solution containing 1 mM DNA onto the
surface and reacting for at least 12 h in a humid environment to prevent
evaporation. The DNA was in a pH 7, 100 mM triethanolamine (TEA)
buffer when used in the surface attachment reactions. The drops of

5'-HS-C,-S,,-TTTTTGATCAACGvvvvvwwGCAAGCTTvvvvvwvTTCGeatcagagtctcctac-3'
—

| '

Primer site
Spacer facilitating restriction
enzyme binding

5'-Thiol
Modifier C6

Word label 1

Figure 2. Sequence design of the surface-bound multiple-word
oligonucleotides. 5HS-C6 is -thiol-modifier C6 which reacts with DNA spread out on the surface to a diameter~d6f—3 mm. After

the maleimide-functionalized gold surfaceg; &rresponds to ten S18 exposure to the DNA solution, the surface was rinsed with water and
PEG spacers, which separate the hybridizing sequence from the solidsoaked for at ledsl h in 2xSSPE/0.2%SDS (pH 7.4, consists of 300
support; GATC is the recognition site for the restriction enzybps mM NaCl, 20 mM sodium phosphate, 2 mM EDTA, and 6.9 mM

II; TTTTT is inserted here as a spacer to enhance the efficiency of the sodium dodecyl! sulfate) at 3T. From previous measuremeftshe
restriction enzyme cleavage step. This reflects the fact that additional DNA strand surface density was estimated to be $0'2 molecules/
bases flanking restriction enzyme recognition sites are often required Cn.

when the cleavage occurs close to the end of the double-stranded DNA C. Surface Hybridization. Hybridization to the attached DNA
substrate being cleavé8AACG...GCAA and GCTT...TTCG sequences  strands was accomplished by exposure of the surface tdvasdlution

are the “word labels” used to target hybridization to a particular word, of 5'-fluorescein-labeled oligonucleotides in 2xSSPE/0.2%SDS buffer.
and the variable sequence denoted by “vvvvvvwv” is used to encode A 30 uL drop of this solution was placed onto the gold surface and
information. “catcagagtctcctac” is a primer site for the polymerase then spread over the entire surface by placing a clean coverslip on top

extension reaction. The primer sequence employed W&sFAM-
gtaggagactctgatg'.3

Table 1. Two-Word DNA Sequence Employed and Information
Encoding Schenfe

Boolean word sequence PNA complements
variable  value (5-3) (5'-3)
X 0 AACGcaacccaaGCAA TTGCttgggttg
X 1 AACG(gttgggttGCAA CaacccaacCGT
y 0 GCTTtgotttggTTCG CGAAccaaacca
y 1 GCTTaccaaaccTTCG AAggtttggtAA
strand ky] two-word DNA sequence (53')
00 AACGcaacccaaGCAAGCTTtggtttggTTCG
01 AACGcaacccaaGCAAGCTTaccaaaccTTCG
10 AACGgttgggttGCAAGCTTtggtttggTTCG
11 AACGQttgggttGCAAGCTTaccaaaccTTCG

aThe four strands [00], [01], [10], and [11] encode 2 bit$) (@f
information (variablex andy). Word labels are capitalized, and variable
sequences are in lower case.

prepared by evaporating 50 A of chromium followed by 1000 A of

gold onto glass slides. Millipore filtered water was used for all aqueous
solutions and rinsing. All peptide nucleic acid (PNA) oligomers were

synthesized by Perseptive Biosystems (Framingham, MA). All oligo-
nucleotides were synthesized by the University of Wisconsin Biotech-
nology Center (Madison, WI). Glen ResearchThiol Modifier C6

and 6-FAM were used for'8hiol-modified and 5fluorescein-modified

oligonucleotides, respectively. Glen Research spacer phosphoramidite

18 (S18) was utilized as a spacer. Surface-bound oligonucleotides hav
the structures shown in Figure 2 and Table 1. The primer oligonucle-
otide employed has its structure given in the legend to Figure 2. Table
1 gives the sequences of the 4 PNAs employed. Prior to purification,
thiol-modified oligonucleotides were deprotected as outlined by Glen
Research Corp? Before use, each oligonucleotide was purified by

reverse-phase binary gradient elution HPLC (Shimadzu SCL-6A). All

free thiol oligonucleotides are stored under an inert nitrogen atmosphere

to prevent thiol oligonucleotides from being oxidized to form disulfide
dimers. DNA concentrations were verified prior to use with an HP8453
UV —vis spectrophotometer.

B. DNA Surface Attachment Chemistry. DNA oligonucleotides
were immobilized onto gold thin films via a four-step chemical
modification described elsewheteBriefly, a gold thin film was
modified with a monolayer of the alkanethiol 11-mercaptoundecanoic

(23) Glen Research Corporation 1990 User Guide to DNA Modification
and Labeling.

(24) Jordan, C. E.; Frutos, A. G.; Thiel, A. J.; Corn, R. Ahal. Chem.
1997 69, 4939-4947

e

of the sample. Hybridization adsorption was allowed to proceed in a
humid environment in the dark at room temperature for 30 min with
DNA oligomers, @ 1 h with PNA oligomers. After hybridization, the
sample was immersed in a beaker of 2xSSPE/0.2%SDS buffer at room
temperature for 10 min. The sample was then placed face down on top
of a glass scanner tray with a droplet of 2xSSPE/0.2%SDS buffer
between the gold surface and tray and then scanned with a Fluorimager
575 (Molecular Dynamics, Sunnyvale, CA). Removal of hybridized
complementary molecules (referred to as “UNMARK”) was ac-
complished by immersing the sample in 8.3 M urea at@G7for 15

min.

D. Surface Polymerase ExtensiorPolymerase extension reactions
were performed by reacting the surface with 160 of a solution
containing 0.1 UL Deep Vent (exo) DNA polymerase, 20&M of
each dNTP, and 100g/mL BSA in 1X ThermoPol Reaction Buffer
(all from New England Biolabs) which consisted of 10 mM KCI, 10
MM (NH,),SQs, 20 mM Tris—=HCI (pH 8.8, at 25°C), 2 mM MgSQ,
and 0.1% Triton X-100. The reaction was allowed to proceed &C37
for 2 h.

E. Surface Restriction Enzyme DigestionThe surface was reacted
with 100uL of a solution containing 0.2 WL Dpnll restriction enzyme
and 100ug/mL BSA in 1X NEBufferDpn Il (pH 6.0, at 25°C) (all
from New England Biolabs) which consisted of 100 mM NacCl, 50
mM Bis Tris—HCI, 10 mM MgCk, and 1 mM DTT. The reaction was
allowed to proceed at 37C for 2 h.

F. Surface Polymerase Extension Efficiencyrollowing the surface
polymerase reaction, all extended complements were desorbed from
the surface by assembling the sample in a GeneAngituPCR System
1000 (Perkin-Elmer, Applied Biosystems, Foster City, CA) containing
100uL of deionized water and heating at 95 for 10 min. The solution
was collected, concentrated to a volume~& uL using a Microcon 3
Centrifugal Filter (Millipore, Bedford, MA), and loaded and electro-
phoresed on a 20% denaturing polyacrylamide gel con@ginill urea.
Primers were tagged with fluorescein to permit fluorescence detection
and quantification. After electrophoresis the gel was imaged using a
Molecular Dynamics Fluorimager 575, and the relative intensities of
the various bands were determined using the ImageQuaNT 4.1 software
(Molecular Dynamics, Sunnyvale, CA). Polymerase extension efficiency
was defined as the ratio of the fluorescence intensity of the extension
product to the sum of the fluorescence intensities of the extension
product and the remaining unextended primer.

I1l. Results and Discussions

The design of the surface-bound DNA oligonucleotides
employed here is shown in Figure 2. Table 1 shows the four
8mer variable sequences employed (in lower case), which were
chosen from a previously described set of 108 possible
sequencezalong with the encoding scheme utilized to represent
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Figure 3. lllustration of the DESTROY operation in two cycles. In Cycle 1, strands [00], [10], and [11] were marked by PNA complgments

1 andy = O (I). Polymerase extended the primer hybridized to strand [01] to form a double-stranded restriction site; however, strands [00], [10],
and [11] were all blocked from full polymerase extension by the bound PNAs. Strand [01] was cleaved by the restriction enzyme in Cycle 1 ().
In Cycle 2, strands [00] and [11] were marked by PNA complemertsO andy = 1 (strand [01] should also be marked, but it was destroyed in

Cycle 1) (Ill), polymerase extended the primer on strand [10] to form a restriction site near the spacer region. Strand [10] was then destroyed by
the restriction enzyme in Cycle 2 (IV). Two strands [00] and [11] remained on the surface after two cycles of MARK and DESTROY operations.
The top of panel | shows a sketch of the positions of the surface-immobilized DNA strands, their corresponding Boolean values, and the patterns
employed to represent the four different oligonucleotides in the figure.

the possible values of the SAT variablesandy using two
tandem words with different word labels. The four two-word
combinations shown, as incorporated into the overall oligo-

digestion step. Therefore, strands [01] were cleaved (destroyed)
from the surface in Cycle 1. In contrast, in the other DNA
strands (strands [00], [10], and [11]) that were marked (formed

nucleotide structure shown in Figure 2, are denoted below by a duplex) by either the complementsf= 1 ory = 0, the

“[00]”, “[04]", “[10]", and “[11]", respectively. Their spatial

hybridized PNA complements blocked the polymerase exten-

arrangement on a 4-element addressed array is shown in Figuresion, preventing double-stranded restriction sites from being
3. Solving each clause of the SAT problem requires one cycle formed near the spacer region. Therefore, they remained after

of MARK, DESTROY, and UNMARK, and thus 2 cycles were
employed to solve the 2-variable 2-SAT problex™My) A (X

v y) (Figure 3). The goal of the first computational cycle is to
destroy all DNA molecules which do not satisfy the first clause
(x v y). This is achieved by hybridizing to the surface those
PNA oligomers (see below) that are complementary to the

the DESTROY operation. The surface was then regenerated by
the UNMARK operation to return the remaining surface-bound
oligonucleotide strands [00], [10], and [11] to single-stranded
form. In Cycle 2, the complements &f= 0 andy = 1 were
combined with primer and hybridized to the surface. After this
MARK operation, polymerase extended the primers to form a

molecules which do satisfy the clause, and then destroying thedouble-stranded restriction site if the strand was not marked.
remaining (unmarked) molecules. Only one sequence does notStrand [10] was not marked in this cycle, and accordingly it

satisfy the first clause, namely that for whighs set to 0 and
yis set to 1. Thus in Cycle 1 the PNA complementscef 1
andy = 0 were combined with primer and hybridized (in the
MARK operation) to the surface. After the MARK operation,
DNA polymerase Deep Vent (expwas added to the surfaces.

was destroyed in Cycle 2. After these two cycles of DNA
computing, the DNA molecules left on the surface were strands
[00] and [11]. These strands correspond to the correct answers
to the SAT problemx Vv y) A (X Vv y). The experimental results
corresponding to the process outlined above are shown in Figure

Since there was no duplex region formed below the primer site 4.
of strand [01], the polymerase extended the primers annealed Quantification of the residual fluorescence intensity for strand

to strand [01] to the downstream spacer region to form a double-

[01] after Cycle 1 and of strand [10] after both cycles, as

stranded restriction enzyme site, which was then recognized bymeasured by the intensity of fluorescent primer subsequently

the restriction enzymeDpn Il in a subsequent restriction

hybridized to the surface, showed approximately 10% of the
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90% on the surface (data not shown). Further work will be

. l ' ' @ required to improve the efficiency of these enzymatic reactions
‘ s . : ' . . oA\ a on surfaces

During development of the surface reaction it was found that

spacer length had a strong effect upon the polymerase extension

Cycle 1 efficiency. The use of ten S18 spacer moieties rather than 5 or
. fewer provided a substantially greater efficiency (data not

]
o
[+]

shown). One possible explanation for this behavior is that the
surface morphology or chemistry interferes with the polymerase
binding and/or extension reaction, and the longer spacer serves
to reduce this interaction. It was also noted that the polymerase
extension step produces a significant increase in the surface

d e f Cydle 2 fluorescence intensity (in Figure 4, compare panels a and b (2.3-
Fluorescence intensity scale fold increase) or d and e (0.7-fold increase)). Control experi-

1 ments in solution produced a similar fluorescence increase (data

Cwe  zm 4w S0 not shown), showing that the effect is not surface-dependent.

Figure 4. Three-dimensional plot of the fluorescence intensities on a The reason for this increase in fluorescence is not known,
surface as it passes through the steps of a DNA computation. A gold although it presumably relates to the well-known environmental
surface was prepared with four spots corresponding to the four DNA dependence of fluorescence emission processes.

strands of structure shown in Figure 2 and Table 1 and arranged as In the process of developing this multiple-word DESTROY
depicted in Figure 3. Each spot is approximately 2 mm in diameter. It operation, it was found that when normal oligodeoxynucleotide

was exposed to a solution containing a mixture of fluorescein-labeled .
primer and PNA complements = 1 andy = 0 (see Table 1) and complements were employed for the MARK operation, they

washed giving the image shown in panel a. After the polymerase WEre d[splaced by the polymera.se enzymf.eldurlng the polymerase
extension step the fluorescence image shown in panel b was obtained@Xtension reaction, compromising the ability of the DESTROY
(see text for a discussion of the fluorescence intensity increase operation to act only upon specifically marked strands. This
observed). The surface was then incubated with restriction enzyme,was found to be a problem for a wide variety of different
denatured with urea to remove all the complements, and again polymerases examined, including several noted for their low
hybridized with fluorescein-labeled primer and imaged to yield the result propensity for strand displacement. It was then found that
shown in panel c. This concluded the first Cycle of the DNA computing eptide nucleic acids (PNAs) employed in place of the MARK
operations. The single-stranded surface was regenerated by denaturin NA oligonucleotides formed more stable duplexes that were
all the hybrids. In Cycle 2, a mixture of fluorescein-labeled primer . : . .

and PNA complements= 0 andy = 1 was hybridized to the surface, not d|srqpted by the polymerase extgnsmn regctlon. Accordingly,
giving the image in panel d. Polymerase extension was repeated toth€ multiple-word DESTROY operation described here employs
yield panel e, followed by restriction enzyme digestion, denaturation, PNA oligomers in the MARK operation. The use of PNA in a
and rehybridization with the fluorescent primers to yield panel f. In sticker-based model for DNA computation has been proposed
the DESTROY operatiorr; 90% of the unmarked strands were removed  previously?® The motivation for use of PNAs here arises from
as ascertained by the measurement of the remaining fluorescencethree of their characteristics: (a) normal PNAs are not extensible
intensity after the operation. A diagram depicting the progression of hy the DNA polymerase%-28 (b) PNA—DNA duplexes are

the SAT problem is provided beside each set of three panels showing more stable than DNADNA duplexes, due to the absence of
the experimental re;ults for the two cycle.s. The three-dlmen3|ongl plot inter-strand charge repulsion (unlike the charged stgar
was generated using NIH Image version 1.61 software (National

Institute of Health, Bethesda, Maryland: http://rsb.info.nih.gov/nih- phos.phate backbone O,f normal DNA, PN,AS have a neutral
image/download.html). peptide backbort&9), which makes the blocking of polymerase

extension by PNA complements more efficient than that by
fluorescence signal remained compared to the levels prior to PNA complements; and (c) PNADNA hybrids are stable in
the computing operations. The overall efficiency of the DE- & low salt environment, which is provided by most of the
STROY operation is thus approximately 90%. This inefficiency €NZYMe b_uffers. Unfortun_ately, the use of PNAS' is also
in the overall DESTROY operation can derive in principle from accomp_amed by some disadvantages, as foIIovx_/s. (@) the
inefficiencies for any of the three procedures which comprise synthe5|s of PNAS. IS Iess_genera_tl than th? Synthes's of r_10rma|
the DESTROY operation, i.., primer hybridization, polymerase qllgodeoxynucleotldes, with particular difficulties for purine-
extension, and restriction enzyme cleavage. With respect togﬁgr Seeguga(fsgchbn) fgfr%agtsszlgfir:?eern?a?zeer::%i d?afr b?frlfjté?l?r(;s
primer hybridization, as no significant increase in signal was ges, y

btained by i . . trati hvbridizati even as short oligomers; (c) the PNRNA interaction is much
obtained by Increasing primer concentration or hybridization stronger than the DNAPNA interaction, which means that care
time, it is likely that the hybridization efficiency is near unity,

. . o . must be taken to select PNA sequences that avoid PNA-PNA
i.e., all of the available surface binding sites on the surface are

fully occupied under the conditions employed. The inefficiency  (25)wang, L.; Liu, Q.; Frutos, A. G.; Gillmor, S. D.; Thiel, A. J.;
of polymerase extension may be due to incomplete removal of Strother, T. C.; Condon, A. E.; Comn, R. M.; Lagally, M. G.; Smith, L. M.

X . R . .. Biosystemd999 52, 189-191.
the base-protecting groups during oligonucleotide synthesis. (26) Roweis, S.; Winfree, E.; Burgoyne, R.: Chelyapov, N. V.; Goodman,

Residual base-protecting groups on the oligonucleotides mightm. F.; Rothemund, P. W. K.; Adleman, L. M. Comput. Biol.1998 5,
block the polymerase enzyme, causing false terminations. Both615-629.

. . . (27) Hyrup, B.; Nielsen P. BBioorgan. Med. Cheml996 4, 5—23.
in solution phase and on the surface, the efficiency of the (28) Lutz, M. J.. Benner, S. A.; Hein, S.; Breipohl, G.: Uhimann,JE.

polymerase extension step as determined from the ratio of theam. Chem. Sod997, 119 3177-3178.

extended and unextended primers (see Experimental Section) (29) Tomac, S.; Sarkar, M.; Ratilainen, T.; Wittung, P.; Nielsen, P. E.;
d to be90%. and the efficiency of thdon II ordan, B.; Graslund, A.J. Am. Chem. Sod 996 118 5544-5552.

Was n_]easure 0 0, k y p (30) PNA Sequence Guide, PerSeptive Biosystems, Framingham, MA,

digestion step was measured to>h85% in solutior?® and about 1998.
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interactions; and (d) the cost of PNA synthesis is much higher for DNA computing on surfaces. The efficiency of the DE-
than the cost of DNA synthesis. STROY operation for multiple-word DNA computing (90%)
Initially 16mer PNA sequences were employed for this study. is comparable with the previously reported efficiency of the
However, difficulties were encountered in their use (poor DESTROY operation for single-word DNA computing (94%).
blocking of the polymerase extension) which we hypothesized The utility of the approach was demonstrated on a small example
as being due to formation of the intramolecular secondary of the SAT (Satisfiability) problem. This implementation of
structures alluded to above. Accordingly, shorter 12mer PNAs multiple-word DNA computing is critical to scale-up of the
were tried, and these were found to work very well in blocking DNA computing process to larger problems, as it allows larger
the strand extension reaction and were therefore used henceforthcombinatorial sets of molecules to be generated and manipulated
Considerable thought went into the design of the primer than is possible with a single-word approach. If 108 different
sequence and the particular word sequences employed for thesavord sequences were employed for each of 6 words, the
experiments. They were chosen from a previously described corresponding search space would consist of #08.6 x 102
set of 108 sequencediffering by at least 4 bases out of 8 to  possibilities, corresponding to slightly more than 40 bit¥ (2
provide good hybridization discrimination between one another, = 1.1 x 10%9). The oligonucleotide length required to encode
and the sequence candidates were screened using the onlinthis much information would be (1& 6) + 16 + 9 = 121
DNA folding program Mfold version 3.0 (http://mfold2.wustl.edu/ nucleotides, (6 words, 1 primer site, 4 base restriction site
~mfold/dna/form1.cgi) to predict possible hairpin structures and adjacent 5 base spacer), within the range of current oligonucle-
permit elimination of those word candidates with a propensity otide synthesis capabiliti€s.The number of MARK and
to form such structures. A €+ program was written and DESTROY operations required to solve the problem grows
utilized to calculate the number of “sliding matches” between polynomially with the number of variablés;in contrast to the
the two sequences, that is, possible hybridization binding sitessearch space which grows exponentially. The multiple-word
for the primer oligonucleotides or PNAs, formed at the junction DESTROY operation described in this paper will enable the
between adjacent words or between a word and the adjacendevelopment of such surface-based DNA computational devices.
primer binding site or other sequences. Word sequences that .
led to the formation of such secondary binding sites were not Acknowledgment. The authors would like to thank Dr.
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minimize the chance of significant secondary structure formation jA0010195
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good performance in the DNA computing operations. T.; Guo, Z.; Lagally, M. G.; Liu, Q.; Smith, L. M.; Thiel, A. Proceedings
In this work two enzymatic procedures, DNA polymerase- of the 1st Annual International Conference on Computational Molecular

mediated strand extension (using the polymerase Deep Ventsi;’rll‘zgi’ég%co"’"?’gn 67-74 (Association for Computing Machinery, New

(ex07)) and restriction digestion bippni, have been employed (32) New England Biolabs Inc. 1998/99 Catalog, Beverly, MA, pp-258
in tandem to implement a multiple-word DESTROY operation 259.




