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Abstract: The enzymatic manipulation of sets of short, 16-base oligonucleotides, or DNA “words”, is
demonstrated with applications toward DNA computing on surfaces. The enzyme T4 DNA ligase is used to
ligate (join) DNA words on a chemically modified gold thin film. The efficiency of this surface ligation
reaction is 80%, as determined by removal of the ligated molecules from the surface followed by gel
electrophoresis. This surface ligation reaction is used in two new operations for DNA computing on surfaces.
In a “Surface Word Append” operation, the complexity and information density of DNA word strands attached
to gold surfaces are increased by appending additional words onto these word strands. The ligation reaction
is also utilized as part of a “Two-Word Mark and Destroy” operation in which singly marked two-word DNA
strands are selectively removed from the surface in the presence of doubly marked two-word strands. These
new operations are essential for manipulation of the large combinatorial sets of linked DNA word strands
required for DNA computing.

I. Introduction DNA computing on surfaces which utilizes 16-base oligonucle-
The field of DNA computing was initiated in 1994 by ot?de_s, or DNA_“W_ords", attached to chemic_ally modified gold

Adlemant who proposed that the tools of molecular biology thin films. By linking these words together into word sf[rand§,

could be used to solve instances of difficult mathematical the longer DNA molecules required to make large combinatorial

problems known as NP-complete probletngVe have adapted ~ Sets of oligonucleotides can be created.

these ideas to combinatorial mixtures of DNA molecult_as To solve computational problems with single word strands,

attached to surfaces and have proposed to perform logicaly get of “operations” was developed previously to manipulate

manipulations of large sets of data by the hybridization and yhege syrface-bound DNA words. These operations are the

enzymatic manipulation of the attached ohgonycleotﬁj‘égn following: “Mark”, in which subsets of the DNA word strands

a recent papet,we demonstrated a word design strategy for are tagged by the hybridization of complementary words;

(1) Adleman, L. M.Sciencel994 266 1021-1024. » _ “Destroy”, in which DNA words that are not tagged are removed
(2) Garey, M. R.; Johnson, D. Somputers and Intractability: A Guide

to the Theory of NP-CompletenesdV. H. Freeman and Company: New from the surface; and “Unmark”, in which tagggd molecules
York, 1979. are untagged. To solve more complex computational problems
(3) Frutos, A. G.; Liu, Q.; Thiel, A. J.; Sanner, A. M. W.; Condon, A.
E.; Smith, L. M.; Corn, R. MNucleic Acids Resl997, 25, 4748-4757.
(4) Smith, L. M.; Corn, R. M.; Condon, A. E.; Lagally, M. G.; Frutos, (6) Cai, W.; Condon, A.; Corn, R. M.; Glaser, E.; Fei, Z.; Frutos, T.;
A. G.; Liu, Q.; Thiel, A. J.J. Comput. Biol1998 5, 255-267. Guo, Z.; Lagally, M. G.; Liu, Q.; Smith, L. M.; Thiel, AProceedings of
(5) Liu, Q.; Frutos, A. G.; Thiel, A. J.; Corn, R. M.; Smith, L. M. the First Annual Conference on Computational Molecular Biology (Re-
Comput. Biol.1998 5, 269-278. comb97) ACM, 1997; pp 6774.
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DNA Word Strategy {Wy, Wa,.. W} = Word Set S

5 FFFFvvvvvwwFFFF 3' {C1, Cpy...Cp} = Complement Set S¢

F = Fixed word label bases
v = Variable data-encoding bases
Perfect 24 Base

Word Set Match Mismatch (4bm)
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Sa Figure 2. Explanation of 4bm complements. To facilitate discrimina-
tion by hybridization, DNA words are designed to differ from each
other in at least 4 base locations. Each membgio¥the word set S
will form a DNA duplex with the corresponding perfectly comple-
) mentary word G. This pair of molecules is referred to as the “perfect
256 16mers = 28 words = 8 bit word set match”. All other pairs of words will contain mismatched base pairs.
. A DNA duplex that contains mismatched base pairs is denoted as an
SaxSpx Sox Sq —* 32 bits = 4.3 x 109 64mers “n-base ngismatch" rbm), and a set of molgcules in which all
Figure 1. DNA word strategy. DNA words are 16 base oligonucle- mismatches are greater than or equat is denoted as a set ofibm
otides (16mers) that contain 8 fixed word label bases and 8 variable complements.” The DNA words used in this paper are part of the set
bases which code the data contained in each word. The word labelof 108 4bm complements identified previou8ly.
sequence is the same (“Fixed”) for every 16mer in a word set; additional
word sets are generated by varying the word label sequence. By linking  4pm Complement Sets. Though in a given set there is a
different word sets together to form DNA word strands, large maximum of 65 536 @ different possible 16mers, the usable
combinatorial mixtures can be created. For example, a set of 256 distinct R . : o
set size is much smaller. To be uniquely identified, each word

16mers contains®2vords and is defined as an 8 bit word set. Linking be disti ishable f Il oth d h
four words together from four different 8 bit word sets would produce " @ S€t must be distinguishable from all other words on the

a combinatorial set of 4.% 1C° unique 64mers. surface by the hybridization (“marking”) of complementary
16mer words. Because our previous results indicated that it

was difficult to completely discriminate by hybridization two
16mers that differ by only one ba%e, more robust strategy in
which the 16mers all differ in at least 4 base locations was
devised. This design strategy is depicted in Figure 2. Each
member W of the word set S will form a DNA duplex with
the corresponding complementary worg i@ which all of the
bases are hydrogen bonded to the correct complementary base.
This pair of molecules WC, is referred to as the “perfect
match”. All other pairs of words WCnym=n Will contain
mismatched base pairs. A DNA duplex that contaims

Il. Background mismatched base pairs is denoted as afbdse mismatch”

] ) (nbm), and a set of molecules in which all mismatches are
To understand how these new operations can be applied togreater than or equal to is denoted as a set ofnbm

the manipulation of DNA words on surfaces, the following complements”. Thus, the word set depicted in Figure 2 is a
sections explain some important terminology and concepts in 4, complement set becausg s at leasa 4 base mismatch
DNA computing. More detailed information can be found in \ith every Wan-m A set of 108 variable base sequences that
refs 3-6. _ are 4bm complements and sets of 4 and 12 word labels that are
Word Design. DNA words have been definéas 16-base  gnm and 6bm complements, respectively, have been identified.
ohgpnucleondes (16mers) that have the following sequence This apm complement strategy was chosen because 4 mis-
design: matches are the minimum number needed to achieve satisfactory
5'- FFFFvwwIFFFF -3 (1) discrimination by hybridizatiof.
where the 8 bases labeled “F” are denoted as the “word label” DNA Word _Operat|ons. Su_rface-bound DNA word strands
and are the same (“Fixed”) for every 16mer in a word set, and can b_e manlpu_late_d by using t_he tools of the moleculgr
the 8 bases labeled “v” are the “variable bases” that cod,e theb'OIOQ'St: _hybnd_|zat|o_n, d(_anaturat_lon, and a host of enzymatic
data contained in each of the words. By linking different word reactions including digestion of single-stranded DNA. 'These

sets together into word strands, the longer DNA molecules tools_ ha"? been developed in_to a set of “operatic_)ns" for the
required to make large combinatorial sets of oligonucleotides Manipulation of word strands in solving computational prob-
can be created (see Figure 1). For example, a set of 256 distinc{emsz

16mers contains®words and is defined as an 8 bit word set. () Mark: The “hybridization adsorption” of DNA word
Each member of the word set possesses the same word labefomplements to surface-bound DNA word strands. In this
sequence, and by varying this word label sequence other 8 bitoperation, the surface is exposed to a combinatorial mixture of
sets can be created. Linking four words together from four DNA words; those strands that find a complement on the surface

different 8 bit sets would produce a combinatorial set of4.3 ~ Will bind to form a duplex. Thus, “marked” strands will be
10° unique 64mers. The set size of 256 was chosen for double-stranded and “unmarked” strands will be single-stranded.

illustrative purposes and is smaller than the maximum number (i) Destroy: The enzymatic digestion of all single-stranded
of 65 536. (“unmarked”) word strands in the presence of double-stranded

with linked sets of DNA words, additional operations will be
necessary. In this paper we describe two new word operations
that utilize the enzyme T4 DNA ligase to create and manipulate
linked word strands: (i) a “Surface Word Append” operation
to selectively append additional DNA words onto surface-bound
word strands, and (i) a “Two-Word Mark and Destroy”
operation to selectively join two adjacently hybridized word
complements to form a two-word complement. These opera-
tions will be incorporated into DNA computing strategies that
utilize combinatorial mixtures of linked DNA words.
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1. Design and Synthesis This combinatorial set of 8 words is synthesized and im-
[ mobilized on a surface. For each clause in the problem a series

% W ! q % ‘ of Mark, Destroy, and Unmark operations is performed which

¥ X x X X X removes from the surface all strands which do not satisfy the

clause under consideration. Specifically, for the first clause in
eq 2, all strands in whick is set to true oz is set to true are
[ Marked. Thus, the six strands which satisfy the clause are
double-stranded, while the two other strands (FTF, FFF) which
do not satisfy the clause remain single-stranded. The Destroy
operation is then used to remove from the surface those words
which are unmarked (single-stranded). Following an Unmark
operation that regenerates the surface, the process is repeated
for the next clause. At the end of the two cycles, only those
sequences which simultaneously satisfy both clauses remain on
the surface. The sequence(s) of these surface-bound DNA
words is then ascertained in a Readout operation by either
conventional electrophoresis-based DNA sequencing or hybrid-
ization to DNA arrays. In general, for problems containig
clauses, the cycle Mark, Destroy, Unmark is repe&idiines.
5. Unmark The previously established set of single DNA words will be
able to encode enough information for a 6-variable SAT
problem. To solve more complex computational problems,
] linked DNA word sets and additional DNA word operations

2. Immobilization

3. Mark

4. Destroy I I I

sojoho N

6. Readout will be necessary. This paper demonstrates how surface
enzymatic ligation reactions can be used to create these new
I I I —  ACGTA... operations.

Figure 3. Overview of DNA computing on surfaces. A combinatorial . . .
set of DNA molecules representing all possible solutions to a given lll. Experimental Considerations
problem is synthesized and immobilized on a surface via a reactive A, Materials. The chemicals 11-mercaptoundecanoic acid (MUA)
functional group X. Subsets of the surface-bound combinatorial mixture (Aldrich), poly(.-lysine) hydrobromide (PL) (Sigma), sulfosuccinimidyl
are tagged by the hybridization of complementary molecules in a 4-(N-maleimidomethyl)cyclohexane-1-carboxylate (SSMCC) (Pierce),
“Mark” operation. Thus, “marked” words are double-stranded and yrea (Bio-Rad Laboratories), and triethanolamine hydrochloride (TEA)
“‘unmarked” words are single-stranded. After the Mark operation, a (sigma) were all used as received. Gold substrates were prepared by
Destroy operation removes from the surface all unmarked words. The yapor deposition onto microscope slide covers (Fisher No. % 18
surface is then regenerated by removing all adsorbed molecules in anmm) that had been silanized with (3-mercaptopropyl)trimethoxysilane
Unmark operation. Through repeated cycles of the operations Mark, (Aldrich) in a manner similar to that reported by Goss €t alillipore
Destroy, and Unmark all strands which do not satisfy the problem are fijjtered water was used for all aqueous solutions and rinsing. All
removed from the surface. At the end of N cycles, only those strands gligonucleotides were synthesized on an ABI DNA synthesizer at the
which are solutions to the problem remain. The sequence(s) of theseyniversity of Wisconsin Biotechnology Center. Glen Research 5
surface-bound DNA words is then determined in a Readout operation Thijgl-Modifier C6, Chemical Phosphorylation Reagent, and ABI
by either conventional electrophoresis-based DNA sequencing or 6-FAM were used for Sthiol-modified, 3-phosphorylated, and'5
hybridization to DNA arrays. fluorescein-modified oligonucleotides, respectively. Prior to purifica-
tion, thiol-modified oligonucleotides were deprotected as outlined by
(*marked”) word strands by exposure to a solution containing Glen Research Cofp.Before use, each oligonucleotide was purified
the enzymek. coli Exonuclease I. by reverse-phase binary gradient elution HPLC (Shimadzu SCL-6A).
(iii) Unmark: The removal from the surface of all adsorbed All thiol oligonucleotides were used immediately after purification.

word complements by exposure to a solution of 8.3 M urea at Because thiol oligonucleotides slowly oxidize to form disulfide dimers,
37°C. care must be taken to store free thiol oligonucleotides under an inert

When performed in repeated cycles, these operations can b tmosphere. DNA concentrations were verifie_d prior to use with an
used to Cpompute as degicted inyFigure 3 P P8452A U\~vis spectrophotometer. Thé-thiol DNA solutions

. . i . . used in the surface attachment reactions had a DNA concentration of
Computing with DNA: A Single Word SAT Calculation. 1 mM in a pH 7, 100 mM triethanolamine (TEA) buffer. DNA

To illustrate how these operatior_ls can be used to m?”ipmatehybridization and rinsing employed a pH 7.4 “2xSSPE/0.2% SDS”
DNA words and solve computational problems, consider the puffer that consisted of 300 mM NaCl, 20 mM sodium phosphate, 2
famous Satisfiability problem (SA¥) A simple example of a mM EDTA, and 6.9 mM sodium dodecyl sulfate. Removal of
SAT problem is: hybridized complementary molecules (referred to as “Unmark”) was

accomplished by immersing the sample in 8.3 M urea at@Tor 15

(x or 2) and (noty) () min.
B. DNA Surface Attachment Chemistry. DNA oligonucleotides
This example consists of two clauses separated by the Boolear¥vere_immobilized onto gold thin films via a four-step chemical
operator “and” over the three variablesy, andz. The SAT modification described elsewheteBriefly, a gold thin film was
problem is to determine if there is an as:signment of true/false modified with a monolayer of the alkanethiol 11-mercaptoundecanoic
values to the variables that satisfy all the clauses simultaneously. (7) Goss, C. A.; Charych, D. H.; Majda, Minal. Chem1991, 63, 85—
To determine this, every possible truth assignment (e.g., TTT, 88.
TFF, etc.) of the variables is represented as a unique DNA word (8) Glen Research Corporation 1990 User Guide to DNA Modification
" ’ . . "and Labeling.

In this example each of the three varla.bles can be el.ther. true oran(g) 30%'2,?’ C. E.: Frutos, A. G.: Thiel, A. J.: Corn, R. Mhal. Chem.
false and hence there aré=2 8 truth assignment combinations. 1997 69, 4939-4947.
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acid, followed by the electrostatic adsorption of a pollysine (PL) Table 1. DNA Words® Used in the Ligation Reactions

monolayer® As shown previously! these steps create an amine- “orq 5. 3 5 Modification
terminated surface that can then be reacted with the heterobifunctional

linker sulfosuccinimidyl 4-{-maleimidomethyl)cyclohexane-1-car- Wa AACGatgcaggaGCAA Thiol®
boxylate (SSMCC), creating a thiol-reactive, maleimide-terminated W

surface. 5Thiol-modified DNA word strands were covalently attached e GCTTaaccaccaTTCG Phosphate
to thi_s maleimid_e-terminated surface by placing a,!DLSdrop_ of a G CGAALGgtggt tAAGE Fluorescein
solution containing 1 mM DNA onto the surface and reacting for at

least 12 h in a humid environment to prevent evaporation. The drops CGAAtggtggttAAGCTTGCEcctgecatCGTT Fluorescein

of DNA spread out on the surface to a diameter~& mm. After

exposure to the DNA solution, the surface was rinsed with water and W1ab AACGatgcaggaGCAAGCTTatcgagetTTCG Thiol®
soaked for at ledad h in 2xSSPE/0.2% SDS at 3€. From previous
measurementshe DNA word strand surface density was estimated to ~ Weab AACGatcgagctGCAAGCTTatgcaggaTTCG Thiol®
be 5 x 10 molecules/crh

C. Surface Fluorescence MeasurementsSurface fluorescence Cra TTGCEccegcatCeTT Phosphate
measurements of hybridization adsorption were performed on a ¢, CGAAagetogatAAGE Fluorescein

Molecular Dynamics Fluorimager 575. Hybridization to the attached
DNA word strands was accomplished by exposure of the surface to a = CGAAtcctgcatAAGC Fluorescein

2 uM solution of B-fluorescein-labeled oligonucleotides in 2xSSPE/ ay . :

. . ercase letters are word label bases; lowercase letters comprise
0.2% SDS. A 2QuL drop of this solution was placed onto the gold 4,0 vgrri)able base regionsModified with 5 HS-(CH)e-(T)ss. P
surface and then spread over the entire surface by placing a clean

coverslip on top of the sample. Hybridization adsorption was allowed
to proceed for 30 min, after which the sample was immersed in a beaker

of 2xSSPE/0.2% SDS buffer for 10 min. The sample was then placed C1ib
face down on top of a glass scanner tray with a droplet of 2xSSPE/ Wiab Ligate Wiab JRC1ab
0.2% SDS buffer between the gold surface and tray and then scanned | Cia
with the Fluorimager.
D. Surface Ligation Experiments. Enzymatic ligation reactions

were performed by reacting the surface with 100 of a solution A B.
containing 3.4 UfL T4 DNA Ligase (New England Biolabs) in 1X

T4 DNA Ligase Buffer (New England Biolabs) which consisted of 50
mM Tris—HCI (pH 7.8), 10 mM MgC4, 10 mM DTT, 1 mM ATP,

and 50ug/mL BSA. The reaction was allowed to proceed &h at
room temperature. The enzymatic digestion of single-stranded oligo-
nucleotides in the presence of double-stranded DNA molecules on the
gold surface was accomplished by reacting the surface witk-200

uL of a solution containing 0.2 WL of the single-strand-specific
enzymeE. coli Exonuclease | (Amersham) as outlined previoudsly.
Enzymatic digestion was allowed to proceed3d atroom temperature
after which the surface was rinsed with water.

E. Melting Temperature Measurements. DNA melting curves dentified previously?) Next, the word complements;Cand
were obtained by monitoring the absorbance of DNA solutions at 260 Cyp were hybridized to adjacent positions ony/as shown in

nm as a function of temperature with an HP8452A this spectro- Fi : “ » : :

) ) ) igure 4A, using a “Mark C,5 C. operation. The notation
photometer equipped with an HP89090A Peltier temperature control “I\/?ark (xy.2" genotes Ifaxla(;sulrti ofpa surface to a solution
accessory. Melting temperatures were measured in 2xSSPE/0.2% SDS XY h | | P Th d |
buffer solutions containing 2M oligonucleotide. A ramp rate of 1 containing the moleculesy,z. These one-word complements

°C/min with a hold time of 1 min was used over the range 25 t6@5  (Cia Cip) Were then ligated together on the surface to form the
to record the DNA melting curve. The Tm was determined as the two-word complement Gypby exposure to a solution containing
temperature at which the first derivative of the raw UV absorbance the enzyme T4 DNA ligase (see Figure 4B). All molecules
curve was a maximum. Tm data are estimated to be accurate within hybridized to Wa,were then removed and collected as described
+1.5°C. in Section IlI-F, and analyzed with polyacrylamide gel elec-
F. Surface Ligation Efficiency. Following surface ligation, all trophoresis. Two bands were present in the gel, which comi-
adsorbed complements were desorbed from the surface by assemblinggrated with known 16- and 32mers and corresponded to
the ts"’_‘mp'ei%gnl_'” fSit“ tReagednthCo?tainTe;;CS¥ste£rg)(Pgrk@n-EImer)un"gated and ligated molecules, respectively. Based on the
containing JuL. OT water an ealing a or min In a H g H : T :
GeneAmp In Situ PCR System 1000 (Perkin-Elmer). The solution was lrja?tinod J?iﬁgsglzemséfb;lﬂaﬁ]et elfl}gs?tt)l/otr; ?k]:]lc'sirﬁyogdtﬁgniﬁ?er?:itfgs
collected, concentrated to a volume o5 uL and run on a 20% .
polyacrylamide gel containg7 M urea. of _th_e 32mer_ an_d 16mer bands) of 80% was obt_alneq. The
efficiency of ligating these same molecules in solution with T4
IV. Results and Discussion DNA Iigas_e was measured to b_e 9_2%. 'I_'h_is surface ligation
efficiency is comparable to the ligation efficiency reported by
Before developing these two new word operations, the ability Zhang and Seemé&hfor oligonucleotides attached to Teflon-
to ligate (i.e., join) two DNA words on a surface was based supports. Surface ligation reactions have also been
demonstrated. First, a modified gold surface was prepared ontoreported on oligonucleotides bound to magnetic béads,
which the two-word strand W, was covalently attached. (The
DNA molecules used in all the experiments in this paper are 5

listed in Table 1 and are part of the set of 108 4bm complements  (13) Stahl, S.; Hansson, M.; Ahlborg, N.; Nguyen, T. N.; Lilieqist, S.;
Lundeberg, J.; Uhlen, MBioTechniqued993 14, 424-434.
(10) Jordan, C. E.; Frey, B. L.; Kornguth, S.; Corn, R. Mangmuir (14) Hultman, T.; Uhlen, MJ. Biotechnol.1994 35, 229-238.
1994 10, 3642-3648. (15) Dombrowski, K. E.; Wright, S. ENucleic Acids Resl1992 20,
(11) Frey, B. L.; Corn, R. MAnal. Chem1996 68, 3187-3193. 6743-6744.

Figure 4. Surface ligation reaction. A modified gold surface was
prepared onto which the two-word strand Mvas covalently attached.
The word complements ¢ and Gy were hybridized in adjacent
positions on Wapas shown in (A) by exposing the surface to a solution
containing G, and Gy These one-word complements were ligated
together on the surface to form the two-word complement Clab as
shown in (B) by exposing the surface to a solution containing the
enzyme T4 DNA ligase. A surface ligation efficiency of 80% was
determined by removal of all molecules hybridized to W1ab followed
by gel electrophoresis.

(12) Zhang, Y.; Seeman, N. Q. Am. Chem. Sod992 114, 2656—
63
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Ch y
i1l Cap Wab Wab C1ab
W,
Wa H a H IC1a |C1a
I:I IE D Wiap  Woab Wiab  Waap  Wiab
A B. C. D. Ee
sis| |= s
Surface Word Append: .
Wiab Woab Wiab Woab Wiab
A. Mark {Cp}.
A. B. C.
B. Mark {Cgp, Wp}.
C. Ligate; Unmark. Two-Word Mark and Destroy:
D. Mark {Cp)}. A. Mark {Cqa, C1b, Cob}-
Figure 5. Demonstration of the Surface Word Append operation. The B. Ligate; Melt Single Words.

word W, was appended to the one-word strand Wthe following
manner. W was covalently attached to a chemically modified gold
surface. A Mark{ C.,, Wy} operation was performed by exposing the Figure 6. Demonstration of the Two-Word Mark and Destroy
surface to a solution containing the moleculgsa®d W, which resulted operation. A modified gold surface containing the two-word strands
in the image shown in (B). Word Wwvas ligated to W by exposing Waianand Whap attached in distinct regions on the surface was prepared
the surface to a solution of the enzyme T4 DNA ligase, thus creating and exposed to a solution containing the one-word complements C
the two-word strand \ Capwas then removed in an Unmark operation  Cib, and Gy. Following this Mark{ Cia, Cib, Can} Operation the surface
by exposing the surface to a solution of 8.3M urea. The sample was was scanned to give the image shown in (A). A ligation step was then
then scanned to give the image shown in (C). Successful ligation was performed by exposing the surface to a solution of the enzyme T4 DNA
confirmed by a MarK Cp} operation performed both before and after  ligase, which resulted in the joining of the one-word complemengs C
ligation. Prior to the ligation of Wto W,, no fluorescence was observed — and Gy to form the two-word complement,&, This was followed by
after this Mark operation as shown in (A). In contrast, significant a “Melt Single Words” step in which all single (i.e. unligated) words
fluorescence was observed after ligation as shown in (D). were melted off the surface by soaking the sample in a buffer solution
for 10 min at 62°C, giving the image shown in (B). The surface was

dextran matrixe$¢ and Sephacryl particlésand immobilized then exposed to the single-strand-specific enzyme Exonuclease | to
in gelsi® remove word strand W, from the surface in a Destroy operation. All

After demonstrating the ability to perform surface ligation adsorbed molecules were subsequently removed in an Unmark operation
reactions with DNA words, this surface ligation reaction was 2"d then a Marf Cia Cur, Coe} operation using the same solution as
then used to create a new operation for DNA computing that in (A) was performed to give the 'mag.e.Sh(.’W“ in (C). Analys!s_of the
appends additional DNA words onto a surface. This new residual fluoregcgncg du_e to the‘hybndlzatlon of © any remaining

PP S WaapShows a diminution in intensity 6£94% compared to the original
operation is denoted as a “Surface Word Append”, and was signal in (A).
demonstrated by ligating the word b the one-word strand
WS to create the two-word strand Mas outlined in Figure 5. gfficiently by the gold surface for the shorter 16mer duplex than
Specifically, a Mark{Ca,, Wy} operation with the two-word  or the longer 32mer duplex. The increased rigidity of the
complement G, and the single word Wwas used to form the  onger 32mer duplex structure presumably causes the fluoro-
duplex shown in Figure 5B. Wand W, were then ligated  phore present at the end of the duplex to be located farther away
together to create the two-word stranchgV Cap Was subse-  from the surface compared to the 16mer duplex. In general,
quently removed with an Unmark operation and the sample waspe efficiency of the surface word append operation is limited
scanned to give the image shown in Figure 5C. To confirm by (i) the ligation efficiency of W and W and (i) the
t_hat the ligation was sucgessful and _to_ dgmonstrate that thehybridization efficiency of W and Gu In another control
ligated word was accessible to hybridization, a MqRo} experiment (data not shown) performed on a surface containing
operation was performed both prior to and after ligation. Before 14 different DNA word strands, it was shown that the Surface
the ligation of W, to W, no fluorescence was observed, as seen \yord Append operation could be used to selectively append
in Figure SA. However, as shown in Figure SD, significant \yords onto one word strand in the presence of another. This
fluorescence was observed after ligation, indicating thaas surface word selectivity reflects the high degree of hybridization

appended to W Note that more fluorescence was observed in giscrimination afforded by the 4bm complement word design
Figure 5B than in Figure 5D. This difference is attributed in - girateqy.

part to a difference in the surface fluorescence intensity of an |, 3 final set of surface reactions. the surface ligation

adsorbed 32mer duplex vs an adsorbed 16mer duplex. Thisgperation was used to selectively remove from a surface two-
point was verified in a separate experiment (data not shown) in yorq strands that were singly marked in the presence of two-
which it was observed that the fluorescence intensity ©"C \yord strands that were doubly marked. This “Two-Word Mark

Figure 5D increased when the unlabeled 16mer vias and Destroy” operation is accomplished as outlined in Figure 6
simultaneously hybridized to W One possible explanation g js comprised of a sequence of surface ligation, differential
for this behavior is that the fluorescence is quenched more melting, and exonuclease digestion steps. This new operation

C. Destroy; Unmark; Mark {C15, C1ip, Cop}-

(16) Nilsson, P.; Persson, B.; Uhlen, M.; NygrenARal. Biochem1995 will be important for marking and readout strategies of linked
224, 400-408. _ ' DNA word sets. To demonstrate this operation, a surface
(17) Hostomsky, Z.; Smrt, J.; Arnold, L.; Tocik, Z.; Paces,NUcleic  containing both singly and doubly marked words was prepared

Acids Res1987, 15, 4849-4856. : L
(18) Dubiley, S.; Kirillov, E.; Lysov, Y.; Mirzabekov, ANucleic Acids by a Mark{Cia Cin, Cop} operation on a surface containing

Res.1997, 25, 2259-2265. two different two-word strands, Wyand W (see Figure 6A).
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Ciaand Gy were then ligated together by exposure of the surface used in the manipulation of linked DNA words on surfaces. In
to a solution of T4 DNA ligase to create the two-word a Surface Word Append operation, enzymatic ligation was used
complement Gap  The one-word complementaCwas then  to append additional DNA words onto surface-bound word
removed from the surface in a “differential melting” or "Melt  strands. This append operation can be extended to create
Single Words” step in which the surface was placed in 482 ., mpinatorial mixtures of DNA molecules attached to surfaces.
buffer solution for 10 min. The longer, more stable two-word 1, A ligase was also used as part of a Two-Word Mark

complement G,was retained on the surface. Solution melting S - .
temperatures of the duplexes WCs, and WiafCran Were and Destroyloperauon in which singly markeq two-word strands
were selectively removed from a surface in the presence of

measured to be 63 and 8Z, respectively. A schematic A ;
representation of the surface after these ligation and differential doubly marked strands. The selectivity demonstrated in these
me|ting Steps is shown in Figure 6B. Notice thaﬁaWS now experiments is a direct result of the word deSigﬂ Strategy
single-stranded (“unmarked”) while 4 is double-stranded employed, which facilitates discrimination by hybridization
(“marked”). Wha, was then removed from the surface by a through the use of 4bm complement word sets. These surface
Destroy operation by using the single-strand-specific enzyme ligation reactions may also be used in conjunction with PCR
E. coli Exonuclease 1. This was followed by an Unmark  amplification for multi-word “Readout” operations as proposed
operation to remove fg from the surface. elsewheré. Experiments are in progress to increase the surface
To determine the efficiency of the Two-Word Mark and igation efficiency above 80%, and future experiments will
Destroy operation, a Mar{Cia Cin Coo} operation was demonstrate the use of other enzymes such as DNA polymerases

ﬁsgr?ergigcglti%atgg gﬁgqun Siﬁlulgi(;r:ﬂ:sgg (Q%;E/s?slvgf tthhee and restriction endonucleases for use in additional DNA
X computing operations.

residual fluorescence due to the hybridization of @ any
remaining Wa, showed a diminution in intensity 0f~94%
compared to the original signal in Figure 6A. This numberis  Acknowledgment. The authors gratefully acknowledge the
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This paper has shown that the enzyme T4 DNA ligase retains ' '

its activity on a polye-lysine modified gold film and can be  JA982030W



