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ABSTRACT

An algorithm is presented for the generation of sets of
non-interacting DNA sequences, employing existing
thermodynamic models for the prediction of duplex
stabilities and secondary structures. A DNA ‘word’
structure is employed in which individual DNA
‘words’ of a given length (e.g. 12mer and 16mer)
may be concatenated into longer sequences (e.g.
four tandem words and six tandem words). This
approach, where multiple word variants are used at
each tandem word position, allows very large sets of
non-interacting DNA strands to be assembled from
combinations of the individual words. Word sets
were generated and their figures of merit are com-
pared to sets as described previously in the literature
(e.g. 4, 8, 12, 15 and 16mer). The predicted hybridiza-
tion behavior was experimentally verified on selected
members of the sets using standard UV hyper-
chromism measurements of duplex melting temper-
atures (Tms). Additional experimental validation was
obtained by using the sequences in formulating and
solving a small example of a DNA computing problem.

INTRODUCTION

In the half-century that has elapsed since the discovery of the
DNA double helix (1), the basic understanding provided by the
crystal structure has served as the foundation for the devel-
opment of an increasingly detailed and powerful set of rules
describing its formation, stability and properties. The first set
of empirical models developed in the early ‘60 s, which para-
meterized duplex stabilities as a general function of GC con-
tent and salt concentration (2,3), were followed by detailed
thermodynamic models based on the measurements of nearest

neighbor effects (4–8). These widely-used models provide
reliable predictions of the stability of DNA and RNA duplexes,
and served in turn as the foundation for the development of
excellent thermodynamic models for the prediction of RNA
and DNA secondary structures (9–14). These models make
possible the deterministic design of nucleic acid molecules
with desired secondary and tertiary structure (15,16). There
is no other class of chemical compounds for which any pre-
dictive model of comparable power exists. This fact, coupled
with the widespread ability to chemically or biologically
synthesize DNA or RNA molecules of any desired sequence
virtually at will, has made nucleic acids the material of choice
for ‘designer chemistry’, and nucleic acids have thus become
the de facto standard for a myriad of emerging problems in
molecular design (17–19).

One general problem that has emerged in this area is the
design of ‘structure-free’ sets of DNA molecules (20–22).
A brief historical perspective on the topic is provided in the
accompanying manuscript (23). There are many situations
in which one wishes to have access to a large family of
‘independent’ DNA molecules: i.e. sets of single-stranded
DNA molecules which can be targeted independently in
DNA hybridization reactions with their complements, in
such a manner that there is a strong discrimination between
hybridization and different members of the set. The molecules
are single-stranded so that their sequences are available for
binding to their complements; by the same logic, they need to
be devoid of intramolecular secondary structures that would
render their sequences unavailable for hybridization. Areas
in which such families of molecules are important include
the design and construction of nanostructures (24–26), nano-
devices (18,27–29), DNA directed organic synthesis (30),
addressed targeting of particular components of complex
arrays (27,28,31,32) and DNA computing approaches (33–38).

Although in principle the power of the predictive models
for DNA design should make such work straightforward,
a significant issue does arise in the case where a large number
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of non-interacting molecules are needed. The size of the set
of all possible DNA sequences of a given length grows expo-
nentially with length. The sets of interactions between the
elements of the set also grow exponentially. This daunting
complexity is nonetheless small compared to the combina-
torial explosion that occurs when modelling the secondary
structure of these molecules rather than simply assessing
their pairwise interactions (13,39). Overall, the problem of
designing sets of non-interacting DNA or RNA molecules
is extremely challenging from a computational standpoint.
Problems of this type arise frequently in computer science,
and the study and design of algorithms to address them is an
active area of research.

In the present work an algorithm is presented for the gen-
eration of sets of non-interacting DNA sequences, employing
existing thermodynamic models for the prediction of duplex
stabilities and secondary structures (see Figure 1). A DNA
‘word’ structure is employed in which individual DNA
‘words’ of a given length (e.g. 12mer and 16mer) may be
concatenated into longer sequences (e.g. four tandem words
and six tandem words). While long strands may be formed by
concatenation of individual words, complements cannot be
simultaneously concatenated to one another. This approach,
where multiple word variants are used at each tandem word

position, allows very large sets of non-interacting DNA
strands to be assembled from combinations of the individual
words. There is a fundamental trade-off between the size of the
non-interacting word sets that can be obtained, and the degree
of hybridization discrimination between members of the sets.
Example word sets were generated (Table 1 and Supplement-
ary Material 1), with the general properties of two example
sets (12mer and 16mer) summarized in Table 2. Words sets
created with this algorithm compare favorably to previously
published word sets (Table 3) (22,36,40,41). The predicted
hybridization behavior was experimentally verified on
selected members of one of the new sets using standard UV
hyperchromism measurements of duplex melting temperatures
(Tms). Additional experimental validation was obtained by
using the sequences in formulating and solving a small
example of a DNA computing problem.

MATERIALS AND METHODS

Reagents

Oligonucleotides for the melting temperature studies were
purchased from Integrated DNA Technologies. They were
obtained in PAGE purified form and used as received. The
buffer for the melting temperature studies was a solution of
1.0 M NaCl (Aldrich, Milwaukee, WI), 10 mM sodium caco-
dylate (pH 7.0) (Hampton Research, Aliso Viejo, CA) and
0.5 mM EDTA (Sigma, Milwaukee, WI). Oligonucleotides
were mixed with buffer to a concentration of 1 mM. All other
oligonucleotides were synthesized at the DNA Synthesis
Laboratory, UW Madison Biotechnology Center. Single-
stranded 84mer target sequences (Table 4) and PCR primers
were obtained in column-purified form and thiol modified
probe oligomers (Table 2) were purified immediately pre-
ceding use. Concentrations were calculated from the
UV-absorbance at 260 nm. DTT was obtained from (Aldrich,
Milwaukee, WI) and triethanolamine (TEA) was obtained
from (Sigma, Milwaukee, WI).

Melting temperature studies

The experimental parameters were based on the work of
Allawi and SantaLucia Jr (8). Melting points were determined
by identification of the 50% melting point in plots of
UV-absorbance at 260 nm versus temperature. The instrument
employed for the absorbance measurements was an HP 845
UV-Visible absorption spectrophotometer, equipped with
a temperature programmable thermostatted cuvette holder.
Before measuring the melting temperature, the oligonucleo-
tide solutions were elevated to a temperature of 85�C for 5 min.
Annealing was performed by slowly dropping the temperature
from 85�C to 0�C at a rate of 3�C per min. The temperature
was maintained at 0�C until the onset of the melting meas-
urement. Each step consisted of raising the temperature by
0.8�C and then holding at that temperature for 1 min prior
to measuring the absorbance at 260 nm. The measurement
range was from 15�C to 75�C. Liquid wax (Chill-Out 14, MJ
Research, Boston, MA) was added to the surface of the DNA
solution to prevent evaporation that would have otherwise
occurred during the long heating cycles of the melting tem-
perature studies.

Figure 1. The algorithm used for the generation of a set of 65 536 non-
interacting DNA sequences using a 4 · 16 structure (four tandem words, with
16 variants at each position). The algorithm employs existing thermodynamic
models for the prediction of duplex stabilities and secondary structures.
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Probe purification

Prior to surface attachment, the disulfide bonds of the thiol
modified probes were cleaved with DTT. The dried oligonuc-
leotide was resuspended to 33 mg/ml and 10 ml of DNA was
combined in an high-performance liquid chromatography
(HPLC) injection vial with 10 ml of 0.2 M DTT (pH 8.3–
8.5). This solution was allowed to sit at room temperature
for 30 min before injection. The oligonucleotide solution
was separated by binary gradient reverse-phase HPLC. Col-
lected fractions, which contained the pure oligonucleotide,
were lyophilized and then resuspended in 10 ml of 100 mM
TEA (pH 7.0).

Probe attachment

Thiol modified probes were attached to the surface using
previously reported chemistries (42). Briefly, 18 · 18 · 1 mm
gold (1000 Å) over chromium (50 Å) glass slides (EMF Corp.,
Ithaca, NY) were washed with dH2O (�500 ml/chip) followed
by ethanol (�500 ml/chip) and dried before being submerged
in 1 mM ethanolic 11-amino-1-undecanethiol hydrochloride
(Dojindo Molecular Technologies, Inc. Gaithersburg, MD) for
24–48 h. The chips were washed again with ethanol followed
by deionized water and dried under a stream of nitrogen gas.
The gold surface was covered with 500 ml of 0.4 mg/ml Sulfo-
SSMCC (Pierce Biotechnology, Inc., Rockford, IL) in 0.1 M
TEA (pH 7.0) buffer in a humid chamber and incubated at
room temperature for 25 min.

To attach the probe to the modified surface, 30 ml of 100 mM
purified probe was sandwiched between two functionalized
gold-coated chips. These were allowed to react for �20 h
in a humid chamber at room temperature in the dark. Excess
probe was then washed away with �250 ml deionized water.
Chips were dried under a stream of nitrogen before immersion
in 8 M urea for 30 min. The chips were subsequently washed
with �200 ml deionized water and incubated in 1.0 M NaCl
for 60 min at 58.5�C.

DNA computation experiments (overview)

A small example DNA computation (Figure 2) was performed
using words from the 12mer DNA word set (Table 1). Full

Table 1. Examples of 64 member sets of 12mer and 16mer

Example 12mer set
A1–16 CACCATCTACAT ACCAATTCTCTC TTCCTTCTCTTC TCCTATCTCACT

TTCATACCTCAC CTCTTCACTACA ACACATTTTCAC CAACACTTTCAA

TTTCTTTCACCA ACCACTAAACAA TCCACAAATCAA TCCTATACCACA

TCACAATTCCAA TTCACATTTCCT CACCTACATCTT CAATCCACATTC

B1–16 AACACCTCAATT CACCTTTATCCT CACCAAATTTCA AACCAACATCAT

AAAACCTCCTTT CACCATATTCCT ACCAATTCCATT CACTCAATACCT

AACCACTTTCAT CAACCATTCCTA ACCTTTTCATCA ACCTTTTTCTCA

CACCAAAATCAA CACAACATTTCA CAAACCTTCCTA CACTCATCTCTT

C1–16 ACACCATTCATT ACCAAAATTCCT ACACACTAACAT CTCCATACATCA

CTCCTTCTCATT CTCCAAATACCT AACCATCATCAA ACAACTCTACTC

ACAATCTCACAT ACACCATAAACA AACTCAATCCTC ACTCTATCACCT

CTCCATAACCTT ACAAAATCTCCA ACACAAATCCTT ACAATCCATCAA

D1–16 ACCATACAAACA ACACAATAACCA ACTAACCTTCAC ACACACTTCTTT

ACTTACTCCTCT ACCTATCTACCA AACCAATCACAT ACCATACTCTCT

AACCATTTACCA AACAATCACCAT ACCATAACAACA ACAATCTCTCTC

ATCATCCAAACA ACTATACCTCCA ACCAATACAACA ACCAATAACACA

Example 16mer set
A1–8 ACTCACAAATTATCTC TCTCTCTTAAATCACA ACATCAATCTCTAAAC ACATTCCTAAAAACAA

ACTAATCTTTCCAAAC TTTTTTCTCTCTACAC ATTTTCTTCTTTTCCA CACAAAATCTTCTTCT

B1–8 ACCATTAATTTCCATC TTATTAATCCTCACCA CTCTCCATCAAATATC ACCTAATCACCTAAAT

ACATTCATTCAATTCA AACTACTTATTCCTCA CAATATATCCTTCCAC CTTTTTAACTTCCTCA

C1–8 TCTCTTCTCCAATTAA ACCTAATACTTCATCA TCACACATCAAAATTA CACACCTTCTTATATC

ACCTATTTTTTACCAC TTCCTTTTATCCTTTC TTCTTTCTCATATCCA TCTTATCATCTACCTC

D1–8 TCCAACATCCTAATAT CTACAATCACTTCTAC ACCTATTATTCAACAC CAACCAATCATAAAAC

ACCTACACTTAATACT TTCTTACTAACCATCA ACACCATAATTCCTAT TTCAAACTCAATCAAT

E1–8 TCAATTTTCCATTCTT ACCATTTCATATCTCT CTTTCCTCCTATAAAC CAAAAATACATCACCT

AACTCATACTTTTCAC TACCTCTCTATTTCAA ACCAAACTAACATATC AACATTCTACATCAAC

F1–8 ACAACTAAAACATTCA ACCTTAAAATAACCAC CTCAATAACCTCATTT CAACATTACTCTACTC

ACCATACAATAAACAC AACACTAATAACACAC TATTACCTCTTCCAAA ACAATACCTACAAATC

G1–8 CACTCATCTAACAAAT TCTATACTCACTTTCA CACTACATTTTCTCAA CACACTATCCTTAAAC

TCTTTATTCTCCTTCA TCTTCCATATTAACCA CACAAAAAAAAAACCA CACTCCACATAATTTT

H1–8 ACCTTCAACTACTATT CAAACAATCCTATTCA ACCTTCATTTTAAACA ACAATTATCAACTCTC

CTCCAACTTTCTTATC CATACAACTCCATTTT TACCATTTACCTAACA CAAAAATTTTTCCACA

Tandem word sequences are made by joining words into longer sequences according to the structure AiBjCkDl for 12mers or Ai-Bj. . .Hp for 16mers. Numbering of
the word sequences proceeds down the columns and then across the rows.

Table 2. Properties of example word sets

Properties of example word sets

Word length (nt) 12 16
Total words in set 64 64
Number of tandem words 4 8
Combinatorial complexity 216 (65 536) 2124 (16 777 216)
Perfect complement Tm range (�C)a 43.4–43.5 51.8–52.8
Closest mismatch Tm (�C)b 34.4 24.8

aMelting temperatures were calculated using the formula of Allawi and
SantaLucia Jr (8) with an oligonucleotide concentration of 10�8 M and a salt
concentration of 1 M NaCl.
bTms calculated for the most stable mismatched duplexes (see Table 3).
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length strands were constructed using four tandem words and
both forward and reverse primer sequences (see Table 4). Four
84mer sequences, encoding two bits of information, form the
combinatorial library for this prototype surface-based DNA
computation. The first bit of information is encoded by means
of two different sequences for the first word (A1 and A2), and
the second bit of information is encoded by two different
sequences for the second word (B1 and B2). In this experiment
only a single sequence was employed for each of words C and
D, hence these words did not encode information. In the first
round of the computation, the oligonucleotide mixture is
applied to two separate chips. One chip has probe immobilized
on the surface that is complementary to A1 (Table 5). The other
chip has probe immobilized to the surface that is complement-
ary to A2. Each chip captures two of the four original library
members. Probes on the first chip hybridize to sequences
containing A1 and probes on the second chip hybridize to
sequences containing A2. Targets eluted from each chip are
collected and divided into two equal aliquots. Each of these
solutions is applied to a chip modified either with the com-
plement to B1 or the complement to B2. Each of the four final
chips is expected to uniquely yield one of the four sequences
present in the original library. The identities of the eluted
sequences were determined by PCR amplification and DNA
sequencing.

DNA computation (first round)

Prior to the first computational hybridization, the chip’s sur-
face was pretreated with 30 ml of 2 mM solution containing
all four target oligonucleotides. Target oligonucleotides were
allowed to hybridize to the immobilized probes for 30 min.
These were subsequently denatured in 8 M urea for 30 min,
rinsed and dried. The immobilized probes were rehydrated by
soaking the chips in 1 M NaCl. Later, 30 ml of the same target
solution at a concentration of 2 mM was sandwiched between
two chips, and allowed to hybridize for �20 h.

The solution containing unbound oligonucleotides was
removed with a brief 10 ml of 1 M NaCl wash followed by
a brief 10 min incubation of the chip in 10 ml of 1 M NaCl at
37�C. Hybridized oligonucleotides were eluted by placing the
chip on a hot-block (94�C) and covering it with 300 ml of
deionized water. Every 30–40 s, over a period of 8 min, 100 ml
of solution was removed to a sample collection vial and
replaced with an equal volume of water. The combined solu-
tion aliquots were reduced to dryness by rotary evaporation
and resuspended in 30 ml of 1 M NaCl.

DNA computation (second round)

In the second round four separate chips were employed for
hybridization. Two chips were functionalized with comple-
ment to B1 and two chips were functionalized with comple-
ment to B2. The target DNA molecules recovered from the
chip with complement to A1 (in the first round) were divided
into equivalent portions. One portion was placed on the chip
with complement to B1 and the other portion was placed on the
chip with complement to B2. The target DNA molecules
recovered from the chip with complement to A2 (in the first
round) were treated similarly. A cover slip was applied to each
of the four chips to aid in the even distribution of target
solution and to help reduce evaporation. Chips with coverT
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