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The design of DNA sequences plays a fundamental role for many biomolecular applications and
is one of the most important theoretical tasks to fathom the potential of molecular information pro-
cessing. Optimization strategies have been based on the model of stiff “digital” polymers by counting
the number of base mismatches (Hamming distance and related distances). In this work we show the
limitation of such a combinatorial approach because of the ability of DNA to build more complex
structures. We develop a model platform to optimize word sets according to all possible secondary
structures occurring for the relevant word-word interactions. The fidelity of the hybridization reac-
tions can be improved significantly and as an example of a set of 24 words of 16-mers we show that
the optimal set has unique physical properties, such as binding energy, melting temperature, and G+C

content.
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In nature, the genesis, evolution, and existence of
living systems is based on complex biomolecular func-
tions. In these processes, biopolymer strands play the
role of information media carrying — for example —
the construction plan of entire organisms. Adleman [1]
has demonstrated the feasibility of biomolecular DNA
processing for solving combinatorial problems. In this
way he added a new point of view to the world of
biomolecular processes with terms like “biomolecular
information processing” or “DNA computing”. There-
upon the undreamed-of possibilities of biomolecular
information processing have been discussed and tested
by an increasing community of scientific groups, see
[2-8] for a selection of papers.

The present work deals with the task to find a set
of sequences of given length (words) that are unique
in the sense that their hybridization properties are
well distinguishable from each other. This means that
each “word” of the set should bind specifically to its
Watson-Crick complement and not to any other mem-
ber of the set nor their Watson-Crick complements.
The design process is demonstrated for the goal to en-
code binary information by concatenations of DNA
words. For each bit we need two DNA words, one
for the “0” and one for the “1”. To code a bit string
of length N we need 2 x N different DNA words:

VO Vli=0,1,2,...,N — 1. The upper index indicates
the value of the bit (either zero or one) and the lower
index gives the bit order. A population of such assem-
bled strands encoding, for example, all possible solu-
tions of a combinatorial problem, can be produced by
standard biomolecular techniques. Examples of such a
combinatorial problem are the Hamiltonian path prob-
lem [1], the maximal clique problem [4], and the satis-
fiability problem (SAT) [7-9], eg., the “Knight” chess
problem [6].

Those and only those strands containing a one (or
zero) at a given position in the binary string must be
separable by a specific hybridization step, which can be
realized by using Watson—-Crick complements of cer-
tain words immobilized on beads [1], on surfaces [7],
or in gels [9]. A false positive selection will lead to a
wrong or at least to a statistically noisy result.

The task to find an optimal set of words is diffi-
cult for two reasons. Firstly, the number of possible
sets of words is incredibly high. For an experimentally
reasonable word length of sixteen nucleotides one has
416 — 232 ~ 4 % 10° different words. The number of
different sets containing only 30 words is higher than
10%*3, and a straightforward test of all sets is not prac-
tical. Secondly, the binding of two strands is a com-
plicated dynamic process of folding and unfolding in
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Fig. 1. Example of a secondary structure describing a mis-
match binding (see text).

three-dimensional space, and thus the theoretical qual-
ity criteria have to compromise on the level of approx-
imation.

Despite the fact that the fidelity of the hybridiza-
tion reaction is the limiting factor for the scalability
of DNA computing to larger problems [9], word de-
sign strategies applied so far were mainly based on
combinatorial constraints like the Hamming distance
and/or related distances [10]. A more reliable measure
for the relative stability of a DNA duplex structure is its
free energy [8]. The free energy of perfectly matching
DNA duplex structures can be easily computed by ap-
plying the nearest neighbor approximation and thermo-
dynamic parameters derived from melting experiments
[11]. For structures with mismatches no general model
for predicting the free energy is available. So-called
staggered zipper models based on thermodynamic data
turned out to be inadequate, because they neglect con-
figurations containing internal loops, hairpins, bulges,
as well as single and tandem mismatches [12].

How to deal with such structures is well-known in
the field of RNA/DNA secondary structure prediction
[13], and the thermodynamic stability of a DNA duplex
structure is closely related to the thermodynamic sta-
bility of a corresponding hairpin structure [14]. Hence,
to describe the hybridization of two strands (word
and word ;) we have constructed sequences where both
strands are connected by a spacer sequence:

5’—word;_spacer_word;-3’.

The spacer sequence consists of artificial nucle-
otides (denoted by “N”) which are defined to have
no physical binding properties. No binding is possi-
ble to the nucleotides in this region. The secondary
structure of such a DNA sequence can be computed
by applying a (dynamic programming) folding algo-
rithm (i.e. the Vienna folding package [13]) and ap-
propriate DNA energy parameters [11]. A hairpin de-
scribing a duplex structure with mismatches is shown
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in Figure 1. Note that the bulge shown in Fig. 1 can-
not be avoided by any combinatorial constraint. Phys-
ically the spacer confines the relative motion of two
binding partners and thus defines an effective concen-
tration. The entropy contribution to closure the hairpin
loop formation corresponds to the concentration de-
pendend entropy increment in the case of a second or-
der hybridization reaction. For a hairpin loop of length
| = 16, the corresponding effective total strand concen-
tration C can be estimated from the free energy contri-
bution AGjgop by C = 4exp (AGjoep/RT) ~ 1 mM (for
AGjgop = 5 kcal/mol at the temperature T = 37 °C; R
denotes the molar gas constant). In the difference of the
free energies for hairpin structures of identical length
this contribution cancels. Small variations in the length
of the various hairpin loops (see Fig. 1) lead to free en-
ergy differences

3

which becomes negligible for a minimum loop
length of | = 16. A correction of this effect is eas-
ily possible by changing the energy parameters or by
a minor modification of the algorithm. This, however,
would not influence the results presented here (results
not shown), but would make a comparison to energies
obtained with other folding programs difficult.

Since we are not interested in the stability of a cer-
tain duplex structure, but in the overall thermodynamic
stability of a (mismatch) word-word interaction, we
calculate the partition function Q of all possible duplex
structures. Therefore the Vienna RNA folding package
[13] with appropriate DNA energy parameters [11] was
applied. Strongly paired bases result from the matrix of
base pair probabilities (derived via backtracking from
the partition function), and these pairings describe a
folding structure (see Fig. 1).

The free energy AG = —RT In(Q) is the most di-
rect quantity to characterize the strength of a binding.
A standard value of T = 37 °C is chosen for all results
presented here. The free energy AG corresponds to an
effective equilibrium constant for an ensemble of prob-
ability weighted duplex structures and has to be distin-
guished from the minimal free energy, which describes
the hybridization for one particular structure (i.e. the
minimal free energy structure).

The alternative to define and use appropriate sums
of base pairing probabilities is not considered in this
work. Whereas the correct binding leads to one char-
acteristic binding energy denoted by AGg, the possible
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mismatch pairings of a word (binding to other words in
the set, and bindings to complements of other words in
the set) produce spectra of free energies. The strongest
mismatch binding of a word corresponds to the lowest
free energy in these spectra, in the following denoted
AG,. A set of words is characterized by its spectrum Xg
of binding energies (AGg) and the spectrum X, of low-
est mismatch binding energies (AG,). The main qual-
ity criterium applied here is the energy gap between
Xg and X defined by 6F = min(AG, — AGg) for all
AGg € Xg, AG, € %.

Stochastic search algorithms have been used suc-
cessfully for decades in the construction of good binary
codes. We found the following simple random search
algorithm preferable to maximize the energy gap 6F
for a given set of words:

Calculate Xg, X, and 6F for the set; save 6F.
Select a word w; randomly.

Construct a random DNA sequence Wrandom-

A w DR

Recalculate Xg, X, and & Fnew for the set but with
w; replaced by Wrandom-

5. In the case of 6Fnew > OF accept the replace-
ment Wi = Wrandom and go back to step 1. Other-
wise go back to step 3.

Note that the condition 6Fney > 6F enables a re-
placement of nearly all sequences even when the
gap 6F has reached its maximum value. This in-
troduces, similar to a simulated annealing algorithm,
an effective noise term which is sufficient to exploit
the enormous search space. Starting with the set of
24 words optimized according to combinatorial con-
straints [15] we initially obtain a Xg in the range of
AGg = —17.9 kcal/mol to AGg = —14.2 kcal/mol, and
%) in the range of AG, = —7.0 kcal/mol to AG, =
—3.1 kcal/mol. Hence the binding energies of correct
and incorrect binding are separated by a minimal gap
of 6F = 7.2 kcal/mol.

Applying the random search algorithm described
above, the mismatch binding energies AG, increase
to values in the range of AG, = —4.4 kcal/mol to
AG) = —3.9 kcal/mol, whereas Xg converges to val-
ues in the range of AGg = —19.6 kcal/mol to AGg =
—19.1 kcal/mol (see Table 1 for the sequences). Thus
the energy gap 8F has more than doubled, from ini-
tially 7.2 kcal/mol to 14.7 kcal/mol. The melting tem-
peratures of the words increase by approximately 10 °C

Table 1. Set of twenty four DNA sequences (written in 5’
to 3’ direction), optimized to discriminate wrong selection
in biomolecular computing.

i Vil Vio
0 CGCAA GGCTA ACCCC G ACACG AGCAC GATGC C
1 GCTCA CCGCG ATTCC A CGTCT GTCCT GCACC G
2 CCACG TCGTT CGTCC C GCTTG CTTGC CACCC T
3 TCCCC CTCCC GATCG A AGCGG ACCAA TGCCA C
4 GCGTG TGGGA TCTCG C GTACC AGTCG CAGCG C
5 CGGAG AAACA GCGGC C CGCTC CTTCG CACTG T
6 GCACA CACCC TCGAC G GGCGG GTCGA GAATC G
7 GTGAG ACGCT GGCAG G TTGCT ACCTC GGGGC G
8 CGCTG AAGAG GCCGA G TGGCA GCCCA TTGTC G
9 GCGCA TCTCC CAGAG C GCCGA TCCTA GCCGG A
10 CcCcCcAA GCGTG ACAGG C CGTGA GCTTC CGACC G
11 AGGGC GCTTT GGATG C TGGTC CCAAC TGGCG T

to an average value of 74.4 °C 4+ 0.5 °C with a nar-

row total range from 73.4 °C to 75.6 °C (at 1 M salt,

5 uM strand concentration). These numbers may be

compared with the properties of the word set applied

recently to solve a nontrivial 20 variable 3SAT prob-
lem [9]. The thermodynamic discrimination between
correct and mismatch binding in their set correspond
to an energy gap of 8F = 4.1 kcal/mol (computed
by the method described above), which is more than
three times lower than the value obtained for the set in

Table 1.

The final physical properties of the set in Table 1
seem to be rather arbitrary. In order to study whether
an optimal set of words can also be optimized for a
completely different binding energy range, we changed
the random search algorithm in the following way:

a) maximize the mismatch binding energies AG with
the constraint that all binding energies AGg are be-
low certain given upper bound values.

b) minimize the binding energies AGg with the con-
straint that all mismatch binding energies AG, are
above certain given lower bound values.

The spectra Xg and X resulting for various upper
(word set number 1-7) or lower bounds (word set
number 9-14) are plotted in Figure 2. The word set
for a maximal gap 6F is located between them (word
set number 8). For each a word set the binding ener-
gies AGg (triangles) and the mismatch binding ener-
gies AG, (diamonds) are aligned in vertical direction.
The lower bounds for AG, are drawn as dotted (upper
left) diagonal line and the upper bound for AGg is
given by the a hatched (lower right) diagonal line.

Relaxing the lower bound for the mismatch bind-
ing energies AG, has a direct effect on the properties
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Fig. 2. Mismatch binding energies (AG, diamonds) and
binding energies (AGg, triangles) for various optimized
word sets, see text.
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Fig. 3. Average base content of the optimized word sets.

of the resulting optimized word sets. The tolerance
in the mismatch binding is exploited to improve the
strength of the correct binding; the optimized energies
AGg become more negative after decreasing the lower
bound. The ability to improve the binding strength is,
of course, limited to a certain amount and is accom-
panied by a higher G+C content and a higher melt-
ing temperature (see Fig. 3 and Fig. 4, respectively).
Increasing the G+C content, the energies AG, follow
their lower bound, but simultaneously the range of X,
becomes broader indicating that the lower bound for
AG,; is no longer the limiting criterion for the selection
of the word sequences. The mismatch binding energies
AG; can reach similar values as the binding energies
AGg, and thus the energy gap 6F finally decreases.

In contrast, relaxing the upper bound for the binding
energies AGg changes the properties of the word set in
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Fig. 4. Range of melting temperatures for the optimized
word setat 1 M saltand 5 uM.

the opposite direction. The binding energies AGg fol-
low their upper bound, accompanied by a broadening
of the range of the values showing that the upper bound
for AGg is no longer the limiting criterion for the se-
lection of the word sequences. This behavior is cor-
related to the decline of the melting temperature and
the broadening of the range of Ty, values for increasing
upper bounds (see Figure 4). The freedom to use se-
quences with low melting temperatures is exploited to
minimize the strength of the mismatch bindings. The
increase of AG, is also accomplished by lowering the
G+C content (see Figure 3).

This behavior shows that a DNA word set optimized
for molecular information processing has unique phys-
ical properties. The binding energy, melting tempera-
ture, and the nucleotide composition of the sequences
are well correlated and can be varied within a small
range. The optimal melting temperature (about 75 °C)
corresponds to a G+C content of about 67 % for a set of
24 words of 16 mers. Variation of these values is pos-
sible to a certain degree but will be accompanied by
a lesser discrimination between correct and incorrect
binding processes and thus a lower fidelity of molecu-
lar computations.

There are a number of open questions concerning
the potential of DNA sequences for the solution of
combinatorial problems, eg., the scale-up to larger
word sets, the choice of the optimal word length, a
statistical analysis of the optimized sequences to study
the correlation in the base composition and to study
their Kolmogorov complexity. Numerical tests have
shown that larger word sets (e.g. a 64 bit set) can be
computed without significant reduction of the qual-
ity, whereas a restriction to a three nucleotide alpha-
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bet {C, A, T} is accompanied by a 40% decrease of the
gap 8F (results not shown). The word sets designed
according to this work show a preferable behavior in
ongoing experimental tests, and the algorithm has suc-
cessfully been applied for the design of capture probes
on DNA chips, molecular beacons and primers for an
isothermal DNA amplification reaction (unpublished
observations).
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