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ABSTRACT

Optimization of probe design for array-based experi-
ments requires improved predictability of oligo-
nucleotide hybridization behavior. Currently,
designing oligonucleotides capable of interacting
efficiently and specifically with the relevant target is
not a routine procedure. Multiple examples demon-
strate that oligonucleotides targeting different
regions of the same RNA differ in their hybridization
ability. The present work shows how thermo-
dynamic evaluations of oligo-target duplex or oligo
self-structure stabilities can facilitate probe design.
Statistical analysis of large sets of hybridization
data reveals that thermodynamic evaluation of
oligonucleotide properties can be used to avoid
poor RNA binders. Thermodynamic criteria for the
selection of 20 and 21mers, which, with high prob-
ability, interact efficiently and specifically with their
targets, are suggested. The design of longer oligo-
nucleotides can also be facilitated by the same
calculations of AG°; values for oligo-target duplex
or oligo self-structure stabilities and similar selec-
tion schemes.

INTRODUCTION

Many techniques of molecular biology require interaction of
oligonucleotides with DNA or RNA as a basic step.
Oligonucleotide array gene expression monitoring or anti-
sense-mediated gene down-regulation are examples. Poor
interaction of an oligonucleotide with its target can signifi-
cantly affect the efficiency of these processes.

Oligo intra- or inter-molecular structure can compete with
oligo-target duplex formation and result in low hybridization
intensity. Extensive secondary structure of the target can also
limit this efficiency. The present work addresses whether
thermodynamic consideration of the relative stability of oligo-
target duplexes and both oligo intra- and inter-molecular self-
structures, without consideration of target secondary structure,

can be sufficient for selection of oligo-probes that are efficient
target binders.

Oligonucleotide scanning arrays permit monitoring of the
efficiency of hybridization simultaneously for many, or all,
target regions of a particular RNA. RNA target affinity can
also be measured for oligonucleotides of different length
and self-structure in one hybridization experiment (1-7), so
these arrays can be very useful for statistical study of
oligonucleotide-related factors that influence an oligonucleo-
tide’s ability to hybridize with target RNA or DNA.

Software for the calculation of the thermodynamic factors
that are important for the prediction of oligonucleotide
hybridization behavior was created some time ago (8). The
program OligoWalk calculates thermodynamic factors related
to stabilities of oligonucleotide-target duplex, oligonucleotide
intra- or inter-molecular self-structures and target RNA or
DNA secondary structure. However, a statistical study that
demonstrates the usefulness of thermodynamic calculations
for the prediction of array hybridization has not been reported
for large sets of experimental data. This work fills this gap and
suggests a new scheme for employment of thermodynamic
calculations to predict the potential of an oligonucleotide to
bind to its target.

MATERIALS AND METHODS
Oligonucleotide datasets of hybridization experiments

Three experimental datasets were used for statistical analysis.
For obtaining dataset 1, Affymetrix GeneChip.TM.HIV PRT
produced by Affymetrix Corporation, Santa Clara, CA was
used. For obtaining datasets 2 and 3, a chip produced by
Oxford Gene Technology, Oxford, UK was used. For all
datasets, in vitro transcribed non-fragmented HIV-1 RNA was
used for the hybridization experiments. The hybridization
intensities of oligo probes targeting every overlapping
20 nucleotide fragments of the relevant RNA were collected
for dataset 1. The hybridization intensities of oligo-probes
targeting every overlapping 20 nucleotide fragments and
every 21 nucleotide fragments of the relevant RNA were
collected for dataset 2. The hybridization intensities of oligo-
probes targeting every overlapping nucleotide fragment
ranging in size from 3 to 21 nucleotides of the relevant
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RNA were collected for dataset 3. The experiments were
performed with oligonucleotides immobilized on a solid
support. The experimental conditions used to obtain the
datasets are given in Table 1.

Thermodynamic calculations

Calculations of thermodynamic properties of oligonucleotides
were done with the help of newly created and pre-existing
software. For the oligonucleotides that were involved in the
experiments performed at 37°C, the program OligoWalk from
the package RNA structure 3.7 was used (8) (http://
128.151.176.70/RNAstructure.html). For the oligonucleotides
that were involved in the experiments performed at 25°C,
Excel macro ‘OligoAnal’ was created (available for down-
loading at http://www.gesteland.genetics.utah.edu/members/
olgaM/OligAnal.ZIP). Using thermodynamic parameters for
the nearest neighbor model (9-16), this macro can produce
relevant AG°t values (oligonucleotide inter-molecular and
oligo-target pairing potentials) for each analyzed oligonucleo-
tide. For calculation of oligonucleotide intra-molecular pair-
ing potentials at 25°C, the program mfold version 3.0 (http://
www.bioinfo.rpi.edu/applications/mfold/old/rna/form4.cgi)
with thermodynamic parameters from the version 3.1 was used
(15)  (http://www.bioinfo.rpi.edu/~zukerm/dna/credit.html).
Nucleic acid conformation was assumed to be linear and the
ionic conditions were set at 1 M Na*. In the program output,
the positive values of AG®,5 were changed to 0.

Statistical analysis

Statistical tools from Excel (Microsoft, Inc.) were used for
correlation analysis (¢-test) and scatter-plot data presentations.
The oligonucleotides in both datasets were categorized into
groups according to their hybridization intensity. Two
thresholds for oligonucleotide categorizations were created:
the upper threshold and the lower threshold. In both datasets
the thresholds were set identically. The upper thresholds for
logarithmic values of RNA hybridization intensity were set as
9, the lower thresholds for logarithmic values of RNA
hybridization intensity were set as 8.

Thermodynamic filtration

The process of selection of oligo-probe sets using several
thermodynamic criteria was called thermodynamic filtration.

RESULTS AND DISCUSSION

A schematic illustration of the competing molecular inter-
actions relevant to oligo-RNA binding is shown in Figure 1.
To estimate how thermodynamic evaluations of the stability of
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Figure 1. Scheme of oligonucleotide-target RNA interaction, which shows
thermodynamic factors that can influence oligonucleotide RNA hybridiza-
tion intensity.

an RNA-DNA duplex and the stability of oligonucleotide self-
structures can be related to oligonucleotide RNA binding
properties, we analyzed two datasets of hybridization experi-
ments performed with oligonucleotide scanning arrays.

Data for the first set were taken from the literature (17),
while data for the second set were kindly provided by Dr
Verhoef from Oxford Gene Technology. The differences and
similarities between the two hybridization experiments that
were performed to obtain the two datasets are summarized in
Table 1 (see also Materials and Methods).

The results of the oligonucleotide scanning array hybridiza-
tion experiment that were used for creation of dataset 1 are
presented graphically in Figure 2. A sharp contrast is evident
between different oligonucleotides in their ability to hybridize
with target RNA. By statistical analysis, we explored if this
hybridization intensity contrast can be related to oligonucleo-
tide thermodynamic properties.

AG®y values for competing molecular interactions relevant
to oligo-RNA binding were calculated for each oligonucleo-
tide in the datasets based on thermodynamic parameters of the
nearest neighbor model (see thermodynamic calculations in
Materials and Methods). Correlation analyses (#-tests) of both
datasets were performed (Table 2). For datasets 1 and 2,
significant correlations (P < 0.01) were detected between the
experimental hybridization intensity and the theoretical AG°
values associated with stability of oligonucleotide self-
structures and oligonucleotide-RNA duplexes.

Table 1. Summary of differences and similarities between hybridization experiments that were performed to

obtain the datasets

Dataset 1 Dataset 2 Dataset 3
Target RNA length 1041 nt 290 nt 290 nt
Temperature of hybridization 37°C 25°C 25°C
Length of the oligo-probe 20 nt 20 and 21 nt 3-21 nt
RNA target labeled with fluorescein p33 p33
Concentration of target RNA in experiment 26.3 nM 2.5 nM 2.5 1M
Number of experimental data points in the dataset 1021 541 6156
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Figure 2. RNA hybridization intensity profile for the set of oligonucleotides (20mers) that was used for creation of the first dataset. The hybridization
intensity is shown for each oligonucleotide in relation to its position in the target RNA. For statistical analysis, the oligonucleotides were categorized into
groups according to hybridization intensity. Blue represents the group with low hybridization intensity; violet, intermediate; and red with high.

Table 2. Correlations between thermodynamic properties of
oligonucleotides and their experimental RNA affinity

correlation coefficients for absolute values Dataset 1 Dataset 2
AG°r oligo duplex with RNA versus 0.46 0.30
In(hybridization intensity)

AG® oligo intra-molecular structure versus -0.28 -0.52
In(hybridization intensity)

AG°r oligo inter-molecular structure versus -0.2 -0.40

In(hybridization intensity)

Scatter plots (Fig. 3) illustrate the relationship between the
experimental intensity of hybridization signals and thermo-
dynamic properties of oligonucleotides from the two datasets.
Since the slope of the trend line in scatter plots indicates the
existence of a correlation between two variables, a positive
correlation is evident between the absolute value of the
thermodynamic evaluation of oligonucleotide-RNA duplex
stability and intensity of DNA-RNA hybridization (Fig. 3, top
plots). In contrast, the slopes of the trend lines indicate that
there is a negative correlation between the absolute AG°t
values of oligonucleotide self-pairing and the intensity of
DNA-RNA hybridization (Fig. 3, middle and bottom plots).
An attempt to adjust mfold program input to improve
evaluation of oligonucleotide intra-molecular self-structure
by changing sodium or magnesium concentrations was not
successful. Surprisingly, even though the experiments were
performed at 100 mM Na*, the best correlations between
theoretical and experimental values were achieved when the
ionic conditions in the program input were set at 1 M Na*.

The question of the reliability of mfold and how well it
actually predicts the experimental melting curves of any self-
complementary sequence is still open. The existence of a
significant correlation between mfold calculated AG°t values
of oligonucleotide self-pairing and the intensity of DNA-RNA
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Figure 3. Relationship between calculated thermodynamic parameters and
hybridization intensity of the oligonucleotides with their target RNA.

hybridization indicates that mfold can be employed for the
prediction of stability of oligo probe self-structures. Can this
prediction be optimized? The current version of mfold
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complies nearest-neighbor as well as hairpin, bulge, internal
and multi-branched loop parameters from different sources
(http://www.bioinfo.rpi.edu/~zukerm/dna/credit.html).
Perhaps thermodynamic parameters derived from one reliable
modern source would be better. Obtaining optimized thermo-
dynamic parameters can likely lead to a significant improve-
ment of mfold prediction performance.

The next issue is how to employ the statistical findings
described above and how to find thermodynamic thresholds
for selection of oligonucleotide sets with a high proportion of
efficient RNA binders. In this work, a trial and error approach
was used. Variable, arbitrarily chosen cut-off points for all
three thermodynamic criteria were applied, and the propor-
tions of efficient RNA binders in the filtered oligo subset were
determined for each combination. A combination that
delivered the oligo subset with a high proportion of efficient
RNA binders was found.

In future, when more experimental data will be available for
statistical analysis, trial and error approaches for finding
thermodynamic cut-off points, as used in this study, will likely
be substituted by rational weighting of each thermodynamic
parameter employing an equation suggested in an earlier
publication (8).

In this study, the oligonucleotides in both datasets were
categorized into groups according to the experimental inten-
sity of DNA-RNA hybridization using certain arbitrarily
chosen thresholds as described in Materials and Methods
(Fig. 2). The group of efficient RNA binders includes
oligonucleotides with DNA-RNA hybridization intensity
higher than the upper threshold. The group of poor binders
includes oligonucleotides with values worse than the lower
threshold. Finally, the group of intermediate binders includes
oligonucleotides with DNA-RNA hybridization intensity
between the two thresholds.

The proportions of efficient RNA binders among oligo-
nucleotides were calculated in both datasets (Fig. 4). These
proportions were also calculated for the probe subsets that
were created using only oligonucleotides with certain thermo-
dynamic properties. The proportions of efficient RNA binders
were larger in the subsets that were predicted to form more
stable oligonucleotide-RNA duplexes in comparison with the
datasets of all probes (Fig. 4). These proportions become even
larger if oligonucleotides that are able to form self-structures
of specified stability are excluded (Fig. 4). The process of
selection of oligo-probe sets using several thermodynamic
criteria can deliver a high proportion of efficient RNA binders.
This process can be called thermodynamic filtration.

It is interesting that filtering out of the oligonucleotides that
form intermolecular structures of specified stability increases
the proportion of efficient RNA binders. It likely indicates that
oligo-oligo intermolecular interaction can occur during
hybridization experiments even though the oligonucleotides
are covalently attached through their ends to a solid support.

Both thermodynamic evaluations of oligonucleotide intra-
and inter-molecular self-interacting properties are strongly
correlated to each other. The steep slopes of the trend lines of
both scatter plots (Fig. 5), and highly significant correlation
co-efficients (0.54 for the first dataset and 0.66 for the second
dataset, p < 0.001) demonstrate this point. Sometimes, if two
variables are highly correlated, only one is sufficient
for predictive purposes. However, it was found that both
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Figure 4. Categorization of oligonucleotides into subsets according to their
thermodynamic properties. The percentage of oligonucleotides with RNA
hybridization intensity higher than the defined threshold in each subset is
shown. The color code is the same as in Figure 2. Numbers of oligonucleo-
tides in each subgroup are printed on color-highlighted parts of the columns.
The proportion of oligonucleotides in each subset versus the total number of
oligonucleotides in the relevant dataset is shown above each column. Subset
1 contains oligo-probes that can form stable duplexes with RNA AG®,s < —
29 kcal/mol; subset 2 contains the oligo-probes that can form stable du-
plexes with RNA AG®,5 < -29 kcal/mol with unstable intermolecular oligo
self-structures AG®,s = —8 kcal/mol; and subset 3 contains oligo-probes that
can form stable duplexes with RNA AG®°,s < -29 kcal/mol but which form
both unstable inter- and intra-molecular self-structures (AG®,5 = -8 kcal/
mol for inter-molecular structures and AG°,s = —1.1 kcal/mol for intra-mol-
ecular structures).

thermodynamic criteria for self-structure forming potentials
are simultaneously useful for efficient discrimination into
subsets that mainly contain efficient or poor RNA binders
(Fig. 5).

Here we describe the analysis of experimental datasets that
combine hybridization data for two different RNAs. The
temperature used for the hybridization experiments that
yielded dataset 1 was 37°C, and for datasets 2 and 3, it was
25°C. For the subsets with the highest proportion of efficient
RNA binders, the filtration (AG®t) cut-offs for DNA-RNA
duplex stability are different; —35 kcal/mol for the experi-
ments that were performed at 25°C and —29 kcal/mol for the
experiments that were performed at 37°C (Figs 4 and 6).
Temperature, concentration of target RNA, and ionic condi-
tions of hybridization are the factors that can influence optimal
filtration cut-off points. This work, however, demonstrates
that, regardless of differences in the experimental conditions,
thermodynamic filtration involving criteria of oligo-RNA
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Figure 5. Relationship between thermodynamic evaluations of oligonucleotide inter- and intra-molecular pairing potentials (x and y axes, respectively). Blue
squares represent the group with low hybridization intensity; violet, intermediate; and red with high.

duplex and oligo self-structure stabilities can be helpful for
efficient elimination of poor RNA binders.

Correlations between thermodynamic factors and experi-
mental binding of oligonucleotides with RNA or DNA targets
were found previously (8,18-21). This work demonstrates that
selection of oligonucleotides using a thermodynamic filtration
approach can increase, by several-fold, the proportion of DNA
oligonucleotides that can bind RNA efficiently. For gene
expression monitoring with the Affymetrix Chips, a similar
approach can minimize the number of oligo-probes needed per
gene, thereby increasing the number of different genes
detectable on each chip. This should significantly raise the
sensitivity and decrease the cost of such analyses.

This study suggests thermodynamic criteria for elimination
of oligo-probes that are very likely poor RNA binders. The
criteria are based on statistical analysis of hybridization of
short 20 and 21mer probes. Longer oligo-probes in the range
from 50 to 150mers can be also used for array experiments.
Similar statistical analysis and thermodynamic filtration
schemes can be applied to hybridization data produced with
long oligo-probes. It can reveal optimal thermodynamic
criteria for long oligo-probe design at different experimental
conditions.

Target RNA secondary structure may play an important role
in selection of the most potent RNA binders. Figure 4
demonstrates that many efficient RNA binders are lost during
the steps of thermodynamic filtration performed in this study.
It is likely that taking into consideration thermodynamic
properties related to RNA secondary structure could diminish
this loss. However, the analysis performed in this study reveals
that oligo-probes with a high probability of being efficient
RNA binders in array experiments can still be selected without

consideration of the thermodynamic properties related to RNA
secondary structure.

Thermodynamic filtration can dramatically increase the
proportion of oligonucleotides with efficient RNA binding. As
illustrated in Figures 4 and 6, the proportions of efficient
binders among the oligonucleotides in both experimental
datasets are small (~14% for dataset 1 and 10% for dataset 2).
However, these proportions can be increased up to 70%, or
even more, if a set of oligonucleotides that form stable
duplexes with RNA and little self-structure are selected.

Removing subsets of oligonucleotides with low probability
of hybridizing efficiently with their RNA target is important
but is not the only problem relevant to probe design
algorithms. Another important issue is elimination of the
oligonucleotides that can cross hybridize with other genes.
Modern algorithms include a BLAST search for dealing with
the problem. The limitations of BLAST or similar programs
are due to the absence of well-defined criteria for the
prediction of hybridization. For optimal solution of this
problem, an efficient thermodynamic predictor of hybridiza-
tion intensity is needed.

Statistical analysis was performed to find out what range of
values of AG°t of DNA-RNA duplex stability of oligo-probes
with little self-structure is optimal for this purpose. Two
subsets from dataset 3 were created. Both subsets include only
oligo-probes with little self-structure (AG®,s = -8 kcal/mol
for inter-molecular structures and AG®,5 = —1.1 kcal/mol for
intra-molecular structures). The first subset includes oligo-
probes with AG®s values of DNA-RNA duplex stability
ranging from 0 to —10 kcal/mol. The second subset includes
oligo-probes with AG®,5 values of DNA-RNA duplex stability
ranging from —10 to —40 kcal/mol. The correlation between the
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Figure 6. Categorization of oligonucleotides into subsets according to their
thermodynamic properties. Two sets of oligonucleotides in dataset 2 are
shown. The first set represents all oligonucleotides in the dataset, while the
second represents only the fraction with certain thermodynamic properties.
The proportion of oligonucleotides in each subset versus the total number of
oligonucleotides in dataset 2 is shown above each column. The percentage
of oligonucleotides with RNA hybridization intensity higher than the
defined threshold in each set is also shown. The color code is the same as in
Figure 2. Numbers of oligonucleotides in each subgroup are printed on
color-highlighted parts of the columns. Subset 4 contains oligo-probes
that can form stable duplexes with RNA AG®,s < —35 kcal/mol but which
form both unstable inter- and intra-molecular self-structures (AG°3;; =
—8 kcal/mol for inter-molecular structures and AG°3; = —1.1 kcal/mol for
intra-molecular structures).

values of hybridization intensities of the oligo-probes and the
values of AG®,5 of DNA-RNA duplex stability was absent in
the first subset and was highly significant in the second with a
correlation coefficient of 0.7. The scatter plot with correlation
trend-line for subset 2 from dataset 3 is presented in Figure 7.

Statistical analysis reveals that the calculated value of
AG°®,5 of DNA-RNA duplex stability in the range from —10 to
—40 kcal/mol can be considered as a predictor of oligo-probe
hybridization intensity for the molecules with minimum self-
structure. So the intensity of cross hybridization between these
oligo-probes and partially complementary target sequences
can be predicted after calculation of thermodynamic values.
The scheme for this prediction is shown in Figure 8. This
scheme should be helpful for the discrimination of oligo-
probes into candidates with strong or weak cross-hybridization
potentials. The application of this scheme is limited to the
conditions in which dataset 3 was obtained.

In conclusion, statistical analysis of large sets of hybridiza-
tion data suggests that thermodynamic evaluation of oligo-
nucleotide properties can be used to avoid poor RNA binders.
This analysis also indicates that thermodynamic evaluation of
oligonucleotide properties can be directly linked to the
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Figure 7. Relationship between calculated values of AG°5 of DNA-RNA
duplex stability and hybridization intensities of the oligonucleotides with
their target RNA for the subset of oligo-probes with little self-structure
from dataset 3.

Selection of the oligo-probe candidate with minimal self-
structure. Calculation of delta G duplex between this oligo-probe
candidate and its target .

| Step 1 (

Prediction of hybridization intensity value for this-oligo probe using
the equation in Figure 7. This value will predict specific hybridization
of oligo-probe with its target.

| Step 2 [

Calculation of values of delta G duplex between this oligo-probe and
every possible fragment of similar length in genomic DNA.
Selection of the set of duplexes with delta G < -10kcal/mol.

| Step 3. I

Calculation of intensity of hybridization using the equation from
Figure.7 for all duplexes in the set produced in step 3 and
calculation of the sum of these predicted intensities of hybridization.
This sum will predict the non-specific hybridization  intensity = of
oligo-probe with genomic DNA.

| Step 5

Comparison of value of predicted specific hybridization intensity
produced in step (2) and non specific hybridization intensity from
step (4).

| Step 5 |

If value of predicted specific hybridization is higher than
value of predicted non-specific hybridization, the oligo-probe is a
good candidate with poor cross-hybridization potential, otherwise the
oligo-probe is a bad candidate.

Step 6

Figure 8. Scheme for evaluation of cross-hybridization potentials of oligo-
probe candidates.

solution of the cross-hybridization problem. So thermo-
dynamic calculations can be helpful for optimization of
hybridization sensitivity and specificity of the oligo-probes.
However, much more experimental data and software opti-
mization are needed before cross-hybridization potentials of
the oligo-probes can be reliably calculated for the range of
hybridization conditions.
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