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The ability to select short DNA oligonucleotide sequences capable of binding solely to their
intended target is of great importance in developing nucleic acid based detection technolo-
gies. Applications such as multiplex PCR rely on primers binding to unique regions in a
genome. Competing side reactions with other primer pairs or template DNA decrease PCR
efficiency. Freely available primer design software such as Primer3 screens for potential
hairpin and primer-dimer interactions while selecting a single primer pair. The development
of multiplex PCR assays (in the range of 5 to 20 loci) requires the screening of all primer
pairs for potential cross-reactivity. However, a logistical problem results due to the number
of total number of comparisons required. Comparing the primer set for a 10-plex assay (20
total primer sequences) results in 210 primer-primer combinations that must be screened.
The ability to screen sets of candidate oligomers rapidly for potential cross-reactivity re-
duces overall assay development time. Here we report the application of a familiar sliding
algorithm for comparing two strands of DNA in an overlapping fashion. The algorithm has
been employed in a software package wherein the user can compare multiple sequences in
a single computational run. After the screening is completed, a score is assigned to poten-
tial duplex interactions exceeding a user-defined threshold. Additional criteria of predicted
melting temperature (T,,) and free energy of melting (AG) are included for further ranking.
Sodium counterion and total stand concentrations can be adjusted for the T,, and AG calcu-

lations. The predicted interactions are saved in a text file for further evaluation.

INTRODUCTION

The ability to rapidly screen short
DNA oligonucleotides for nonspecific
interactions is essential for develop-
ing nucleic acid-based diagnostic tests.
When designing primers or probes for
multiplex applications such as PCR,
primer extension, specific hybridization,
events, etc., it is useful to have means
to efficiently intercompare the prim-
ers/probes (1-9). The web-based primer
selection program Primer3 currently
selects PCR primers for generating a
single PCR product (10). The selected
forward and reverse primer sequences
are screened for potential primer-dimer
and intramolecular hairpin formation.
Algorithms for screening complementa-
rity between short DNA oligomers have
been described (11). Various free and
commercially available software pack-
ages for the selection of DNA probes
and PCR primers employ variations on
these basic algorithms for determining
complementarity (12-16). The primary
purpose of AutoDimer is to screen sets
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of preselected PCR primer pairs (rang-
ing from 2 up to 1000 primer sequences)
for potential cross-reactivity. The pro-
gram performs primer-primer intercom-
parisons while evaluating interactions
according to traditional Watson-Crick
base pairing rules. The results can be vi-
sually inspected or saved to a text file.
The information output consists of a vi-
sual component along with a score that
represents the degree of interaction. Pre-
dictions of the transition melting tem-
perature (T, ) and free energy of melting
(AG) are calculated for each of the po-
tential primer-primer interactions.

MATERIALS AND METHODS

The algorithms for AutoDimer pro-
gram were implemented in Visual Ba-
sic 6.0. The algorithm for determining
interstrand complementarity is similar
to that described earlier (11). Briefly,
two sequences are incrementally over-
lapped, and the presence or absence of
base pairing is evaluated and tabulated.

A schematic of the algorithm for the
inter-comparison of two 20-nucleotide
primers is depicted in Figure 1.

A variation upon this algorithm
was employed for screening short in-
tramolecular hairpin structures. An in-
tramolecular hairpin can form when a
single strand of DNA containing com-
plimentary sequence regions binds to
itself. The same single strand also has
the potential to dimerize (intermolecu-
larly), in which a duplex with a mis-
matched bulge will be present in the
center of the duplex. The intermolecu-
lar homodimer will only be screened
in the primer-dimer screening algo-
rithm. DNA hairpins have a tendency
to form at low salt and low strand con-
centrations in comparison to the cor-
responding homodimer. Traditionally,
a hairpin consists of a stem (duplex
region) and a single-stranded loop.
The stem and loop designations are
illustrated in Figure 2. The formation
of a single-stranded loop is unfavor-
able and is typically associated with
a positive free energy of formation.
The stability of the duplex stem region
must be high enough to overcome the
destabilizing loop free energy. Studies
on the effects of varying loop size and
sequence have been reported (17,18).
Loops of 4 and 5 nucleotides have
been found to be the least destabiliz-
ing. Based on this information, the
hairpin screening algorithm allows for
4 and 5 base loops with a minimum of
2 base pairs in the stem. An example
of the hairpin screening algorithm is
depicted in Figure 2.

AutoDimer reads in an array of user-
determined sequences from a simple
text file. Currently the program can read
up to 1000 sequences from a single text
file. The program has been packaged for
installation and execution on a PC run-
ning Windows 98 and above.

A score value is determined by com-
bining the number of Watson-Crick
base pairs (+1) with mismatches (-1).
Gaps and “N” nucleotides are not in-
cluded in the score calculation, since
the program is intended to screen short
DNA oligomers. An example of a self-
complementary sequence with a score
of 7 is depicted in Figure 3. Estimates
of T, (7.5°C ) and AGy;0¢ (-2.42 kcal/
mol) were calculated using nearest-
neighbor thermodynamic parameters.
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Table 1. Acceptable Input Formats for AutoDimer

Example (5'3’)

Description

>Sequence 1
acacgtgtacatgtgtacacgtgt

>Sequence 2
gta cg tac gtac gta cgt ac gtac

>Sequence 3
GCGCGCGCcgegegegegcGCGCGCGC

>Sequence 4
atatat AT atatatatatatatatata

All lowercase

Multiple spaces

Mixed upper/lowercase

Mixed upper/lowercase with spaces

The methods for performing these cal-
culations are thoroughly described in
the literature (19,20).

Input Sequence Format

A simple text file is used for the
sequence input. The “>” character fol-
lowed by a comment or label will des-
ignate the identity of the sequence that
follows (similar to the FASTA type
format). Currently the program will
recognize upper and lower case A G C
T U with or without spaces. Characters
other than A G C T U are converted
to N and treated as an unknown base
(and as a mismatch in the base pairing
rules). Each line of text is followed by a
hard return. Additional hard returns are
ignored. Examples of acceptable input
formats are indicated in Table 1.

User-Defined Parameters

After the sequence list has been read
into the program, the user can set the
score threshold, sodium ion concentra-
tion [Nat*] (mol/L), total strand concen-
tration [Cy] (umol/L), and the tempera-
ture at which AG is calculated (AGtemp).
The score threshold determines which
sequence interactions are stored to the
output file. A sequence pair interaction
that has a score of less than the thresh-
old score is not saved or displayed in the
program. Rerunning the program (with
the same or different threshold score)
results in a complete re-running of the
algorithm (i.e., previous results are not
retained unless manually saved). Note
that varying [Na*] and/or C will affect
the estimated T,, value (19,20). Alter-
ing the C will have not have an effect

on the predicted AG. The temperature
at which AG is calculated can be varied
depending on the intended use of the
sequences. For example, one might set
AGy.,, to a higher value than the 37°C
default when screening PCR primers
where the temperature may never fall
below 50°C. The program default val-
ues are [Na*] = 0.085 mol/L, C; = 1.0
umol/L, and AG,,, = 37°C.

temp

RESULTS AND DISCUSSION

After loading the sequences into
the program and varying any desired
parameters, the user then selects ei-
ther a primer-dimer or hairpin screen.
A hairpin screen is usually not required
if the primers were previously selected
by another program. For example, de-
fault parameters in Primer3 allow for
the screening of intramolecular hair-
pins before selecting an appropriate
primer. After completion of the primer
screening, the program displays inter-
actions that meet the threshold criteria.
A screenshot of the program after run-
ning a pair of primers is shown in Fig-
ure 4. For each interaction pair a score,
estimated T,,, and AG are provided.
The program will indicate the number
of hits and the number of total com-
parisons performed. For hairpins, the

Figure 1. Basic sliding algorithm for screening secondary structures.
Two duplexes are intercompared at each possible Watson-Crick base pairing
state (excluding loops and gaps). In the example depicted above, 2 duplexes
of length M and N, where M = 20 and N = 20, results in 400 total compari-
sons. For a set of PCR primers, the number for duplex-duplex comparisons
made is equal to 2n% + n, where 1 = number of primer pairs. For a 5-plex (10
primer total), 55 primer-primer comparisons are made.
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Figure 2. Sliding algorithm for screening intramolecular (hairpin) sec-

ondary structures. The algorithm allows for the presence of 4 and 5 base
loops when screening. A minimum of a 2-base stem is allowed in a hair-
pin structure. In the depicted example, a single-stranded DNA oligomer is
folded upon itself and screened for Watson-Crick base pairing. Screening
the 20-nucleotide oligomer resulted in 116 base pair comparisons. The du-
plex stem and single-stranded loop regions of the hairpin are indicated to
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number of comparisons is equal to the
number of sequences screened, while
for primer-dimers, the value is equal to
(n? + n)/2, where n is the total number
of primers. The information can either
be printed or stored to a text file for fur-
ther evaluation. Table 2 indicates the
computational run time and number of
comparisons for screening a control set
of 20-nucleotide length primers.

Thermodynamic Values Versus
Score Ranking

It is necessary to provide informa-
tion regarding the significance of the
predicted interaction. The degree of
importance will depend on the intended
purpose of the sequence. For example,
specific 3’-end interactions are espe-
cially significant for PCR and primer
extension assays (21). In a chip-based
hybridization-based assay, unwanted
hybridization throughout the entire se-
quence could be significant. The level
of multiplexing will also be of concern,
since the greater the number of primers
in solution results in the opportunity
for decreased efficiency due to side hy-
bridization reactions.

The score given for each interaction
is a very basic criterion used to judge the
degree of complementarity. The score
reflects the general stability or tenden-
cy of the potential interaction to exist
in solution. Data from our experiments
suggests that a score threshold of 7 or 8
works well when designing multiplex
PCR primers (22). A visual inspection
of the interaction then allows the user
to further decide whether the results are
significant (based on 3’-end binding, AT
or GC content, context of mismatches,

3’-GTCAGCTAGTAGCTAGCGCA-5’
lzx| || Ix]]]]]1xx|
5’-ACGCGATCGATGATCGACTG-3’

Figure 3. Results for screening a 20-nucleotide
self-complementary sequence. The screening
result for a 20-nucleotide sequence 5'-GTCAGC-
TAGTAGCTAGCGCA-3" is shown. The pre-
dicted interaction contains 12 Watson-Crick base
pair matches and 5 mismatches. This results in a
Score value of 7 (number of matches minus num-
ber of mismatches). Estimates for T, and AG3;.¢
are 7.5°C and -2.42 kcal/mol, respectively. The
sodium ion and C were set to 0.085 M and 1.0
uM, respectively, for the T, and AG35.c calcula-
tions. T, melting temperature; AG, free energy
of melting; Cy, total strand concentration.

228 BioTechniques

Table 2. Run Time Parameters for a Control Set of Sequences

20 Nucleotide

Duplex—Primer-Dimer

Single Strand Hairpin

Primer Pairs Comparisons Run time? Comparisons Run time?
(N) (s) (s)
1 3 2 <1
5 55 10 2
10 210 20 2
20 820 40 2
50 5050 486 (8 min) 100 3
100 20,100 6960 (1.9 h) 200 5
408P 333,336 29,700 (8.25 h) 816 18

aPentium® IV 1.7 GHz 512 MB RAM Windows 2000.
bSequences varied in length from 18 to 30 nucleotides.

etc.). By way of comparison, the web-
based Primer3 uses a score number of 8
as a default threshold for maximum self-
complementarity (10).

A more quantitative way of de-
scribing the interaction is through a

Hnutu Dimer Check
File  &bout

stability prediction based on prede-
termined thermodynamic parameters.
Nearest neighbor thermodynamic pa-
rameters are evaluated from thermal
melting experiments for a basis set
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Figure 4. Screen shot of the AutoDimer software. A simple interface allows the user to open a se-
quence file. The program provides feedback on how many samples were read from the input file. The

user can vary the score threshold, Na*, C, and AG

. Clicking on either the Primer Dimer Screen or

Hairpin Screen buttons will start the appropriate algorithm, and results will be displayed in the window
below. The screening results can be saved to a simple text file. The program also reports the total number
of comparisons made, along with the number of hits as designated by the score threshold. AG, free en-

ergy of melting; Cy, total strand concentration.
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state manner) duplexes or minicircles
(23-26). Control duplex or minicircle
sequences are melted in a Na* solu-
tion commonly buffered with phos-
phate or cacodylate salts. The melting
solutions rarely contain Mg?*, which
can sometimes promote unwanted
secondary structures. Mathematical
analysis of the melting curves allow
for the derivation of nearest-neighbor
parameters that can be used to predict
T,, of the basis set duplexes as well as
new sequences (23-26).

For the purpose of our program, we
have included T,, and AG predictions
for duplex stability based on the near-
est-neighbor parameters of SantalLucia
et al. (20). These parameters were de-
rived from melting experiments involv-
ing short DNA oligomers. For short
DNA duplexes, these parameters pro-
vide accurate predictions. A previously
published empirical salt correction
factor was used to adjust for differing
ionic conditions (20). Single, tandem,
and randomly spaced mismatched base
pairing is common when evaluating the
stability of duplex interactions. A com-
plete set of thermodynamic parameters
exists for the prediction of single base
pair DNA mismatches (27-32). These
parameters are intended for calculating
the thermodynamic effect of a single
base pair mismatch. Complexities exist
due to multiple mismatches and mis-
match context within a duplex (33,34).
Due to these issues, a conservative ap-
proach was implemented for dealing
with mismatched base pairing. In the
case of a single base pair mismatch, a
penalty of +438 cal/mol per mismatch
was included in the T, and AG calcula-
tions regardless of the sequence of the
mismatched base pair. This penalty is
an estimate based on average destabi-
lization due to mismatched base pairs
evaluated in 1 M Na* (27-32). Specifi-
cally, the average cost of a mismatch is
approximately +438 cal/mol with an
uncertainty of + 509 cal/mol. Therefore,
predictions for T, and AG values in this
program should be regarded as a rough
estimate for evaluating stability. For a
more exact prediction of the effects of a
single base mismatch in a short duplex,
the exact nearest-neighbor parameters
described by Santalucia and cowork-
ers can be used (27-32).

T, and AG predictions for intramo-
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lecular DNA hairpins were calculated
using methods described previously (35).
The study involved melting experiments
of short DNA hairpins with 4-nucleo-
tide loops of varying sequence content.
Based upon information from examining
the stability of the short hairpins, an av-
erage loop destabilization of AG3;.- = +
5.6 kcal/mol is assumed for 4 and 5 base

loops regardless of sequence.

By employing a standard overlap-
ping algorithm for the prediction of
secondary hybridization events in com-
bination with score and thermodynamic
parameters, AutoDimer allows for rapid
screening of short probe and primer oli-
gonucleotides. The primary purpose of
the software is to screen sets of previ-




SHORT TECHNICAL REPORTS

ously designed DNA probes and prim-
ers for potential cross-hybridization.
AutoDimer allows rapid screening of
short DNA oligonucleotide sequences
for further review by a researcher based
upon intended application. At this time,
we are not aware of another stand-
alone application for screening sets of
sequences. The algorithm for screen-
ing is quite simple, but the power of the
program lies in the ability to intercom-
pare larger sets (>2) of sequences. The
resulting visual structures along with
score or thermodynamic information
provide useful feedback. This informa-
tion can be used to evaluate primers
that could be potentially paired off into
a compatible multiplex set or, alterna-
tively, used to determine if a particular
interfering sequence should be rede-
signed.

The use of the AutoDimer screening
tool has assisted in the development of
an 11-plex PCR and primer extension
assay for the detection of coding re-
gion single-nucleotide polymorphisms
(SNPs) in the mitochondrial genome,
a 20-plex PCR assay for typing Y-short
tandem repeat (STR) loci, and various
5- and 6-plex PCR/primer extension
assays used for evaluating Y-SNPs in
U.S. sample groups (22,36-39). For
each of these applications, PCR prim-
ers were first selected using Primer3
software. The primer pairs were placed
into the appropriate format for the Au-
toDimer program and screened. If Au-
toDimer screening results indicated
significant complementarity, especially
at the 3’ end of a primer (a stretch of
6 or more uninterrupted Watson-Crick
base pairs), then the primer was rede-
signed. Typically, in a set of 20 primers,
only one or two indicated any signifi-
cant interactions. Due to the relatively
computationally intensive nature of the
algorithm we decided not employ the
screening algorithm upstream in the
primer selection process. The upstream
approach involves screening a greater
number of candidate primers for prim-
er-dimer and hairpin interactions prior
to being subjected to the traditional
PCR primer selection criteria.

A strategy of comparing the primer
pairs against the entire human ge-
nome [using the Basic Local Align-
ment Search Tool (BLAST) algorithm;
http://www.ncbi.nlm.nih.gov/BLAST/]
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also helped to avoid secondary binding
sites (40). This can be efficiently ac-
complished using the publicly available
code on a local BLAST server for rea-
sons of computational time.

As a larger test of the program, we
screened 816 sequences (408 PCR
primer pairs) used routinely for typ-
ing STR markers for genetic mapping
purposes (the Setl2 PCR primer se-
quences can be found at http://research.
marshfieldclinic.org/genetics/sets/
combo.html). Typically, these are run
as singleplex PCR. It would be advan-
tageous to multiplex the compatible
existing primer pairs. Setting a score
threshold of 7 resulted in 1224 primer-
dimer interactions and no hairpin in-
teractions. Over 333,336 primer com-
parisons were made in a little over 8 h
of computational time. The 408 PCR
primer sets and the results of primer-
dimer screening are posted at http://
www.cstl.nist.gov/biotech/strbase/
AutoDimerHomepage/Marshfield.htm.

AutoDimervl is available for free
evaluation at the AutoDimer homep-
age http://www.cstl.nist.gov/biotech/
strbase/AutoDimerHomepage/Auto-
DimerProgramHomepage.htm. An in-
stallation package will set up the soft-
ware to run on a PC running Window
98 or higher. A sample sequence input
file and installation assistance is pro-
vided for the program.
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