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a b s t r a c t

DNA can adopt a variety of alternative secondary (i.e., non-B DNA) conformations that play important
roles in cellular metabolism, including genetic instability, disease etiology and evolution. While we still
have much to learn, research in this field has expanded dramatically in the past decade. We have sum-
marized in our previous Methods review (Wang et al., Methods, 2009) some commonly used techniques to
determine non-B DNA structural conformations and non-B DNA-induced genetic instability in prokary-
otes and eukaryotes. Since that time, we and others have further characterized mechanisms involved
in DNA structure-induced mutagenesis and have proposed both replication-dependent and replication-
independent models. Thus, in this review, we highlight some current methodologies to identify DNA rep-
lication-related and replication-independent mutations occurring at non-B DNA regions to allow for a
better understanding of the mechanisms underlying DNA structure-induced genetic instability. We also
describe a new web-based search engine to identify potential intramolecular triplex (H-DNA) and left-
handed Z-DNA-forming motifs in entire genomes or at selected sequences of interest.

� 2013 Elsevier Inc. All rights reserved.

1. Introduction

Under appropriate physiological conditions, more than 10 types
of non-B DNA conformations, which differ in structure from the
classic Watson and Crick B-DNA helix, can form in the genome
[1–3]. Non-B DNA structures can form transiently during cellular
metabolism, and depending on the type of DNA conformation
and its location in the genome, these structures can impact DNA
replication, gene transcription, recombination, DNA repair and ge-
netic instability [4–8]. Factors such as negative supercoiling levels,
pH, salt concentration and the presence of DNA binding proteins
are critical for the transition from B-DNA to non-B DNA. A critical
factor required for the formation of non-B DNA structures is the se-
quence; the arrangement of the base-pairs dictates the potential
for interactions among different components in a DNA helix and
thus the ability to form non-B DNA structures [8]. Prediction and
identification of sequences with the capacity to adopt non-B DNA
structures in regions of interest is a useful first step in associating
non-B DNA conformation with a phenotype. Here we introduce an
easy-to-use, yet powerful search engine we recently developed to
screen for those sequences that have the potential to form intra-
molecular triplexes (H-DNA) or left-handed Z-DNA structures. In
addition, we describe techniques (e.g., in vitro replication and

mutagenesis assays, and 2-D agarose gel electrophoresis for repli-
cation fork stalling) to explore DNA replication-dependent and
independent mechanisms of non-B DNA-induced mutations (see
review [9]).

The purpose of this article (and our previous Methods review
[10]) is to provide methodology options for DNA structure-related
studies, with an emphasis on the application and limitation of each
assay, rather than focusing on the details of each protocol. Combi-
nations of these assays, and many other methods described else-
where, have proven useful in advancing our understanding of
DNA structure-induced genetic instability.

2. A web-based search engine to identify H-DNA-forming and Z-
DNA-forming sequences

A search engine to identify sequences that are capable of form-
ing non-B DNA structures is an important tool to further our
understanding of their biological roles in cells. For example H-
DNA forms at polypurine–polypyrimidine regions with mirror-re-
peat symmetry [11,12] and Z-DNA forms in alternating purine/
pyrimidine sequences [13]. These sequence requirements facilitate
prediction and identification of potential non-B DNA-forming se-
quences in the genome. However, searching for potential non-B
DNA-forming sequences can be tedious and potentially subject to
error if performed manually.
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We have recently developed a computer-based program that
can search for potential H-DNA and Z-DNA-forming sequences in
any given sequence in a text file or a provided Gene Name, Gene
Symbol or Entrez Gene ID to retrieve the relevant nucleotide se-
quence. Sequences with the propensity to adopt H-DNA are purine-
or pyrimidine-rich runs that have mirror repeat symmetry (PRMR)
separated by a relatively short spacer of any composition of bases.
The search algorithm begins by finding a purine run, part or all of
which may become the 50 arm of a mirror repeat. The algorithm
finds PRMR variations that are based on the initial purine run
and groups these variations into a family. PRMR of the same family
differ by the position of the spacer and/or overall length. PRMR that
arise from adjacent purine runs are assigned to different families,
yet may share an arm.

The initial search casts a broad net and thus initial search re-
sults can include PRMR with low likelihood of forming H-DNA.
Post-search filtering is included as part of the algorithm to elimi-
nate these sequences. The algorithm we have developed searches
a sequence for PRMR and allows user-defined parameters to spec-
ify the minimum length of the mirrored arms, the minimum and
maximum allowable spacer length, and the number of mismatches
allowed in the arms. The algorithm can be found in the Supple-
mentary data.

The algorithm performs best when either zero or one mismatch
in mirror symmetry is allowed. If more than one mismatch is al-
lowed the program will allow the first mismatch in the innermost
L bases of the symmetry arm where L is the minimum arm length
specified by the user. Additional mismatches are allowed in the
outer boundary of the symmetry arms. Finally, the user is given
the option to omit mirror repeats consisting of simple GA repeats
or simple A repeats with a G at the extremities.

Sequences with the propensity to adopt Z-DNA are alternating
purine–pyrimidine sequences such as GC and GT repeats. AT se-
quences often have a greater propensity to form hairpins or loop
structures rather than Z-DNA [14]. The algorithm we have devel-
oped searches a sequence for alternating purine/pyrimidine tracts
and scores the tracts, giving each GC dinucleotide a higher score
than each GT dinucleotide. A user-defined minimum score is used
to filter the search results. Because AT dinucleotide repeats are
more likely to form hairpins than Z-DNA, the algorithm excludes
the AT and TA dinucleotides. The algorithm can be found in the
Supplementary data.

The search results page displays the search parameters and a ta-
ble of the identified potential H-DNA or Z-DNA-forming sequences
and their positions in the gene (sequence provided); each sequence
is also given a score that represents the possibility/stability of each
non-B DNA conformation. The search engine can be accessed at:
http://www.utexas.edu/pharmacy/dnastructure/.

Here we have described a brief example of the output of the
search engine. Fig. 1 displays the result of a search for H-DNA
and Z-DNA-forming sequences in the human c-MYC gene. Two H-
DNA-forming sequences were identified, both located in the pro-
moter region. The first one on the list was previously described
as an H-DNA-forming sequence by Mirkin et al. [12] and Kinni-
burgh [15], and was found to be mutagenic in mammalian cells
and in mice in our previous studies [16,17]. The Z-DNA-forming se-
quences identified by the program, shown in the lower part of
Fig. 1, had also been shown to form Z-DNA in a previously pub-
lished study [18], providing evidence for the utility and predictive
power of the search engine.

Several other computer-based on-line algorithms are available
to search for non-B DNA-forming sequences. For example, ‘‘MFold’’
(Michael Zuker, Rensselaer Polytechnic Institute, U.S.A. http://
mfold.rna.albany.edu/?q=mfold) and ‘‘pknotsRG’’ (Universität Bie-
lefeld, Germany, http://bibiserv.techfak.uni-bielefeld.de/pknotsrg/
) were designed to predict secondary structures formed on RNA

or ssDNA, such as stem-loop structures. The ‘‘einverted’’ (http://
emboss.bioinformatics.nl/cgi-bin/emboss/einverted) or ‘‘palin-
drome’’ (http://emboss.bioinformatics.nl/cgi-bin/emboss/palin-
drome) were developed to search for inverted repeats, and
‘‘equicktandem’’ (http://emboss.bioinformatics.nl/cgi-bin/emboss/
equicktandem) can identify tandem repeats. ‘‘QGRS Mapper’’ is a
software program designed to search for Quadruplex forming G-
Rich Sequences (QGRS) (http://bioinformatics.ramapo.edu/QGRS/
index.php), based on published algorithms for recognition and
mapping Quadruplex forming G-Rich Sequences in transcribed re-
gions of genes [19].

It is important to appreciate that a computer-based search pro-
gram generally uses simplified rules for the identification of candi-
date non-B DNA-forming sequences, but that some sequences that
do not conform to those simplified ‘‘rules’’ can also adopt non-B
conformations. For example, some sequences that do not contain
pure alternating purine–pyrimidine sequences have been shown
to adopt Z-DNA structures in vitro [20,21]; moreover, chromatin
structure and the presence of DNA binding proteins can change
the ability of a given sequence to form non-B DNA [22–26]. Thus,
the result of any computer prediction can only be used as a preli-
minary pre-screening step. Non-B DNA structure-forming potential
can be confirmed by employing several in vitro techniques, as we
have previously described [10].

3. Methods for exploring DNA replication-dependent and
replication-independent mechanisms of DNA structure-
induced genetic instability

The mechanisms of non-B structure-induced genetic instability
are complex and not yet fully elucidated, but it is clear that more
than one mechanism is involved in processing various non-B
DNA structures [9]. Depending on the type of DNA structure, the
nearby cis elements, and the status of replication, transcription,
or DNA repair within close proximity to the non-B DNA-forming
sequences, different mechanisms may play different roles in pro-
cessing non-B DNA.

3.1. Non-B DNA-mediated impediments to DNA replication

The formation of structures such as cruciforms, H-DNA, G4
DNA, or slipped DNA, requires the melting of the B-DNA duplex
into single-strands. During replication the DNA duplex is dena-
tured and single-stranded DNA (ssDNA) is exposed, allowing for
the formation of non-B DNA structures, particularly during lagging
strand synthesis [27]. Furthermore, DNA is unwrapped from his-
tone cores during replication, which results in negative supercoil-
ing of the duplex DNA, as required for the formation of many
types of non-B DNA structures. DNA helicases associated with
the replication machinery can resolve some types of non-B DNA
structures formed in front of the progressing DNA polymerase,
but not in all cases [7,28]. If the non-B DNA structures are left unre-
solved, then they can cause impediments to DNA polymerases,
resulting in replication fork collapse and DNA double-strand
breaks (DSBs) [29]. Stalled replication forks can also result in ex-
tended exposure of ssDNA on either the template strand or the
nascent strand, which could stimulate the formation of additional
non-B DNA structures on these single-stranded regions, resulting
in expansion or contraction events [30,31]. Thus, many approaches
to explore the effects of non-B DNA structures on DNA replication
have been developed. We briefly summarize three of these ap-
proaches below.

3.1.1. In vitro replication assay
A simple approach to detect non-B DNA-based impediments to

replication is to determine the efficiency of nascent DNA synthesis
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