
[Frontiers in Bioscience 13, 1064-1071, January 1, 2008]  

1064 

Discovery of alternative DNA structures: a heroic decade (1979-1989) 
 
Sergei M. Mirkin 
 
Department of Biology, Tufts University, Medford, MA 02155 
 
TABLE OF CONTENTS 
 
1. Abstract 
2. Introduction 
3. Alternative DNA structures 
4. Concluding remarks 
5. Acknowledgements 
6. References 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1. ABSTRACT 
 
 The first alternative DNA structure - left-handed 
Z-DNA – was described back in 1979. The discoveries of 
the cruciform DNA structure, three-stranded H-DNA, four-
stranded G-quartets and stably unwound DNA followed in 
the next decade. Each alternative structure was formed by a 
specific DNA sequence, which as a rule was repetitive. 
Furthermore, these repetitive elements were situated at 
functionally important areas of various genomes, pointing 
to the biological significance of these structures. This 
chapter concentrates on the first period of studies of 
alternative DNA structures, beginning in 1979 and ending 
in 1989, which transformed our views on DNA structure 
and functioning.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2. INTRODUCTION 
 

This special issue of the Frontiers in Biosciences 
is called “DNA Structures, Genome Instability and Human 
Disease”. Its take-home message is that alternative, i.e. 
non-B, DNA structures affect major genetic transactions, 
such as DNA replication, transcription, recombination 
and repair, occasionally leading to genome instability 
and disease. It took almost thirty years of studies in 
many labs worldwide to make this idea plausible, while 
its final proof has yet to come. In this introduction, I take 
the liberty to describe only the initial period of research 
on alternative DNA structures, beginning in 1979 and 
ending around 1989, which could undoubtedly be called 
its heroic age. 
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Figure 1. Side-by-side view of Z-DNA and B-DNA 
structures (59). The two DNA strands of each duplex are 
highlighted by solid black lines. The ``zigzag'' nature of the 
Z-DNA backbone is clearly seen. 

 
Prior to 1979, DNA was generally considered as 

a uniform right-handed double helix, built of AT and GC 
base pairs, as was originally postulated by Watson and 
Crick (1). The main physiological version of this helix, 
called B-form (Figure 1), has the following characteristics: 
(i) two antiparallel sugar-phosphate backbones form a right 
helix, (ii) the planes of base pairs are perpendicular to the 
helix axis, (iii) the base pairs are centered over the helix 
axis, given rise to major and minor grooves, (iv) a helical 
turn consists of 10.5 base pairs, (v) a repetitive unit is 
mononucleotide, (vi) the form of deoxyribose is C2’-endo 
and (vii) individual nucleotides exist in anti-conformation 
(2, 3).  The best characterized deviation from this structure 
was A-DNA, formed in water-alcohol solutions (4). In 
contrast to B-DNA, its sugars are in C3’-endo 
conformation, it has 11 base pairs per helical turn and its 
base pairs are inclined 20º toward, and shifted 5 Å from the 
helical axis, resulting in a ribbon-shaped helix with a deep 
and narrow major grove. Other deviations from the B-helix, 
including C-form with 9.3 bps per turn (5), D-form with 8.5 
bps per turn (6), and T-form, a glucosylated structure with 
8 bps per turn (7), were also described. All of them, 
however, existed in the realm of right-handed double 
helical family of structures. 

Admittedly, there were early indications that 
DNA might be a bit more versatile than the Watson-Crick 
double helix.  For example, alternative schemes of base 
pairings, such as Hoogsteen and reverse Hoogsteen were 
discovered in early crystal studies of nucleotides (8). 
Three- (9, 10) and four-stranded (11) DNA structures 
formed by specific deoxyribonucleotides were detected in 
biophysical experiments of the 1960s. Finally, there were 
preliminary indications that the handedness of poly (dG-
dC) helix may change from right to left under high ionic 
strength (12). These and related observations did not attract 
prime attention, however, due to the general belief that 
normal B-DNA is by far the most thermodynamically 
favorable structure under physiological conditions. 
 
3. ALTERNATIVE DNA STRUCTURES 
 

These conventional views on DNA structure 
began to unravel after the discovery of negative DNA 
supercoiling (13) and DNA topoisomerases (14) that 
modulated topological properties of circular DNA. The 
subsequent discovery of DNA gyrase in 1976 (15) became 
the major breakthrough in the field by demonstrating that 
negative DNA supercoiling can be crucial for DNA 
functioning and organism viability (16).  This was soon 
followed by the realization that changes in DNA structure, 
topologically equivalent to helix unwinding, would be 
energetically favorable in negatively supercoiled DNA (17) 
and the accumulation of experimental data on 
hypersensitivity of supercoiled DNA to the enzymes and 
chemicals specific towards single-stranded DNA (18).  

 
 Notably, the whole concept of B-DNA was based 
on the low-resolution fiber diffraction data, or various 
indirect biochemical and biophysical assays, rather than 
from studies of DNA crystals at the atomic resolution. By 
the irony of fate, the first DNA crystal solved in 1979 (19) 
delivered a shocking left-handed DNA helix that looked 
nothing like B-DNA (Figure 1). This structure, called Z-
DNA, was formed by specific sequences composed of 
alternating purines and pyrimidines and had the following 
structural characteristics: (i) the sugar pucker for 
pyrimidines was C2’-endo, as in B-DNA, but it changed to 
C3’-endo for purines, (ii) the configuration of the 
glycosidic bond for purines was syn, as opposed to anti in 
B-DNA, (iii) the alternation of the C2’-endo, anti-
conformation for pyrimidines with the C3’-endo, syn-
conformation for purines resulted in a zig-zag sugar-
phosphate backbone, hence the name Z-DNA, (iv) its 
repetitive unit was dinucleotide, rather than 
mononucleotide, which is typical for B-DNA, (v) it had 
only one deep and narrow groove, corresponding to the 
minor groove in B-DNA, (vi) its helical turn was 12 bps.    
 
 While in linear DNA, Z-conformation was 
formed under rather exotic high-salt conditions, it was 
found to form under physiological conditions in negatively 
supercoiled DNA (20, 21). Indeed by introducing negative 
DNA twist, it serves as a true sink for the superhelical 
tension, relaxing roughly1.8 supercoils per 10 bps. 
Furthermore, antibodies developed against Z-DNA 
interacted with multiple sites at active eukaryotic genes, 
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Figure 2. Formation of the DNA cruciform. The 
complementary halves of an inverted repeat are colored in 
red and green; flanking DNA is shown in black. The 
nucleation step is followed by the cruciform extrusion via 
the process of branch migration. 
 
pointing to its potentially significant biological role (22, 
23). Thus, Z-DNA was hypothesized to regulate eukaryotic 
gene expression from the very moment of its discovery 
(24).  
 
 At about the same time, formation of a different 
alternative, cruciform-like DNA structure (Figure 2) was 
detected in superhelical DNA in vitro using nuclease S1, 
which was specific to single-stranded DNA (25, 26) and, 
later on, 2-dimensional gel-electrophoresis of DNA 
topoisomers (27). This structure is also formed by specific 
DNA sequences, called inverted repeats, in which DNA 
bases that are equidistant from the symmetry center in a 
DNA strand are complementary to each other. To form a 
cruciform, approximately 10 bps at the center of symmetry 
of an inverted repeat must unwind in the pre-nucleation 
step. This event allows nucleation to occur due to the 
intrastrand hydrogen bond formation near the center of 
symmetry. Once nucleation has occurred, branch migration 
drives the process of extrusion of the cruciform (28). Since 
inverted repeats are enormously overrepresented in both 
pro- and eukaryotic DNA (29, 30), DNA cruciforms were 
readily detected in practically every DNA studied in vitro.  
 
 Initial hopes that DNA cruciforms would be 
ubiquitous in vivo, however, appeared to be overly 
optimistic. The free energy of intracellular DNA 
supercoiling is insufficient to warrant cruciform formation 

by short inverted repeats. For long inverted repeats, 
intracellular supercoiling is sufficient for the cruciform 
formation, but the process is forbidden kinetically (31-33).  
Lucky exceptions from this rule were the very AT-rich 
DNA cruciforms: these efficiently formed in vivo, since 
their nucleation energy was lower and their kinetics was 
much faster than that of GC-rich structures (34-36). As for 
the possible biological role, the remarkable similarity 
between the base of DNA cruciforms and Holliday 
junctions triggered many speculations on the role of 
cruciform DNA in genetic recombination (37). 
 
 In the early 1980s, it has also become clear that 
various homopurine-homopyrimidine stretches are 
hypersensitive to the nuclease S1, when in active 
chromatin, or when cloned into supercoiled plasmids (18, 
38, 39). Besides being homopurine-homopyrimidine, these 
sequences had little in common and the nature of structural 
transition leading to nuclease sensitivity remained elusive, 
particularly because many of them were rather GC-rich.  
Using 2-dimensional electrophoretic analysis of DNA 
topoisomers, two independent groups have demonstrated 
that these sequences undergo a pH-dependent structural 
transition when in superhelical DNA (40, 41). There were, 
however, significant differences in the experimental data 
and interpretations between those groups. Subsequent 
studies of led to unraveling of a totally novel, three-
stranded DNA structure, called H-DNA (Figure 3A), which 
can be formed by various homopurine-homopyrimidine 
sequences as long as they are mirror repeats (42). An 
instant support for this model came from fine chemical and 
nuclease probing of homopurine-homopyrimidine repeats 
in supercoiled plasmids (43-47). 
 
 The major element of H-DNA is an 
intramolecular triple helix. To build this structure, a DNA 
strand from one half of a homopurine-homopyimidine 
repeat folds back, forming a triplex with the duplex half of 
the repeat, while its complement remains single stranded. 
This extensive single-stranded DNA segment accounts for 
the S1 sensitivity. As can be seen from Figure 3A, the two 
complementary DNA strands are not linked in this 
structure, i.e. formation of H-DNA is topologically 
equivalent to an unwinding of the entire homopurine-
homopyrimidine stretch. Therefore, it is favored in 
negatively supercoiled DNA. In the initially described 
structure, the third strand in the triplex was pyrimidine 
hence it was called H-y. H-y form is built from TA*T and 
CG*C+ triads (Figure 3B), in which pyrimidines from the 
third strand form Hoogsteen hydrogen bonds with the 
purines of the duplex. The requirement for cytosine 
protonation makes this structure stable under acidic pH.  
 

Just a year later, an isoform of H-DNA, which 
was stable at physiological pH in the presence of divalent 
cations, was discovered (48). In the latter structure, the 
strand donated to the triplex was homopurine, and the 
structure was built of CG*G and TA*A triads, where 
purines from the third strand form reverse Hoogsteen 
hydrogen bonds with the purines in the duplex (Figure 3B). 
Since S1 hypersensitive homopurine-homopyrimidine 
repeats were initially discovered in the upstream regulatory
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Figure 3. H-DNA. A. The structure of an intramolecular triplex. The two complementary strands of a homopurine-
homopyrimidine repeat are colored in red and gray, while flanking DNA is colored green. The structure is called H-y when the 
red strand is homopyrimide, and H-r if when it is homopurine. One can see that the red and gray strands in this structure are not 
linked, i.e. formation of H-DNA is topologically equivalent to an unwinding of the entire homopurine-homopyrimidine repeat. B. 
H-y form is built from TA*T and CG*C+ triads, in which pyrimidines in the third strand form Hoogsteen hydrogen bonds with 
the purines of the duplex. H-r form and is built of CG*G and TA*A triads, where purines from the third strand form reverse 
Hoogsteen hydrogen bonds with the purines in the duplex. 

 
parts of eukaryotic promoters, H-DNA was hypothesized to 
serve as a transcription regulatory signal in eukaryotes (42). 

 
 As it turned out, three-stranded DNA was just the 
first example of multistranded DNA structures. A four-
stranded structure appeared to be formed by single-stranded 

DNA containing tandemly arranged runs of guanines. The 
original observation that was made for the G-rich element 
in the immunoglobulin switch region (49) was soon 
expanded to telomeric DNA repeats (50, 51) and poly (dG) 
runs (52). The building elements of this structure are 
stacked G-tetrads that are stabilized by monovalent cations, 
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Figure 4. G-quartet structures (modified from 53). A. The G-quartet is a cyclic arrangement of four guanine bases forming two 
hydrogen bonds with each other. Monovalent cations, such as sodium or potassium, fit nicely into a pocket at the center of the 
quartet. B. Polymorphism of G-quartet structures. These structures are formed through the association of four, two or one DNA 
strands (upper panel). The relative arrangement of adjacent strands can be parallel, alternating parallel or adjacent antiparallel 
(middle panel). The connecting loops can be arranged head-to-head, head-to-tail, or diagonally. 
 
such as sodium and potassium (Figure 4A), giving the 
name G-quartet structure. In fact, this structure could be 
quite polymorphic (reviewed in (53): it can be formed by 
the association of one, two or four G-rich DNA strands in 
various orientations relative to each other (Figure 4B). 
From a biological standpoint, a possibility that four parallel 

DNA segments can associate in a sequence-specific manner 
could be a plausible solution for the chromosome alignment 
in meiosis (49). At the same time, an ability of a single-
stranded telomeric repeat to form an intramolecular G-
quartet was widely discussed as a way of capping of the 
chromosome ends (50, 51).   
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 Finally, long AT-rich sequences with a 
peculiar bias in the distribution of adenines and 
thymines between the two DNA strands appear to form 
yet another unusual structure, called DNA Unwinding 
Element (DUE) (54, 55). Under the influence of 
negative DNA supercoiling, these sequence elements 
undergo a transition into a stably unwound 
conformation. Surprisingly, this conformational 
transition was non-cooperative, i.e. the length of an 
unwound area gradually increased with an increase in 
the supercoiling density. DNA unwinding elements were 
often found at the replication origins and were, thus, 
implicated in the initiation of DNA replication in pro- 
and eukaryotes (56, 57). 
 
4. CONCLUDING REMARKS 
 
 In retrospect, it is quite striking that after a 
quarter century reign of the right-handed double helix, a 
plethora of non-B DNA structures were discovered within 
just a decade-long time interval. Remarkably, molecular 
models of these structures withstood the test of time even 
though most of them, with the exception of Z-DNA, were 
based on a limited amount of indirect data. At the same 
time, as readers will see from the following chapters, the 
first, naïve biological ideas about these structures have 
undergone considerable revision. Most importantly, we 
have come to realize that these structures appear on a 
transient basis in various genetic processes, instead of 
being steady-state components of the genome.  This special 
issue discusses the current views on structure and biology 
of unusual DNA structures, including those described 
above plus the slipped-strand structure that was discovered 
more recently (58).  As readers will learn, these structures 
are involved in various aspects of genome functioning and 
appear to be responsible for various aspects of genome 
instability, implicated in dozens of human hereditary and 
non-hereditary disorders. As someone who happened to do 
research in this field from its very beginning, I feel a 
paternal pride when looking at its current advances and 
hope that the readers of this issue will share my excitement. 
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