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Abstract

The DNA double helix was discovered 50 years ago. This
motif was found in several other places, most notably in RNA
molecules. It is also found in DNA-RNA hybrids as well as
transfer RNA molecules where double helical segments
combine to form a more complex structure. A distinct variant
of the DNA molecule was discovered in which the helix turns
left-handed, which has led to practical consequences in the
treatment of certain viral diseases.

Fifty years ago the double helix era began in biology. The
model formulated by Watson and Crick (1953) [65] pointed
to the solution of two important biological problems. First, it
provided a clear method for containing information in the se-
quence of nucleotides in long DNA molecules. Second, the
structure based on complementary pairing between the
bases provided a direct explanation for how the molecule
could be duplicated through strand separation and synthe-
sis of the complementary strands. In addition, the double he-
lix was aesthetically appealing. A double helical staircase
with base pairs in the center and sugar phosphate chains on
the outside gently coiling in a right-handed manner. There
were two grooves on the molecule, a major groove and a mi-
nor groove. The asymmetries in the grooves were related to
the fact that the glycosyl bonds connecting the base pairs to
the sugar phosphate chains were found on one side of the
base pair giving rise to two different types of grooves.

But there was a mystery. The fiber x-ray diffraction data
obtained by Wilkins, Franklin, and colleagues had already
revealed that there were two forms of the double helix, an A
form that was obtained from air-dried DNA fibers, and a B
form in which the fiber was maintained in a hydrated state.
Because of the evident simplicity of the B form diffraction
pattern, the Watson-Crick formulation described the B form.

Since the molecule readily converted from A to B form, it
clearly suggested that there was another form the double
helix could adopt in the A form. Thus, the initial mystery –why
are there two such forms?

It was known at the time that there are two major nucleic
acids, one DNA and the other RNA, in which the sugar phos-
phate backbone contained ribose rather than the deoxyri-
bose of DNA. One of the early questions that arose immedi-
ately after the Watson-Crick formulation was related to the
nature of the RNA molecule-could it form a double helix?

Discovery of the RNA Double Helix

My research work on RNA structure started in the early
1950s when nothing was known of its three-dimensional
structure, and the question asked was whether RNA could
form a double helix comparable to the one described by
Watson and Crick (1953). In their paper, they suggested that
the double helix could not form with RNA molecules be-
cause of the van der Waals crowding associated with the
additional oxygen atom on the ribose ring. The issue was fur-
ther complicated by the fact that it was not known at that
time whether RNA was linear or branched, since the addi-
tional hydroxyl group on the ribose ring represented a po-
tential branch point. While we were both postdoctoral fellows
at Cal Tech in 1953 and 1954, Jim Watson and I tried to
make oriented fibers of RNA to see whether their X-ray dif-
fraction pattern was helical. The results were inconclusive
[50, 51]. On moving to the National Institutes of Health (NIH)
later in 1954, I continued to work on the problem. No signifi-
cant progress was made until the polynucleotide phospho-
rylase enzyme was discovered by Marianne Grunberg-Man-
ago in Severo Ochoa’s laboratory [11]. That enzyme made
very long strands of polyribonucleotides, and with it, struc-
tural investigations became more productive.

David Davies joined me at NIH to work on RNA structure.
In 1956, we mixed solutions of polyriboadenylic acid (poly
rA) and polyribouridylic acid (poly rU) and discovered a re-
markable transformation revealed by X-ray studies. These
two molecules actually reacted with each other to produce a
double helix! A brief note was sent to the Journal of the
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American Chemical Society (JACS) in June of that year [48],
describing the work and a preliminary interpretation of the
pattern. The diffraction pattern clearly indicated the forma-
tion of a helical complex that was not present in either of the
two individual polymers. Furthermore, the pattern had signif-
icant differences compared with those produced from DNA
fiber diffraction patterns. In particular, the first layer line was
very strong, whereas in the DNA diffraction patterns, the first
layer line was weak. 

This result, which seems so obvious today, generated a
great deal of skepticism at the time. While walking down a
long corridor at NIH, I met Herman Kalckar, an eminent Dan-
ish biochemist. During our conversation, I mentioned that we
discovered that poly rA and poly rU formed a double helix.
Kalckar was incredulous. “You mean without an enzyme?”
he asked. His attitude was justified, since the only double
helix known at that time was one made with the DNA poly-
merase enzyme that Arthur Kornberg had purified [29]. Oth-
er critics thought it was highly unlikely that polymers contain-
ing over a thousand nucleotides would be able to
disentangle themselves and form a regular structure. They
believed it would be hopelessly entangled. Further, some
polymer chemists thought it improbable that two highly neg-
atively charged polymers would combine.

Two weeks after sending off the 1956 JACS note, I wrote a
letter to my former postdoctoral mentor, Linus Pauling, de-
scribing these results. The letter reveals a sense of increduli-
ty on my part that this reaction could happen and that it was
“completely reproducible.” This was the first demonstration
that RNA molecules could form a double helix. It was also
the first hybridization reaction and, as noted in the JACS let-
ter, we pointed out that “this method of forming a two-strand-
ed helical molecule” utilizing specific interactions could be
used for a variety of studies. 

An important method for studying the nucleic acids was
measuring their absorbance in the ultraviolet. For some time,
it had been known that polymerization of nucleotides result-
ed in a decrease (hypochromism) in absorbance at 260 mm.
Further, it had been reported earlier that adding poly rA to
poly rU led to hypochromism [64]. Although the mechanism
of hypochromicity was not understood at the time, it was a
useful tool for analysis. Further insight into the reaction of
poly rA and poly rU was obtained by carefully measuring
hypochromicity in mixtures of varying composition. In work
carried out with Gary Felsenfeld (Fig. 1), the absorbance fell
to a very sharp minimum at a 1:1 mole ratio [8]. It implied that
the system was dynamic-the molecules came together to
form a helical duplex, but they then disassembled and re-
assembled so that ultimately all of the gaps between adja-
cent molecules were closed. This was a dynamic picture of
nucleic acid molecules rapidly associating and dissociating,
a view that was different from the prevailing view. Before this
experiment, macromolecular nucleic acids were regarded
as somewhat immobile. The only available mental picture of
the structure was the double helix formulated by Watson and
Crick. Most people thought about the nucleic acids in static
terms, whereas the reaction between poly rA and poly rU

suggested a more dynamic interpretation of nucleic acid
molecules. This led to a significant change in thinking, and it
expressed itself in a variety of other systems, such as re-
combination in which the movements of nucleic acid mole-
cules play a crucial role. 

Triplex as well as duplex

A year later, it was discovered that the addition of divalent
cations such as magnesium would change the picture dra-
matically [9], leading to the formation of a three-stranded mol-
ecule (Fig. 2). We concluded that a second strand of
polyuridylic acid bound in the major groove of the poly rA-
poly rU duplex. Addition of this strand did not increase the di-
ameter of the molecule and neatly accounted for the ob-
served 50% increase in sedimentation constant. It was further
proposed that the second poly rU strand bound to the N6 and
N7 of adenine using two hydrogen bonds to uracil. This pro-
posal was considerably strengthened 2 years later by the X-
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Figure 1. Titration of the optical density at 259 mµ of various mix-
tures of poly rA and poly rU [8].

Figure 2. Titration to the optical density at 259 mµ of mixtures of poly
rA and poly rU showing the effect of MgCl2 leading to formation of a
three stranded molecule [9].
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ray analysis of the co-crystal containing 9-methyl adenine
and 1-methyl thymine by Karst Hoogsteen (1959) [18], which
had the same hydrogen bonding. It was an early indicator of
the structural complexity inherent in RNA molecules. 

Over the next several years, a variety of polynucleotide in-
teractions were studied [5, 42, 43, 44], leading to the forma-
tion of two- and three-stranded molecules. Fiber X-ray dif-
fraction and other studies led to the conclusion that the
molecules all had bases on the inside and the sugar phos-
phate chains on the outside. The bases were generally held
in place by Watson-Crick or alternative types of hydrogen
bonding involving at least two hydrogen bonds.

Sugar rings pucker in two different forms

The deoxyribose sugar ring contains five atoms; they cannot
all lie in one plane, and at least one atom must be out-of-plane
(Fig. 3), which is called ring pucker. With continued analysis
of the DNA fiber patterns, it became clear that the B form con-
tained a ring pucker in which the C2’ atom was out-of-plane
on the same side as the base (C2’ endo). Because of that
pucker, the phosphate groups were nearly 7 Å apart, giving
rise to an extended polynucleotide chain. Study of the more
complex A form led to the conclusion that the C3’ atom was
out-of-plane (C3’ endo). Although the energy barrier is low for
pucker changes in deoxyribose, it is considerably higher in ri-
bose. In the C3’ endo conformation the phosphate groups
were about 5.8-6 Å apart. Thus, the sugar phosphate back-
bone was shortened, and this led to a double helix in which
the base pairs were slightly displaced from the center of the
helix to produce a flatter helix and a somewhat thicker mole-
cule. A relative scarcity of water molecules stabilized that
conformation. It became clear that the normal conformation in
the hydrated in vivo environment involved the C2’ endo sugar

pucker of B form DNA. However, diffraction studies of double-
stranded RNA molecules yielded patterns very similar to the
A form DNA pattern. The RNA diffraction patterns did not
change with humidity, as the molecule was held in that form
by the C3’ endo conformation, frozen by the energy barrier for
changes in ribose pucker.

Can DNA “make” RNA?

By 1960, several investigators had shown that crude prepa-
rations of an RNA polymerase activity could incorporate ri-
bonucleotides into RNA in the presence of DNA, but the
mechanism was not at all clear. It was widely believed that
information transfer went from DNA to RNA. But how did that
occur [45]? The availability of chemically synthesized
oligomers of poly deoxythymidylic acid (poly dT) [58] made
it possible to study this experimentally. It was known that the
RNA backbone was significantly different from the DNA
backbone due to the 2´OH in RNA, so it was not obvious that
they could combine. Nonetheless, we showed that these two
molecules could accommodate each other to form a hybrid
helix containing one strand of poly dT and one strand of poly
rA [46], as seen from hypochromism (Fig. 4) and other stud-
ies. This was the first experimental demonstration of a DNA-
RNA hybrid, and the discovery of messenger RNA was still
one year in the future. It immediately provided experimental
support for a model of how DNA could “make” RNA, using
complementary base-pairing, as in DNA replication. A year
later in 1961, experiments by J. Hurwitz with a purified RNA
polymerase preparation demonstrated that this was the
mechanism underlying information transfer from DNA to
RNA [10]. The reaction between poly dT and poly rA was the
first experimental demonstration that the two different back-
bones could adapt to each other in this method of informa-
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Figure 3. Two major nucleic acid sugar puckers. Deoxyguanosine
with attached phosphorous atoms is shown in the two major nucleic
acid sugar puckers. The C2’ endo pucker (left) is found in B-DNA,
whereas the C3’ endo pucker (right) is found in A-DNA or in RNA.
The distance between successive phosphate groups is close to 7.0
Å in C2’ endo and shortens to 5.8-6 Å in the C3’ endo pucker. Nucle-
ic acids can convert from one pucker to the other, although it takes
greater energy for conversion of ribonucleotides. Carbon, large
open circles; hydrogen, small open circles; nitrogen, cross hatched
circles; oxygen, black circles; and phosphorous, heavily outlined
open circles.

Figure 4. The spectrum of poly rA, poly dT and a 1:1 mixture show-
ing hypochromism.
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tion transfer. The reaction was also the first hybridization of a
DNA molecule with an RNA molecule. The same hybridiza-
tion is still widely used today in the purification of eukaryotic
mRNA by hybridizing poly dT to their poly rA tails. 

A half year later, in 1960, Marmur, Doty, and their col-
leagues demonstrated that it was possible to renature natu-
rally occurring denatured DNA duplexes by incubating them
at an intermediate temperature that would allow the single
strands to anneal together with the correct sequence [7, 32].
A year later, this annealing method was also adopted to form
DNA-RNA hybrids in viral systems [12].

Single-crystal X-Ray diffraction

X-ray diffraction studies of nucleic acid fibers were carried out
extensively by Wilkins, Franklin, and colleagues in the 1950s
and 1960s, even though it was realized that the limitations of
such studies were enormous. In fiber X-ray diffraction, a rather
small number of reflections are registered. However, the num-
ber of variables needed to define the structure (at least 3N,
where N is the number of atoms) is so great that it was clear
that fiber diffraction could not “prove” a structure. It could only
say that a particular conformation was compatible with the
limited diffraction data from fibers. During this period, the
number of single-crystal X-ray diffraction studies was increas-
ing, many of them involving co-crystals of purines and pyrimi-
dine derivatives such as those initiated by Karst Hoogsteen
(1959) [18]. These studies were useful in obtaining informa-
tion about components of nucleic acid structure. For example,
we were able to form a co-crystal of cytosine and guanine de-
rivatives which was the first experimental demonstration that
these were held together by three hydrogen bonds [57], not
two, as initially suggested by Watson and Crick. Linus Pauling
had already emphasized this point based on general structur-
al considerations [37]. Several co-crystals were solved of de-
rivatives of adenine and uracil or adenine and thymine during
this period in my laboratory [20, 33, 60], as well as in others
(reviewed in [61]). However, a disturbing trend emerged from
these studies; namely, all of them were held together by
Hoogsteen base-pairing involving N7 and N6 or adenine, and
none of them had the Watson-Crick base pairs involving the
adenine N6 and N1 atoms. This led some investigators to sug-
gest that the double helix might be held together by Hoog-
steen pairing, which would involve protonation of the cytosine
residues if two hydrogen bonds were used in connecting cy-
tosine to the O6 and N7 of guanine. The calculated diffraction
pattern of such a helix had many similarities to that predicted
by a double helix held together by Watson-Crick base pairs,
even though the fit was not good [1]. However, the question
remained: What is the real structure of the double helix?

The Double Helix at atomic resolution

The first single-crystal structures of a double helix were
solved in 1973 in my laboratory. This was before it was pos-

sible to synthesize and obtain oligonucleotides in significant
quantities suitable for crystallographic experiments. Howev-
er, we succeeded in crystallizing two dinucleoside phos-
phates, the RNA oligomers GpC [6] and ApU [53]. The
structures are illustrated in Figure 5. The significant point in
this analysis was that the resolution of the diffraction pattern
was 0.8 Å: the atomic resolution allowed us to visualize not
only the sugar phosphate backbone in the form of a double
helix, but also the positions of ions and water molecules. It
could be shown that extending the structure with all sugars
in the C3’ endo conformation using the symmetry of the two
base pairs made it possible to generate RNA double helices
that were quite similar to the structures that had been de-
duced from studies of double-helical fibers of RNA. The
bond angles and distances from these structures provided
the library of acceptable angles and distances and, in addi-
tion, gave rise to the nomenclature for identifying torsion an-
gles in the sugar phosphate backbone.

The GpC structure had the anticipated base pairs con-
nected by three hydrogen bonds. However, the ApU struc-
ture showed for the first time that Watson-Crick base pairs
formed when the molecule was constrained in a double he-
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Figure 5. The 0.8 Å resolution double helical crystal structure of the
dinucleoside phosphates (a) ApU as displayed on the cover of Na-
ture magazine [53], and (b) GpC [6].

a

b
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lix, as opposed to the Hoogsteen base pairs that were fa-
vored in the single-crystal complexes of adenine with uracil
derivatives. I mailed preprints of these to several people, in-
cluding Jim Watson. He phoned me, saying that after having
read the ApU manuscript, he had his first good night’s sleep
in 20 years! This indicated to him that the uncertainty about
the organization of the double helix was resolved. The signif-
icance of the double helix at atomic resolution was recog-
nized by the editors of Nature who, in their “News and
Views” commentary, called it the “missing link” and recog-
nized that “the many pearls offered” helped resolve one of
the big uncertainties in nucleic acid structure (“News and
Views” [1973] Nature, 243: 114).

These structures capped the effort that I had started
some 20 years earlier which had been initiated in earnest in
1956 with the recognition that poly rA and poly rU would
form a double helix. Here, at last, was the demonstration at
atomic resolution of the details of that structure. High-resolu-
tion crystallographic analysis of larger fragments of the dou-
ble helix (DNA or RNA) did not emerge until almost a decade
later with the availability of chemically synthesized and puri-
fied oligonucleotides, available in large enough quantities to
permit single-crystal diffraction analysis.

A single-crystal X-ray structure of a hybrid helix did not
appear until 1982 when my colleagues and I solved the
structure of a DNA-RNA hybrid linked to double-helical DNA
[63]. This was 22 years after the hybrid helix was first ob-
served [46]. It showed that the dilemma of two different
backbone conformations was resolved by having the DNA
strand adopt the RNA duplex conformation. This had been
inferred from fiber diffraction studies and has remained a
constant feature, reflecting the relative conformational flexi-
bility of the DNA backbone compared with the less flexible
RNA strand.

tRNA structure

The ways in which a double helix can be incorporated into a
complex folding were first seen in the structure of transfer
RNA. Transfer RNA plays a central role in protein synthesis.
Inside the ribosome it holds the growing polypeptide chain
and interacts with the messenger RNA. There was intense
interest in its three-dimensional structure. As methods for
purifying tRNA improved during the 1960s, there was an in-
crease in the number of attempts to form single crystals. This
effort was very frustrating because it was easy to fail, and
most people involved in the effort failed repeatedly. In 1968,
working with Sung Hou Kim in my laboratory, we were able
to obtain single crystals of E.coli tRNAphe [21]. Three other
groups also obtained single crystals of various tRNAs in that
same year, and all of these crystals were poor, in that they
were somewhat disordered and the resolution was limited.
Our earliest crystals diffracted to ~20 Å. By the next year we
were able to get crystals that diffracted to 6 or 7 Å resolution,
and a study of the three-dimensional Patterson function us-
ing the 12 Å data from the crystals of E.coli tRNAFmet yielded

approximate molecular dimensions of 80 x 25 x 35 Å [22].
These crystals represented progress of a sort, but at the
same time, the frustration was great because they were not
suitable for solving the structure of the molecule. 

We spent the next two years looking at many different pu-
rified tRNA preparations and explored many different crys-
tallization procedures. By 1971, we reached an exciting
turning point: Yeast tRNAphe could be crystallized in a simple
orthorhombic unit cell with a resolution of 2.3 Å [23]! These
were the first crystals of tRNA suitable for analysis. The key
event in making crystals of this resolution was the incorpora-
tion in the crystallization mix of spermine, a naturally occur-
ring polyamine. The spermine bound specifically to yeast tR-
NAphe and stabilized it so that it made a high-resolution
crystal. This was a significant discovery at the time. The sta-
bilizing effect of spermine on yeast tRNAphe made it possible
to form good crystals in other lattices as well. However, sper-
mine would not necessarily stabilize all tRNA molecules in a
similar way. 

Analysis of the crystal diffraction pattern showed that it
had a characteristic helical distribution of diffracting intensi-
ties when viewed in one direction but did not show a helical
distribution when viewed at right angles. This was taken as
evidence that short helical segments containing 4-7 base
pairs were found in the molecule, a result entirely consistent
with the cloverleaf folding of tRNA molecules postulated by
Holley and colleagues after sequencing the first tRNA mole-
cule [17]. This discovery opened the door to the ultimate so-
lution of the structure of yeast tRNAphe.

Tracing the polynucleotide backbone of yeast
tRNAphe

Myoglobin was the first protein whose three-dimensional
structure was solved. The structure was revealed at various
levels of resolution. An important event was the tracing of the
polypeptide chain which showed how the myoglobin mole-
cule is organized as a series of ?-helical and single-stranded
regions folded together. This was our first glimpse of how a
protein molecule is folded, even though the high-resolution
structure had not been completed. 

The structure of yeast tRNAphe was revealed in a similar,
gradual way. Crystallographic research moved more slowly
in the early 1970s than today. Computers were primitive; ad-
vanced area detectors, cryo-crystallography, and synchro-
tron beams were things in the future. However, before work
could continue, heavy-atom derivatives had to be discov-
ered that would be useful for phasing the diffraction pattern
of a crystalline nucleic acid molecule. This had never been
done before, and it took considerable time to discover ap-
propriate derivatives. Three different types of heavy atoms
were developed containing platinum, osmium, or samarium
ions. The osmium residue was very important since it was
known to form complexes with ribonucleotides involving
both the 2´ and 3´ hydroxyl groups. Only one pair of cis hy-
droxyl groups was found at the 3´ CCA end of the tRNA mol-
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ecule. In order to gain some appreciation of the geometry,
the structure of an osmium-adenosine complex was solved
which enabled us to visualize the interaction [4]. The single
osmium derivative in the tRNA crystal made it possible to
identify the 3´ hydroxyl end of the tRNA chain [24]. The
samarium ions were very useful, and they occupied more
than one site. The platinum residue was only useful for 5.5 Å
data. An interim electron density map at 5.5 Å [27] made it
possible to uncover the external shape of portions of the
molecule. However, the true shape of the molecule was not
revealed until a map at 4 Å was visualized in 1973 [24]. 

At 4 Å resolution, peaks were seen throughout the elec-
tron density map that were due to the electron-dense phos-
phate groups. We knew a great deal about the distance con-
straints between adjacent phosphate groups in a
polynucleotide chain, and this made it possible to look for
peaks separated by 5 and 7 Å. Tracing the chain led to the
discovery that the tRNA molecule had an unusual L-shape.
The CCA acceptor double helix was colinear with the T
pseudo-U helix, and it was almost at right angles to the anti-
codon double helical stem which is colinear with the dihydro
U stem. The molecule had the shape of an “L,” with the
amino acid acceptor 3´ hydroxyl group at one end of the L
and the anticodon loop at the other. At the corner of the L,
there was a complex folding of the T pseudo-U and dihydro
U loops. Figure 6 shows a perspective diagram of the L-
shaped molecule.

The L-shaped folding of the tRNA polynucleotide chain
was a dramatic and surprising discovery. Because of the
constraints in the cloverleaf folding of the molecule, several
models had been proposed for the folding of tRNA mole-
cules. All of them were wrong. No one had anticipated that
the molecule would organize in this fashion. Even at 4 Å res-
olution, this folding was compatible with much experimental
data concerning tRNA molecules. For example, it was
known that photoactivation of E. coli tRNAval resulted in the
formation of a photo dimer involving the 4-thio-U residue in
position 8 and the cytosine in position 13. In the 4 Å folding
of the polynucleotide chain, these two bases were in close
proximity, and the distance between the phosphate groups
of these two residues was short enough to allow formation of
the photo dimer [24]. 

The L-shaped tRNA molecule with the folding shown in
Figure 6 is now a standard feature of molecular biology, hav-
ing been found in virtually all tRNA molecules, even when
they are complexed to aminoacyl synthetase enzymes. The
significance of the folding is twofold. First, it revealed that
the 3´ acceptor end is over 70 Å away from the anticodon
loop, which has implications for understanding the interac-
tion between tRNA molecules and tRNA aminoacyl syn-
thetases. Second and most important, it suggested that the
interaction of the tRNA molecules with the message occurs
at one end of the L, whereas the segment responsible for
forming the peptide bond is considerably removed from the
site. This makes it possible to have great specificity with
many interactions at either end of the molecule due to this
separation. These features have been incorporated into our

present view of protein synthesis in interpreting the three-di-
mensional structure of ribosomes and the movement of
tRNA molecules inside the ribosome. Indeed, a proposal
was made regarding the movement of tRNA molecules in the
ribosome using the 4 Å folding [47], pointing out the neces-
sity for bending the mRNA between the two adjacent codons
binding two tRNA molecules. A 45º kink is seen in the mRNA
in the three-dimensional structure of the ribosome [69]. 

Today, we are accustomed to seeing a variety of complex
ribonucleotide molecules in which double-helical segments
and single-chain segments are juxtaposed to make complex
structures with a variety of functions, especially in ri-
bozymes. However, the beginning of our understanding of
the manner in which complex polynucleotide chains can fold
started with this first tracing of yeast tRNAphe visualized at 4
Å resolution. 

This tracing was seen in more detail a year later in our 3 Å
analysis of the folding of yeast tRNAphe in the orthorhombic
lattice (Fig. 6) [25, 26]. Simultaneously, Aaron Klug and col-
leagues published the 3 Å structure of the same spermine-
stabilized yeast tRNAphe in a monoclinic lattice [52]. This fur-
ther confirmed the L-shape folding of the polynucleotide
chain, even though the lattice was different. These 3 Å struc-
tures were very similar and revealed in great detail the man-
ner in which base-pairing of nucleotides, both in the double-
helical regions and in the single-stranded regions, stabilizes
the three-dimensional fold of the molecule. The folding was
held together by a variety of hydrogen-bonding interactions,
including many in the nonhelical regions of the molecule.
These hydrogen-bonding interactions included the forma-
tion of triplexes and a variety of interactions beyond that
seen in Watson-Crick base-pairing. Recognition of the im-
portance of these alternative types of hydrogen bonds ex-
plained why the model builders of that period, trying to antic-
ipate the structure of tRNA, were all incorrect in their
conclusions. The main reason was that they relied exces-
sively on Watson-Crick base-pair interactions and did not
recognize the stabilizing effect of many other types of hydro-
gen bonds. 

The L-shaped folding was predicted to be a general con-
formation found in all tRNA molecules [26]. Subsequent
work has amply verified the relative constancy of the hydro-
gen-bonding networks [40, 41]. 

A quarter-century later: a DNA surprise

It was not until the late 1970s that the development of DNA
synthesis made it possible to obtain significant quantities of
oligonucleotides and carry out single crystal X-ray diffraction
studies which could “prove” the structure. In 1978 I met a
Dutch organic chemist Jacques Van Boom, who could syn-
thesize DNA oligomers. He made d(CG)3, and Andy Wang
crystallized it and discovered it diffracted to 0.9 Å resolution.
Heavy atoms were used to solve the structure which re-
vealed a surprising left-handed double helix with two anti-
parallel chains held together by Watson-Crick base pairs
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[62]. Every other base had rotated around the glycosyl
bonds so that the bases alternated in anti and syn conforma-
tions along the chain. The zig-zag arrangement of the back-
bone (hence, Z-DNA) was different from the smooth, contin-
uous coil seen in B-DNA (Fig. 7). The general response to
this unusual structure was amazement, coupled with skepti-
cism.

The relationship between Z-DNA and the more familiar
right-handed B-DNA began to be apparent from the earlier
work of Pohl and Jovan (1972) [39] who showed that the ul-

traviolet circular dichroism of poly (dG-dC) nearly inverted in
4M sodium chloride solution. The suspicion that this was due
to a conversion from B-DNA to Z-DNA was confirmed by ex-
amining the Raman spectra of these solutions and the Z-
DNA crystals [59]. The conversion to left-handed Z-DNA
was associated with a “flipping over” of the base pairs so
that they were upside down in their orientation relative to
what would be found in B-DNA. Sequences that most readily
converted had alternations of purines and pyrimidines, es-
pecially alternations of C and G [49] and alternations of CA
on one strand and TG on the other strand [36].

This discovery stimulated a burst of research from a large
number of chemists who were very interested in studying
DNA conformational changes. It tended to leave most biolo-
gists rather puzzled, since the ionic conditions suitable for
stabilizing Z-DNA were very far from those present in a cell.
This view changed somewhat with the discovery that nega-
tive supercoiling would also stabilize Z-DNA [38]. Supercoil-
ing was known to be a part of biological systems, and it sug-
gested a connection between this alternative conformation
and biological phenomena.

A Z-DNA biology?

Research work on the biology of Z-DNA progressed very
slowly. By the mid-1980s after several years of research in
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Figure 6. (a) At 4 Å resolution the fold of the tRNAphe chain could be
visualized, as shown in this perspective diagram [24]. (b) The 3 Å
tRNAphe structure reveals the complete interactions of the L-shaped
molecule, as shown on the cover of Science [25, 26].

a

b

Figure 7. A diagram showing a comparison between B-DNA and Z-
DNA with solid lines running from phosphate to phosphate, as
shown on the cover of Nature [62].
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which nothing definitive emerged about Z-DNA, most biolo-
gists were very skeptical about its role. Many felt that Z-DNA
was a non-functional conformational phenomenon. My con-
viction was very simple. Here was an alternative DNA con-
formation, and I felt it likely that it would be used because
evolution is opportunistic. The challenge was to find out how
it was used. 

The first indications of a biological role for Z-DNA came
from immunological work. In collaboration with David Stollar
we found that, unlike B-DNA, Z-DNA is highly antigenic,
yielding polyclonal and monoclonal antibodies [34]. Anti-
bodies to Z-DNA provided a useful tool for characterizing
chromosome organization. They bound specifically to the in-
terband regions of the Drosophila polytene chromosomes;
the binding was particularly strong in the puff regions, the
sites of enhanced transcriptional activity [35]. Ciliated proto-
zoa have two nuclei: the macronucleus, which is the site of
transcription, and the micronucleus, which contains DNA in-
volved in sexual reproduction. AntiZDNA antibodies stained
the macronucleus of the ciliated protozoan Stylonychia, but
not its micronucleus [30]. These were the first data to sug-
gest a connection between Z-DNA and transcriptional activ-
ity.

An important advance came with the work of Liu and
Wang (1987) [31] on the interaction of RNA polymerase with
DNA during transcription. They pointed out that the moving
complex does not rotate around helical DNA, but instead
plows straight through. Because the ends of the DNA mole-
cule are fixed, the DNA behind the moving polymerase was
unwound and subjected to negative torsional strain, while
positive torsional strain developed in front. Further evidence
came later from the work of P.Shing Ho and colleagues, who
found a high concentration of sequences favoring Z-DNA
formation near the transcription start site [54]. To study the
association with transcription more directly, I collaborated
with Burkhardt Wittig and colleagues using a technique de-
veloped by Peter Cook at Oxford. Mammalian cells were en-
capsulated in agarose microbeads; mild detergent treat-
ment lysed the cytoplasmic membrane, permeabilizing the
nuclear membrane but left the nucleus otherwise intact. The
resulting “entrapped” nuclei replicated DNA at nearly the in
vivo rate, and they were able to carry out transcription [19].
Using biotinylated monoclonal antibodies against Z-DNA,
the level of Z-DNA was shown to be regulated by torsional
strain [66]. An increase in transcriptional activity of the em-
bedded nuclei resulted in a parallel increase in the amount
of ZDNA [67]. Using a UV laser pulse for protein-DNA cross
linking, the biotinylated anti-Z-DNA antibodies were linked to
DNA. This made it possible to isolate DNA restriction frag-
ments bound to the antibody. With cultured human cells,
three regions upstream of the c-myc gene formed ZDNA
when c-myc was expressed. However, these regions quick-
ly reverted to B-DNA upon switching off c-myc transcription
[68]. Nonetheless, the actin gene control retained its Z-DNA
at all times.

The picture which then emerged was that the negative
torsional strain induced by the movement of RNA poly-

merase stabilized Z-DNA formation near the transcription
start site. Even though topoisomerases tried to relax the
DNA, the continued movement of RNA polymerases gener-
ated more negative torsional strain than the topoisomerases
could relax. However, upon cessation of transcription, topoi-
somerases rapidly converted it back to the right-handed B
conformation. Thus, Z-DNA was seen as a metastable con-
formation, forming and disappearing depending upon phys-
iological activities.

Binding proteins for a left-handed helix

If Z-DNA were to have biological functions, it seemed highly
likely that a class of proteins should bind to it specifically.
The challenge was to isolate such proteins that bound selec-
tively to Z-DNA with high affinity. The first successful method
used a gel shift assay with radioactive-labeled, chemically
stabilized Z-DNA in the presence of a ~20,000-fold excess
of B-DNA and single-stranded DNA [13]. A Z-DNA-binding
protein was found to be a nuclear RNA editing enzyme [14]
called double-stranded RNA adenosine deaminase (or
ADAR1). This enzyme acts on double-stranded segments
formed in pre-mRNA, binding to the duplex and selectively
deaminating adenosine, yielding inosine. Ribosomes inter-
pret inosine as guanine. Thus, ADAR1 can alter the amino
acid sequence of a DNA-encoded protein. The functional
properties of the edited protein (with the amino acid alter-
ation) are often different from those of the unedited protein.
The editing enzyme is found in all metazoa; it acts to in-
crease the functional diversity of proteins transcribed from a
given locus [2].

Proteolytic dissection of the editing enzyme ADAR1 led to
a domain from the N-terminus called Z?ADAR1 [15]. Z?ADAR1

was found to contain all of the Z-DNA binding properties as-
sociated with the editing enzyme, and it bound Z-DNA tight-
ly with a low nanomolar Kd.

The purified Z?ADAR1 domain was co-crystallized with
d(CG)3 and the structure solved at 2.1Å resolution [55]. It re-
vealed that the DNA was in a form virtually identical to that
seen in the first Z-DNA crystal [62]. The 70amino acid bind-
ing domain was found to adopt a helix-turn-helix ?-sheet mo-
tif (winged helix) in which the recognition helix and the β-
sheet bound to five successive phosphate groups in the
zigzag backbone of Z-DNA, and it recognized the syn con-
formation of guanine (Fig. 8). 

It is possible that the Z-DNA binding domain of ADAR1
targets Z-DNA forming regions of some transcriptionally ac-
tive genes, as only they have Z-DNA. ZαADAR1 appears to be
active in vivo in the editing of certain transcripts where it may
target the gene [16]; however, its role in RNA editing is not
resolved. 

The co-crystal structure of ZαADAR1 and Z-DNA made it
possible to identify those amino acids important for Z-DNA
recognition. A computer search rapidly revealed other pro-
teins with similar sequence motifs. One is the protein DLM1
which is up regulated in tissues in contact with tumors and is
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also interferon-induced. The co-crystal structure of a domain
of DLM1 (Z?DLM1) and d(CG)3 was solved at a resolution of
1.85 Å, and it showed that this second protein domain rec-
ognizes Z-DNA in a manner very similar to that found with
ZαADAR1, but with a few variations [56]. This second structure
clearly indicated that a family of such proteins exists. 

Viruses that use Z-DNA binding proteins

Another member of this family of proteins is E3L, found in
poxviruses such as vaccinia. These large DNA viruses re-
side in the cytoplasm of cells and produce a number of pro-
teins that help to overcome the interferon response of the
host cell. E3L is a 25 Kd protein that is necessary for patho-
genicity and its N-terminal domain has homologies with Z-
DNA binding domains. When vaccinia virus is given to a
mouse, the mouse dies in about a week. However, in a virus
that has a mutated or missing E3L, it is no longer pathogenic
for the mouse, even though the virus can still reproduce in
cell culture [3]. To demonstrate the pathogenicity of the vac-
cinia virus in the mouse and its relationship to possible Z-
DNA binding activities of E3L, a collaboration was set up
with Bertram Jacobs. Chimeric viruses were created in
which the N-terminal domain of vaccinia E3L (ZE3L) was re-
moved, and either the domains Z?ADAR1 or Z?DLM1 were insert-
ed. In carrying out these domain swaps, a little more than a
dozen amino acids in the domain remained unchanged, but
over 50 other amino acids were changed. Nonetheless, the
chimeric viruses were as pathogenic for mice as the wild
type [28] (Fig. 9). Other experiments were carried out in
which mutations in the chimeric virus that weakened Z-DNA
binding were also shown to weaken pathogenicity. Similar
mutations in the wild type weakened mortality. Loss of Z-
DNA binding led to loss of pathogenicity. It is likely that the
ZE3L domain binds to Z-DNA formed near the transcription

start site of certain genes, thereby impairing the anti-viral re-
sponse of the host cell. This is a new example of the way that
viruses seek to exploit features of the host cell in order to
overcome the host defense mechanisms. 

A small molecule or drug can probably be made that will
bind to the Z-DNA binding pocket of the E3L molecule. This
drug should prevent mice from dying when infected with
vaccinia virus. It may also be active in humans to prevent un-
toward effects due to vaccination. More significant is the fact
that the E3L protein of the closely related variola virus, the
agent of smallpox, is virtually identical to the vaccinia E3L
[28]. Hence, such a drug binding to E3L may develop into a
treatment of smallpox. 

To my great surprise, work on Z-DNA and its binding pro-
teins has led us to the possibility of developing a therapy for
certain viral diseases, including smallpox. This is a striking
example of serendipity in scientific research. However, it
also illustrates how fundamental knowledge of nucleic acid
molecular structure can lead to practical therapies for hu-
man diseases.
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