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Abstract

Z-DNA is a high energy conformer of B-DNA that fornrs vivo during transcription as a result of torsional strain
generated by a moving polymerase. An understanding of the biological role of Z-DNA has advanced with the
discovery that the RNA editing enzyme double-stranded RNA adenosine deaminase type | (ADAR1) has motifs
specific for the Z-DNA conformation. Editing by ADAR1 requires a double-stranded RNA substrate. In the cases
known, the substrate is formed by folding an intron back onto the exon that is targeted for modification. The use of
introns to direct processing of exons requires that editing occurs before splicing. Recognition of Z-DNA by ADAR1
may allow editing of nascent transcripts to be initiated immediately after transcription, ensuring that editing and
splicing are performed in the correct sequence. Structural characterization of the Z-DNA binding domain indicates
that it belongs to the winged helix-turn-helix class of proteins and is similar to the globular domain of histone-H5.

Introduction ation it conveys. Here we will review recent studies
that bear on the role of Z-DNA in biological systems.
DNA is capable of assuming many different conform-
ations other than the familiar right-handed B-DNA
double helix [1]. One of the most dramatic examplesis Formation of Z-DNA in vitro
the Z-DNA conformer, which is left-handed [2]. Like
B-DNA, the two strands of Z-DNA are antiparalleland The existence of Z-DNA was first suggested by optical
joined by Watson—Crick base-pairing. In contrastto B- studies demonstrating that a polymer of alternating
DNA, which has all its bases in the anti-conformation, guanine and cytosine residues (d(GYsproduced a
the bases in the Z-DNA helix alternate between the nearly inverted circular dichroism spectrum in a high
anti-conformation and the unusual syn-conformation. salt solution [6]. The physical reason for this find-
This dinucleotide repeat causes the backbone to fol- ing remained a mystery until an atomic resolution
low a zigzag path, giving rise to the name Z-DNA. crystallographic study of d(CG@) rather surprisingly
In Z-DNA, there is only a single narrow groove that revealed the existence of a left-handed double helix
corresponds to the minor groove of B-DNA. No major [2]. Further experiments using Raman spectroscopy
groove exists. Instead, the ‘information’ rich residues confirmed that the crystal structure was the same
that allow sequence-specific recognition of B-DNA lie as formed when poly(d(C@) was placed in a high
exposed on the convex outer surface of Z-DNA (Fig- salt solution [7]. Additional studies using circular di-
ure 1). This transition from B- to Z-DNA occurs most chroism to follow the transition from B- to Z-DNA
readily in sequences, with alternations of purines and demonstrated that Z-DNA can form from B-DNA un-
pyrimidines, especially alternating deoxycytosine and der physiological salt conditions when deoxycytosine
deoxyguanine residues [3-5]. is 5-methylated [8]. The subsequent discovery that
The biological role of Z-DNA is an area of active Z-DNA formed under conditions of negative super-
study. The aim of these investigations is to determ- helical stress raised considerable excitement as this
ine whether this alternate DNA conformations exist ~ brought the left-handed conformation within the realm
vivo, how its formation is regulated, and what inform-  of biology [3, 5, 9].
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Formation of Z-DNA in vivo

Due to the requirement for energy, formation of Z-
DNA in vivois an active process. One source of avail-
able energy is provided by transcription. As pointed
out by Liu and Wang, negative supercoils arise be-
hind a moving RNA polymerase as it ploughs through
the DNA double helix [16], providing one mechanism
for the initiation of Z-DNA formationin vivo. Com-
puter models are consistent with this prediction. One
analysis of 137 fully sequenced human genes demon-
strated that sequences which could form Z-DNA easily
were present in 98 genes. These sequences were dis-
tributed nonrandomly throughout a gene — sequences
were ten times more frequent i than in 3 regions
[17]. They lie precisely in the regions of a gene where
negative supercoiling is highest during transcription.

Experimental demonstration of Z-DNA formation
in vivo

A number of experiments in prokaryotes have been
used to demonstrate that Z-DNA fornrs vivo, and

that this occurs as a result of transcription. One ap-
Figure 1. The ‘information rich’ residues that allow sequence- proach is to detect Z-DNA using chemical modifica-

specific recognition of the major groove of B-DNA lie on the convex .. . . .
surface of left-handed Z-DNA helix. The two DNA strands of each tion of DNA. Throth use of either osmium tetroxide

duplex are highlighted by solid-black lines. The ‘zigzag' nature of OF potassium permanganate, the formation witin
the Z-DNA backbone is clearly seen (adapted from [2]). coli of Z-DNA in plasmids with a d(CG) insert

can be demonstrated [18, 19]. UV crosslinking of

bacteria treated with psoralens have confirmed these

results, and made possible a precise measurement of

Stabilization of Z-DNA by negative supercoiling the amount of unrestrained supercoiling present within

illustrates a number of features about this conforma- E. colinecessary to initiate formation of Z-DNA [20].
tion. First, formation of Z-DNA requires energy. The Another approach has used a construct in which an
amount necessary is proportional to the square of the EcoR1site is embedded in a Z-DNA forming sequence
number of negative supercoils lost from a covalently [21-23]. In the bacterial cell, this fragment can be
closed circular plasmid when a sequence fips into the methylated when it is in the B-DNA conformation but
Z-DNA conformation. For each turn of Z-DNA sta- it becomes resistant to methylation while in the Z-
bilized, approximately two supercoils are lost. The DNA conformation. Susceptibility to methylation of
free energy required to effect the transition can be the EcoR1site thus provides aim vivo measure of Z-
guantitated using two dimensional gel assays to follow DNA formation. InE. coli, Z-DNA is formed in the
the change in plasmid topology [10-14]. Second, se- absence of external perturbation and is increased by
guences other than alternating purines and pyrimidinestranscription, an effect that is enhanced by mutations
can form Z-DNA. The ease with which this occurs inactivating topoisomerase | [22, 23]. Morganellg
depends on the sequence — d(¢G)best, d(TG) is Klebsiellg or Enterobacteformation of Z-DNA was
next, and a d(GGGG)repeat is better than d(TA) not observed [23].
[12, 14, 15]. Third, formation of B—Z DNA junc- It has been difficult to directly demonstrate the ex-
tions, each of which has a free energ% near+4 istence of Z-DNA in eukaryotic systems due to their
kcal/mole, is a significant energetic barrier to Z-DNA increased complexity. A number of early observations
formation [10]. clearly suggested its existence. Unlike B-DNA, Z-
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DNA is highly immunogenic, and polyclonal as well  tibody concentration, suggesting that the Z-DNA is
as monoclonal antibodies can be made that recognizepresentde novoin these preparations rather than be-
this conformation [24]. One natural source richin anti- ing induced by antibody. Furthermore, the amount
Z-DNA antibodies is the sera obtained from patients of Z-DNA present increased dramatically during act-
with auto-immune diseases, especially lupus erythem- ive transcription, consistent with the model of Liu
atosus [25]. These antibodies are produced during theand Wang [16], but was largely unaffected by DNA
exacerbations of the disease, along with antibodies to replication [33].
many other nuclear components. The high specificity In further experiments, it was found that individual
of these antibodies strongly suggest that Z-DNA is genes could be assayed by cross linking the antibody
the cognate antigen and, by implication, that Z-DNA to DNA using a 10-ns exposure of a laser at 266 nm
existsin vivo. [34]. Release of DNA fragments with attached an-
Antibodies raised in rabbits and sheep were used in tibody was accomplished by diffusing in restriction
staining experiments with both fixed [26] and unfixed endonucleases and performingiarsitu DNA digest.
polytene chromosomes 8frosophila[27]. These an-  Following isolation of biotin-labeled antibody-DNA
tibodies produced an unusual staining pattern of in- complexes with streptavidin magnetobeads, free DNA
terband regions but did not stain bands. Staining was was obtained by proteolysis. These experiments made
especially intense in the puffs which are associated it possible to determine the site of Z-DNA forma-
with high levels of transcriptional activity (reviewed tion in particular genes. Using hybridization or PCR
in [28]). Antibodies were also used in staining ciliated techniques, thes-mycgene was studied in murine
protozoa which have both a macronucleus and a mi- U937 cells [34]. Three transcription-dependent Z-
cronucleus [29]. The micronucleus is used for genetic DNA forming segments were identified in therBgion
reproduction, but the macronucleus is the site of all of the gene with two of them near promoters [35].
transcriptional activity. Here, again, the macronucleus Retinoic acid, which induces the cells to differenti-
stained exclusively with no staining in the micro- ate into macrophagewas then used to down regulate
nucleus. Both of these early experiments suggested,expression oft-myc Loss of c-mycexpression was
somewhat indirectly, a link between transcriptional accompanied by a rapid reduction in the amount of
activity and the presence of Z-DNA. Z-DNA present in these three regions. In contrast,
Analysis of intact mammalian systems has been Z-DNA formation in the beta actin gene, which is
more complicated. There are a number of limita- not down regulated with differentiation, was detected
tions in these experiments. As yet, no phenotype has under all the conditions tested.
been associated with presence or absence of Z-DNA  In other studies with a primary liver cell line, in-
forming sequences, thus excluding the use of genetic duction of Z-DNA was measured in the corticotropin
approaches. In order to model Z-DNA formation hormone-releasing gene [36]. Z-DNA formation in-
vivo a number of experiments have been carried out creased when the gene was up-regulated and decreased
using metabolically active permeabilized mammalian when it was down regulated. This finding suggests
nuclei which were formed by embedding intact cells that physiological events are being measured in these
in agarose microbeads using the method of Jacksonsystems.
and Cook [30]. Here, low concentrations of detergent A major conclusion from these studies is that Z-
are used to lyse the cytoplasmic membrane and per-DNA forms largely, if not exclusively, behind a mov-
meabilize the nuclear membrane. These nuclei haveing RNA polymerase and is stabilized by the negative
been shown to replicate DNA at 85% of the rate ob- supercoiling generated by DNA transcription.
served in the intact cell, and they are transcriptionally
competent [31]. In these experiments the amount of
Z-DNA present in the gene is measured by diffus- Functional consequences of Z-DNA formation
ing biotin-labeled anti-Z-DNA monoclonal antibodies
into the beads [32]. The amount of Z-DNA present The role of Z-DNA in biological processes is cur-
can be measured by quantitating how much radioactive rently unknown. In principle, Z-DNA formation could
streptavidin binds within the nucleus. Such experi- have a functional role that need not involve its re-
ments show that, at low concentrations of antibody, cognition by proteins. For example. coli RNA
the amount of Z-DNA measured was independent of polymerase does not transcribe through Z-DNA [37]
the antibody added over a 100-fold change in an- rajsing the possibility that the formation of Z-DNA
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Figure 2. The domain structure of ADAR1. ADARL1 has two Z-DNA binding motifs, 3 double-stranded RNA binding motifs and a deaminase
domain. The short form which starts at methionine 296, lacks the N-termindbzhain (adapted from [95]).

behind (3) to a moving polymerase may block a trail- There have been many attempts to find proteins
ing RNA polymerase from transcribing through that that bind to Z-DNA in the hope that they would in-
region of a gene until the torsional strain stabilizing dicate indirectly the presence of Z-DNA vivo, and
the Z-DNA is relieved by topoisomerases. This mech- help establish a biological role for this conformation.
anism might ensure spatial separation between suc-Early studies were unfruitful and caused widespread
cessive polymerases. As a consequence, processingkepticism that Z-DNA would be associated with any
of an RNA would then be physically and tempor- biological function. Many of the apparently positive
ally removed from that of subsequent transcripts, results reported in these studies may have been due
perhaps minimizing non-functional trans-splicing in either to artefacts or misinterpretation of data [49-51].
eukaryotes. However, absence of proof was confused with absence
Alternatively, formation of Z-DNA may relieve to-  of existence.
pological strain that arises when intact duplexes are
intertwined as occurs during recombination events in-
volving Holliday junction intermediates [38]. For ex-  Identification of a high affinity Z-DNA binding
ample, the Z-forming d(CA/GT)sequence has been protein with enzymatic activity
shown to be recombinogenic in yeast [39], but is
found to be less efficient than d(CGn human cells  Our work has recently shown that one type of double-
[40, 41]. Furthermore, several reports have correlated stranded RNA adenosine deaminase (ADAR) [52]
chromosomal breakpoints in human tumors to poten- called ADAR1 binds Z-DNAin vitro with high affin-
tial Z-DNA forming sequences, although no causal ity [53-55]. The dissociation constant of the Z-DNA
relationship has yet been established [42—46]. In ad- binding domain is nanomolar, making it likely that
dition, Z-DNA formation could affect the placement this interaction is functional [56]. The binding of
of nucleosomes as well as the organization of chro- ADAR1-Z-DNA was identified initially in bandshift
mosomal domains by providing regions from which assays, using competition with high concentrations of
histones or other architectural proteins are excluded unlabeled polynucleotides to indirectly confirm spe-
[47]. Lastly, Z-DNA may perform unexpected roles cificity of binding [53]. Mapping studies showed the
in organisms such as the primitive eukaryote dinofla- presence in ADAR1 of two Z-DNA binding motifs,
gellateProrocentrum micanswhich lack histones and  called Zv and 2B [56] (Figure 2). Z alone is able
nucleosomes but forms immunologically detectable Z- bind to Z-DNA with high affinity, but can interact with
DNA at the nuclear periphery and at the segregation zg to form a domain with slightly different binding
fork of dividing chromosomes [48]. properties [57, 58]. The specificity of recombinant
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Figure 3. The topology and candidate Z-DNA contacts af.ZThe data show that the topology determined by NMR and the location of
candidate contacts ofoZwith Z-DNA determined by mutagenesis are in some respects similar to those of histone H5 [61] ang HB#}-3

The position ofu-helices and-strands are indicated by cylinders and arrows connected with thick lines. Numbers correspond to amino acid

residues. Long range NOEs are indicated with thin lines and show the interactions between the C-gesimirdland the-helices of 4.
W195 makes extensive contacts with other amino acids. Residues (K169, N173, Y177, K181) on the:3attebputatively contact Z-DNA

are indicated (adapted from [63]).

Za for Z-DNA has now been directly confirmed us-
ing biophysical techniques such as circular dichroism

ADARZ2, the only other known member of this enzyme
family [59]. In addition, ADAR1 has three copies of a

and Raman spectroscopy [59, 60]. NMR studies have double-stranded RNA binding motif (DRBM) as well

confirmed structure predictions that Helongs to the
winged-helix-turn-helix family of proteins (Figure 3).
The fold is similar to that found in the globular domain
of histone H5 [61] and the transcription factor HNF-
y3 [62]. The domain consists of a helix-turn-helix
motif (incorporatingx2 anda3 shown in Figure 3) and

a C-terminalB-sheet that constrains the fold through
contacts with residues lying betweeh anda2. Muta-
genesis studies confirm thaB has the properties of a
recognition helix and also show that residues in the
C-terminalp-sheet are also involved in binding to Z-
DNA [63]. Further structural studies are necessary to
resolve how the winged helix-turn-helix fold can be
used to recognize both right- and left-handed DNA.

Domain structure of ADAR1

ADARL1 has a complex structure (Figure 2). It has two
copies of a Z-DNA binding motif that are absent in

as a catalytic domain related to thattfcoli cytidine
deaminase [64—66].

A number of different variants of ADAR1 are pro-
duced in cells [67]. The DRBM for example show
some variation arising from differential splicing that
may affect substrate specificity [68]. A dramatic vari-
ation appears due to a splicing event that replaces the
exon containing the methionine necessary to initiate
translation of full length ADARL. Instead a methion-
ine at position 296 is used to produce a short form
of ADAR1(compare sequence in Genbank accession
number X79448 with that in X79449). The shorter
form has only one copy of the Z-DNA binding motif
and binds Z-DNA with a lower affinity when com-
pared to the longer form [59, 69]. The splicing event
that leads to the formation of the shorter form of
ADARL1 is sensitive to the presence of interferon,
which causes increased production of the long form
of the enzyme [68]. The Z-DNA binding properties
of ADAR1 can thereby be modulated, although the
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Figure 4. Model for regulation of ADARL1 activity by Z-DNAIn vivo, Z-DNA can be stabilized by the negative supercoiling generated by an

RNA polymerase moving through a gene. Transcription also gives rise to regions of double-stranded RNA (dsRNA), formed when a nascent
RNA transcript (pre-mRNA) folds back on itself. The RNA editing enzyme, dsRNA adenosine deaminase type 1 (ADAR1) has been shown
to bind both Z-DNA and dsRNA with nanomolar affinity. It is proposed that binding to Z-DNA allosterically activates editing by ADAR1,
initiating modification of a transcript as it forms and before splicing has occurred. This enzyme causes the hydrolytic deamination of adenine
within the dsRNA to form inosine, which is subsequently translated as guanine. Editing thus changes the read-out of a gene. Several editing
sites may exist in a particular pre-mRNA. ADARL1 thus utilizes the structural information encoded in Z-DNA and dsRNA to alter the linear
flow of information from DNA to RNA.

physiological significance of this event remains to be glutamic receptor sub-units GluR-A,B,C,D,5 and 6,

determined. the serotonin-2C receptor, a liver 2,6 sialotrans-
ferase, and the squid voltage-gated potassium receptor
ADAR1 and dsRNA editing [78-82]. Addition substrates are likely to exist as in-

osine is found in brain mMRNA at a frequency of one in
What role does recognition of Z-DNA play in the every 17,000 ribonucleotides [83]. A method has been
biology of ADAR1? ADAR1 belongs to a family  recently described to allow detection of such edited
of deaminases that modify double-stranded MRNA messages [84]. Members of the ADAR family are also
by catalyzing the hydrolytic deamination of adenine ubiquitous in metazoa [85]. These results suggest that
to form inosine, which is subsequently translated as A-| editing is of evolutionary significance [85, 86],

guanosine [70-73]. When this change occurs in the producing phenotypic variation by altering the linear
first two positions of a codon, an amino acid dif- flow of information from DNA to RNA.

ferent from the one encoded by the gene may be

placed at that site. Twenty-six codons specifying 12 dsRNA editing and Z-DNA

amino acids can be substituted in this manner. An il-

lustrative example is editing of the GIuR-B receptor Inthe cases so far examined, the double-stranded RNA
subtype RNA which specifies a component of the editing substrate is formed by folding thé i&tron
AMPA sensitive glutamic acid receptor. Glutamic acid back onto the exon to basepair with the site that is
is the major excitatory neurotransmitterin mammalian edited [79, 81, 87-89]. The involvement of introns
brains. As a result of editing, a glutamine (CAG) in requires that editing occurs soon after transcription of
the exon specifying the second transmembrane do-RNA, and before splicing. This sequence of events
main of the GIuR-B subunit is replaced by arginine provides a rationale for the recognition of Z-DNA by
(CGG) [74]. This modification changes the electro- ADAR1. As discussed above, Z-DNA vivo is a
physiological properties of the assembled receptor, transcription-dependent structure and will form when
reducing the calcium conductance of the ion chan- appropriate sequences are present behindapa
nel [75, 76]. Whether this change is brought about moving RNA polymerase. Transcription-induced Z-
by ADARL or another member of the ADAR fam- DNA may serve to localize the editing activity of
ily, such as ADAR?2, is currently controversial [77]. ADAR1 to a particular region within a gene, pre-
Other putative substrates for ADAR1 and ADAR?2 are venting indiscriminate modification of other double-
known. The list currently includes multiple sites in stranded RNAs (Figure 4). This mechanism allows



editing to initiate as the transcript is produced; allow-
ing ADARL to act before the intron is removed by the
splicing apparatus. Recognition of Z-DNA by ADAR1
may also block the gene from further transcription un-
til editing of the RNA is complete. Furthermore, it is
possible to imagine that the extent of adenosine to in-
osine modification at a particular site is related to the
amount of Z-DNA formed, depending upon the ease
with which surrounding sequences adopt the Z-DNA
conformation as well as the local superhelical density.

Recent results have allowed this model to be re-
fined further. We have shown that recognition of
Z-DNA by Za is conformation specific rather than
sequence specific [57].

A rather dramatic example of the ability ofvZo
bind different Z-DNA sequences is shown in Figure 5.
In this circular dichroism experiment, short oligonuc-
leotides with two 6 bp binding sites fordZare used.
The first site is d(CG&)and is used to initiate Z-DNA
formation by the oligonucleotide. The second site can
be varied to test for interaction obAvith the Z-DNA
conformation of that sequence. Two such substrates
are shown in Figure 5. In Figure 5A both binding
sites are d(C@) Under low salt conditions, the oli-
gonucleotide is in the B-DNA conformation (dotted
line). However, in the presence ofuZsolid line),
under these same low salt conditions, the spectrum
inverts to give one characteristic of Z-DNA, as shown
by comparison with the spectrum obtained when the
oligonucleotide is placed in 4M NaCl (dashed line).

In Figure 5B the second site is d(TA)The low
salt (dotted line) and high salt spectrum of the oli-
gonucleotide (dashed line) are shown. In 4M NacCl,
the spectrum only undergoes partial inversion, indic-
ating that even under these stringent conditions the
d(TA)3 site cannot fully adopt the Z-DNA conform-
ation. However, in the presence ofxZinder low
salt conditions, inversion of the spectrum is com-
plete showing that & binds to the d(TAj as well as
the d(CG} site and stabilizes it in the Z-DNA con-
formation. This result is confirmed by bandshifting
experiments that demonstrate that both sites on the
oligonucleotide are occupied byw457]. Similar res-
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Figure 5. CD titration of Zx complexed to DNA hairpins with
two binding sites. The DNA hairpins d[(Cg)3(CG)s] (panel A.)
and d[(TAR(CG)T3(CG)3(TA)3] (panel B) were titrated with &
peptide in 50 mM Tris.HCI, 50 mM NaCl, 0.1 mM NEDTA
(pH 7.4) at 30C in a Aviv 60DS spectrometer. Spectra ob-
tained using a ratio of 1 mole ofcZto 2 moles of basepairs are

ults are obtained when other sequences are used inshown (solid lines). Reference spectra obtained in the absence

the second site, indicating thatu4ds specific for the
Z-DNA conformation rather than for a particular se-
guence [57]. Thus, & can recognize any sequence
when conditions are such that it forms Z-DNA.

This result raises the question of how Zargets
a particular Z-DNA forming region within a gene,
rather than all Z-DNA forming regions in the gen-

of protein (dotted line) and in 4M NaCl (dashed line) are also
shown. In 4M salt hairpins d[(C@Y 3d(CG)] forms Z-DNA, while
d[(TA)3(CG)T3(CG)3(TA)3] undergoes only a partial transition.
However, 4 can stabilize d(TAgin the Z-DNA conformation as
shown by the solid line in panel B. The CD signal produced by Z
alone is equivalent to the baseline in the region of 250-300 nm.
The protein alone has a strong negative component below 240 nm
(adapted from [57]).
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ome. A number of models can be proposed. ADAR1 a number of proteins, but it remains to be shown that
may, for example, travel with the polymerase as it such proteins interact with Z-DNA. In addition, evid-
elongates transcripts, dissociating when it sees a Z- ence has been presented to show that topoisomerase Il
DNA sequence. However, immunofluorescence stud- from Drosophila humans and calf thymus recognize

ies fail to show a co-localization between Znd RNA
polymerase making this model unlikely (Herbert, un-
published data). We have shown that high affinity
binding to Z-DNA requires two & molecules [57].
Other protein partners may confer om Zequence-
specific recognition of Z-DNA. E may be one such
domain and there is sonia vitro evidence to sup-
port this proposal [57, 58]. Alternatively ADAR1 may
bind to a specific B-DNA sequence and wait until
a passing polymerase induces the local formation of

a number of different DNA conformations, includ-
ing Z-DNA [91-93]. However, the domain interacting
with Z-DNA has not yet been biochemically defined,
nor has direct biophysical evidence been provided
proving that this protein binds to Z-DNA rather than
some other non-B-DNA conformation present in these
polymers.

Future prospects

Z—DNA_ before iF pecomes_a_ctive. In this case, Fhe CON- A role for Z-DNA in vivo has not yet been firmly
formation specific recognition of Z-DNA may induce  gqiapiished. The recognition of this conformation by

allosteric changes in ADARL1 that initiate binding of ADARL provides a promising lead. Many questions
dsRNA and induce catalytic function. This mechan- -0 \hanswered. How does Z-bNA exactly affect

ism allows Z-DNA to be captured as it forms and yspNA editing ADARL? How many of the potential
before it is dissipated by topoisomerases and otherZ_DNA forming regions in a genome are used by

proteins that relieve superhelical stress. Current work,
using UV cross-linking techniques, supports the idea
that ADARL1 binds DNAIn vivo, although the full
complement of sequences bound are not yet known.

Other Z-DNA binding proteins

The winged-helix-turn-helix family of proteins to
which Zo belongs is large and is involved in many

aspects of growth and development. It is possible that

other members of this family recognize Z-DNA in
a manner similar to &, allowing their activities to
be regulated by transcription. Many different roles in
the spatial and temporal co-ordination of the cell's
molecular machinery are possible.

One interesting element may be E3L protein from
vaccinia virus, which shows some sequence similarity
to Za in its N-terminus. The carboxy terminus of E3L
also contains a dsRNA binding domain that is essen-
tial to interferon resistance [59], making it similar in
domain structure to ADARL. It is also expressed in a
long and a short form that lacks the N-terminal region.
We have confirmed that the N-terminal domain binds
to Z-DNA, but its function remains to be established.

Other proteins may exist that bind to Z-DNA with
lower affinity than ADARL. It has been demonstrated
that peptides in which every second residue is lysine
will stabilize Z-DNA in vitro at micromolar concen-
trations [90]. This provides a simple protein motif
with which to recognize Z-DNA. This motif exists in

ADARL to regulate editing? Are there other proteins
that have a Z-DNA binding domain but a different en-
zymatic function? Are there other families of Z-DNA
binding proteins that have so far escaped detection?
These are difficult questions. As the quest for the bio-
logical role of Z-DNA has already shown, they are
not for the faint-hearted. However, their solution will
probably reveal many unexpected insights into how
nature, the ‘blind watchmaker’ [94], utilizes subtle
informational cues to co-ordinate its activities.
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