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The conversion of right-handed dsDNA and dsRNA to the left-handed Z-con -
formationinvolvesareorganizationofthenucleotidesrelativetoeachother. Thiscon
ver sion can be facil i tated by the tight bind ing of a Z-conformation-specific pro tein do
main from the ed it ing en zyme dsRNA adenosine deaminase. This may in flu ence the
mod i fi ca tion of both pre-mRNAs as well as some rep li cating RNA vi ruses.

Both DNA and RNA form sta ble dou ble he It
ces held to gether by Wat son-Crick base pairs.
However, the presence of an added oxygen
atom in the back bone of RNA re sultsin a con
sid er able change inthe ge ome try of the mol e
cule. The B-DNA mol e cule has both ma jor and
mi nor grooves, with the ma jor groove fully ac
cessible. On the other hand, A-RNA, because
of the al tered pucker of the ribose ring, forms
a double helix in which the minor groove is
quite accessible, but the major groove is con-
stricted so that it is almost inaccessible to
neighboring molecules. Right-handed B-DNA

and A-RNA are the most sta ble forms of these
du plexes. Both of these con for mations can be
transformed with the input of energy into
left-handed double helical conformations,
which are still held together by Watson-Crick
base pairs, but with the backbones in an un-
usual zig-zag shape, hence the name “Z”-con-
for mation. Thiscon tor tion of the back bone oc
curs be cause in the Z-conformation, the puck-
ers of the furanose sugar rings in the
polynucleotide chain alternate between that
found in B-DNA (C2' endo) and that found in
A-RNA (C3' endo). It is this alternation that
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produces the unusual shape of the phosphate
backbone, the most striking feature of the
Z-conformation.

Here we dis cuss some of the re search on the
left-handed Z-forms of both DNA and RNA
double helices. Much more is known about
Z-DNA than Z-RNA at the present time.

DNA can assume many shapes [1]. A dra-
matic change in shape is found when the fa-
miliar right-handed B-DNA double helix
changes to the slightly thinner and elongated
left-handed Z-DNA conformation (Fig. 1) [2].
This conformational change occurs most
readily in segments with specialized se-
quences, favored largely by alternations of
purines and pyrimidines, especially alternat-
ing deoxycytidine and deoxyguanosine rest

dues [3-5]. The alteration in ring pucker re-
flectsdifferencesinthestabilities of furanose
sugar puckersforparticularnucleosides.

Z-DNA IS STABILIZED BY NEGATIVE
SUPERCOILING

The alternative Z-conformation was first
sug gested by op ti cal stud ies of Pohl and Jovin
showing that polymers of alternating
deoxyguanosine and deoxycytidine residues,
d(CG)p, produced a nearly inverted circular
dichroism spectrum in about 4 M salt solu
tions [6]. The physical reasonforthisfinding
remained a mystery until an atomic resolu
tioncrystallographicstudy of d(CG)s3, sur pris

Figure 1: Overview of B- and
Z-DNAhelices[2, 79].

The “information-rich” residues
thatal lowse quence-specificrecog
nition of the major groove of
B-DNA lie on the con vex outer sur-
face of left-handed Z-DNA helix.
The two DNA strands of each du-
plex are high lighted by solid black
lines. The “zig-zag” nature of the
Z-DNA backbone is clearly seen.
The se quence shown is (dC-dG)y,.
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ingly revealed a left-handed double helix,
which main tained Wat son-Crick base pair ing
(Fig. 1) [2]. The Z-DNA helix is formed by a
d(CG) dinucleotide repeat with the deoxy-
cytidines in the familiar anti conformation
while the deoxyguanosines are in the un usual
syn form. In Z-DNA, there is a single narrow
groove that cor re sponds to the mi nor groove
of B-DNA, there is no major groove. Instead,
the “in for mation”-rich residues thatal low se
quence-specific recognition of B-DNA lie ex-
posed on the con vex outer sur face of Z-DNA.
This is shown in an end view where in Z-DNA
the base-pair is at the edge of the helix, espe-
cially the gua nine base (Fig. 2). The tran si tion
from B-DNA to Z-DNA involves “flip ping” the

Z-DNA
Fig ure 2. End views of Z-DNA and B-DNA [2, 79].

B-DNA can form Z-DNA under physiological
salt conditions when deoxycytidine is
C5-methylated or brominated [7]. The dem on
stration that Z-DNA formed un der con di tions
of neg ative superhelical stresswasno table as
this brought the left-handed conformation
within the realm of biology [3, 5, 8].
Z-DNA is a higher-energy con for mation than
B-DNA and will only form in plasmids when
they are torsionally stressed, thus Z-DNA is
stabilized by negative supercoiling. The en-
ergy necessary to stabilize Z-DNA can be de-
termined by measuring the plasmid
superhelical density at which Z-DNA forma-
tion occurs, and it is proportional to the
square of the number of negative supercoils

End views of Z-DNA and B-DNA are shown in which a G- C base pair has been shaded. The gua nine res i dues in
B-DNA are lo cated closer to the cen ter of the mol e cule and the phos phates are on the out side, while in the thin ner
Z-DNA con for mation, the base pair is dis placed to one side, with the gua nine C8 of the pu rine ring near the pe riph

ery of the he lix.

base pairs upside down (Fig. 3). During this
process, deoxycytidine remains in the anti
conformation because both the sugar and
base flip over, while only the base of
deoxyguanosine inverts, moving it into the
syn conformation. In addition, the guanosine
deoxyribose adopts the C3' endo sugar
pucker, nor mally found in riboses of A-RNA,
while the deoxycytidine deoxyribose remains
in the nor mal C2' endo sugar pucker (Fig. 4).
These fea tures con se quently con tort the phos
phate backbone in a zig-zag path (see Fig. 1).

[9, 10]. Se quences other than al ter nating pur
ines and pyrimidines can also form Z-DNA.
The ease with which this occurs depends on
the se quence; d(CG) is best, d(TG/AC) is next,
and a d(GGGC) repeat is better than d(TA),
[11,12]. Inaddi tion, for mation of a B-Z DNA
junc tion, which has a AG of about 4 kcal/mol,
isasignificantenergeticbar rier to Z-DNA for
mation [9]. Based on manyem pirical findings,
com puter mod els have been de vel oped to rank
the Z-DNA-forming potential of naturally oc-
curring sequences[13].
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Fig ure 3. B-to-Z “flip ping” [2].

This diagram il lus trates the changes in top o log i cal re la tion ship if a four-base pair seg ment of B-DNA were con
verted into Z-DNA. Base pairs are rep re sented by flat boards; the base pairs in the Z-conformation are shaded. The
conversionisassociatedwitharotationor “flip ping” of the base pairsasin dicated. Ro tationoftheguanineresidues
about the glycosidic bond yields deoxyguanosine in the syn con for mation (withaC3’ endo sugar pucker), as shown
in Fig. 4. In con trast, for deoxycytidine res i dues, both the cytidine base and deoxyribose are rotated, keep ing cy to
sine in the anti-glycosidic ori en tationwithaC2' endo sugar pucker.

As pointed out by Liu & Wang [14], neg a tive
supercoils arise behind a moving RNA poly-
merase as it ploughs through a DNA double
helix. The torsional strain generated by pas-
sage of RNA polymerases then be comes a po
tent source of energy to stabilize Z-DNA. An
anal y sisby Schrothet al. [15] of 137 fully se-
quenced human genes demonstrated that se-
quences that could easily form Z-DNA were
present in 98 and they were distributed
non-randomly throughout the gene; se-
quences were 10 times more frequent in 5
than in 3’ re gions with the high est fre quency
near the tran scrip tion start site. This find ing
supports the ex pec tation that the energy nec
es sary to form Z-DNA in vivo is generated by
transcription.

EVIDENCE FOR Z-DNA

Z-DNA formation in vivo can be detected by
chemicalmodification. Throughuseofei ther

osmium tetroxide or potassium permanga-
nate, plasmids con taining ad(CG), in sert will
form Z-DNA in vivo [16]. UV cross-linking of
bac te ria treated with psoralen dyes have con
firmed these results and permitted precise
quantitation of unrestrained supercoiling
present within Escherichia coli [17]. A more
sophisticated approach has used a construct
in which an EcoRI restriction site is embed-
ded within a Z-DNA-forming se quence [18]. In
the bac te rial cell, this frag ment can be meth yl
ated when it is in the B-DNA conformation,
but is resistant to methylation while in the
Z-DNA conformation. Susceptibility to me-
thyl ation thus can be used as a mea sure of in
vivo torsional strain. Results obtained with
this sys tem show that Z-DNA for mationinE.
colioccursintheabsence of exter nal per tur ba
tion and is regulated by transcription, an ef-
fect that is enhanced by mutations inactivat-
ing topoisomerase | [19, 20].

Krasilnikov and co-workers [21] were able to
quantitate the ef fects of neg a tive supercoiling
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in E. coli by assessing the efficiency of cruci-
form formation at varying distances up-
stream of a promoter. Chemical probing as-
says showed cruciform formation decreased
to one half by placing a promoter 800 bp up-
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with autoimmune diseases such as systemic
lupus erythematosis. These experiments
showed that lupus pa tients pro duced an ti bod
ies which were highly spe cific for Z-DNA [23].
The blood concentrations increased during
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Fig ure 4. Con for ma tion of deoxyguanosine in B- and Z-DNA [79].

In both di a grams, the sug ars are ori ented so that the plane de fined by C1'—01'—C4' is horizontal. Atomslying
above this plane are in the endo con for mation. In B-DNA all of the sugar puck ers are C2' endo; in A-RNA all sug ars
are in the C3' endo con for mation. In Z-DNA and Z-RNA the guanosine sug ars adopt the C3' endoconformation.
How ever, in the Z-conformation the gua nine bases are in the syn-orientation with re spectto the glycosidic-bond. In
con trast, only the anti-po si tion is found in the bases of B-DNA and A-RNA. A curved ar row around the glycosyl car-

bon-nitrogen bond in di cates the site of ro ta tion.

stream, and it could still be de tected over 2 kb
up stream. Thiswas the firstdemon strationin
vivo that supercoiling gener ated by tran scrip
tion could change DNA struc ture at such great
distances.

De tec tion of Z-DNA in eukaryote sys tems is
more com plex, al though a num ber of early ob
servationsclearly suggesteditsexistence. Un
like B-DNA, Z-DNA is highly immunogenic,
and polyclonal as well as monoclonal an ti bod
ies can be made that specifically recognize
this conformation [22]. The first indication
that Z-DNA ex ists in eukaryotic sys tems came
from anal y ses of sera ob tained from pa tients

the exacerbations of the disease, together
with an ti bod ies to many other nu clear com po
nents.

Anti-Z-DNA antibodies raised in rab bitsand
goats have been used in staining fixed [24]
and unfixed polytene chromosomes of
Drosophila melanogaster [25]. These pro duced
an unusual pattern with staining in the
interband regions but not in the bands.
Staining was especially intense in the puffs,
which are associated with high levels of
transcriptional activity (reviewed by Hill
[26]). Antibodies were also used in staining
the ciliated protozoa Stylonychia muytilus,
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which has both a macronucleus and a micro-
nucleus [27]. The micronucleus is used for ge-
netic reproduction, but the macronucleus is
the site of all transcriptional activity. In this
case, the macronucleus stained exclusively,
with no staining in the micronucleus, even
though they both had the same DNA se-
quences. These findings suggested a link be-
tween transcriptional activity and the pres-
ence of Z-DNA.

There are a number of limitations in the
analysis of Z-DNA in intact mammalian sys-
tems. No phe no type has ever been as so ci ated
with the presence or absence of Z-DNA-for-
ming sequences, thus limiting the use of ge-
neticap proaches. Further more, regulation of
Z-DNA is likely to be very complex. Moving
RNA polymerases can generate negative tor-
sional strain. RNA polymerase | is known to
work on some favorable Z-DNA-forming se-
quences in ri bo somal RNA genes, but it is not
known how the tor sional strainin re gions 5’
toRNA poly merase Il promotersisregulated.
The effect of potential Z-DNA-forming se-
quences upstream in a promoter must be in-
terpreted carefully. Deletion or mutation of
such regions, as in the case of the SV40
enhancer which has re gions of al ter nating pu
rine/pyrimidine repeats, may have many dif-
ferentconse quences[28].

Several experiments have been carried out
using metabolically active, permeabilized
mam ma lian nu clei, which were formed by em
bedding living cells in agarose microbeads
[29]. Alow con centration of de ter gentis used
to lyse the cy to plas mic mem brane and perme
abilize the nu clear mem brane. The treated nu-
clei are transcriptionally active and replicate
DNA at 85% of the rate ob served in the in tact
cell [30]. The amount of Z-DNA pres ent un der
these conditions was detected by diffusing
biotinylated anti-Z-DNA monoclonal antibod-
ies into the permeabilized nucleus and mea-
sur ing theamountof radio ac tive streptavidin
that would bind [31]. The amount of Z-DNA
measuredwasindependentoftheantibodyin
fused, over a 100-fold range in antibody con-

centration. Furthermore, the amount of
Z-DNA depended on DNA negative torsional
strain. Itincreased dramatically as tran scrip
tion increased, but was largely unaffected by
DNA replication[32].

Individual genes can be assayed by
cross-linking the antibody to DNA using a
10-ns ex po sure of a la ser at 266 nm [33]. The
release of DNA fragments with cross-linked
antibody was carried out by diffusing in re-
striction endonucleases, an in situ DNA di-
gest.Followingisolationofbiotin-labeledanti
body-DNA complexes with streptavidin ma-
gnetobeads, free DNA restriction fragments
were ob tained by pro te ol y sis. Thus it was pos
sible to determine which regions of a gene
forms Z-DNA. Using hybridization or PCR
tech niques, the c-myconco genewasstudiedin
mouse U937 cells [33]. Three transcription-
dependent Z-DNA-forming segments were
identified in the 5" region of the gene with
two of them near promoters [34]. Retinoic
acid, which induces the cells to differentiate
into macrophages, was then used to down-reg
ulateexpressionofc-myc. Loss of ¢-myc ex pres
sion was accompanied a loss of Z-DNA over
15-20 min in these regions. As a control,
Z-DNA was detectable by PCR amplification
with probes for actin genes under all condk
tions tested; actin is not down-regulated dur-
ingdifferentiation.

Induction of Z-DNA was also measured in
the corticotropin hor mone-releasing gene in a
primary liver cell line [35]. Z-DNA formation
in creased when the gene was up-regulated and
decreased when it was down-regulated. This
findingsuggeststhatphysiologicaleventsare
being measured in these systems. A major
conclusion from these studies is that Z-DNA
formslargely, if notex clu sively, be hind a mowv
ing RNA polymerase and is stabilized by the
neg ative supercoiling gen er ated by DNA tran
scription. After the polymerase stops tran-
scribing, topoisomerase is able to catch up
and release torsional strain caused by nega-
tive supercoiling, and the Z-DNA reverts to
the lower en ergy B-conformation.
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It is possible that Z-DNA formation has a
functional role without recognition of its
shape by proteins. For example, the E. coli
RNA poly mer ase does not tran scribe through
Z-DNA [36]. Thus, the for ma tion of Z-DNA be
hind amov ing poly mer ase may block a fol low
ing RNA polymerase from re-initiating tran-
scription from that region of the gene. This
might ensure spatial separationbe tweensuc
cessive polymerases. Inamam maliansystem,
RNA tran scripts would then be physi cally and
temporally separated from other transcripts,
perhaps minimizing non-functional eukaryo-
tic transssplicing [37].

Alternatively, formation of Z-DNA could fa-
cilitaterecombinationofhomologouschromo-
somaldomainsbyrelievingtopologicalstrain
that arises when intact duplexes are inter-
twined [38]. The Z-DNA-forming sequence
d(CA/GT), has been shown to be recom-
binogenic in yeast [39] but is found to be less
efficientthand(CG), in hu man cells [40, 41].
Finally, Z-DNA formation could affect the
place ment of nucleosomes as well as the or ga
nization of chromosomal domains [42].

AN EDITING ENZYME SPECIFICALLY
RECOGNIZES Z-DNA

A number of laboratories have searched for
Z-DNA binding proteins. Early studies were
unfruitful and caused widespread skepticism
that Z-DNA would be as so ci ated with any bi ¢
logical function. Many of the positive results
reported in these studies may have been due
eithertoartifactsormisinterpretationofdata
[43—45]. However, absence of proof should
not have been confused with ab sence of ex is
tence.

A protein which was found to specifically
bind Z-DNA is the RNA editing enzyme dou-
ble-stranded RNA adenosine deaminase. This
enzyme deaminatesad e ninetocre ate inosine.
Inosine hydrogen bonds in a manner similar
to guanine. In effect, the editing enzyme
changes codons in mRNA by converting se-

lected adenine residues to the functional
equivalent of guanine. These enzymes are
called adenosine deaminases acting on RNA
(ADAR, formerly known as dsRAD or
DRADA), and the en zyme that binds tightly to
Z-DNAis ADAR1. The human ADAR1 pro tein
is nearly 140 kDa in size (1226 aa) and con-
sists of three major domains. The C-terminal
re gion con tains the adenosine deaminase do
main and the central re gion con sists of three
double-stranded RNA bind ing do mains. These
domains recognize double-stranded A-RNA
and bind solely to that conformation in a se-
quence-independent manner. The N-terminal
region consists of a bipartite Z-DNA binding
domain, termed Zab, which has two homolo-
gous subdomains (Za and Zp3) that are sepa-
rated by a tandem-repeated linker [46, 47].

The Zo domain, containing approximately
80 amino acids, has been cloned and studied
independentlyingreatdetail. Za was found to
bind to Z-DNA with a low nanomolar binding
constant[46,48,49]. Theinteractionbetween
Zoand DNA can be mea sured in sev eral ways.
Upon incubating poly(dG-dC), with increas-
ing amounts of Zx, the circular dichroism
changes from right-handed B-DNA to the
left-handed Z form. In addition, the binding
can be measured directly using surface
plasmon resonance (BIACORE) or ultracen-
trifugationexperiments [50, 51].

The ADAR enzymes exist as a small family.
ADAR-2 con tains an adenosine deaminase do
main and a dou ble-stranded RNA bind ing do
main but does not have a Z-DNA binding do-
main [52]. These ADAR pro teins are found in
all metazoan tis sues, sug gest ing that RNA ed
iting is of great evolutionary significance
[53-55]. The activities of these en zymes may
be an important source of phenotypic varia-
tionasthey have the po ten tial to sig nifi cantly
alterthelinearflowofinfor mation from DNA
to RNA [55, 56]. A num ber of sub strates have
been identified including the glutamate and
serotoninreceptorsinthecentral nervoussys
tem, as well as the «-2,6-sialyltransferase in
the liver [56—60]. In all examples the edited
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form of the protein, with changes in specific
amino acids, results in the production of a
modified function for the protein.

In the case of the glutamate receptorwhich
isan ion chan nel, a glutamine (codon CAG) is
ed ited to code for arginine (codon CGG) [57].
This is lo cated in GIuR-B, one of the sub units
that make up the glutamate ion channel. The
positively-charged arginine is found in the
center of the ion channel, and its presence
prevents the influx of calcium ions. This re-
sults in a rapid excitatory transmission, a
change that is so beneficial to the organism
that the GIuR-B mes sage is al most com pletely
found in the edited form [61].

The serotonin receptor is a G-coupled pro-
tein; the ed ited form of the en zyme which in
teracts with the G pro teinare mod i fied so that
the coupling is somewhat weaker than the
unedited form [59]. This re sults inamod i fied
serotoninreceptorthatproducesaweakersig
nal. Both of these receptors are used in the
central ner vous sys tem, thereby per mittinga
finer-tuned level of serotonin regulation. In
the liver «a-2,6-sialyltransferase, the edited
proteinhasadifferentsecretorypathway, giv
ing rise to a longer half life for the protein
[60]. Again, the unedited and the ed ited tran
scripts are both used in the organism,proba
bly to gain greater con trol over the reg u lation
of the sialyltransferase activity.

Thecrucial step inthe ed iting pro cess is the
formation of a hairpin or fold-back structure
in the pre-mRNA molecule, resulting in the
formation of an RNA duplex [62]. The RNA
duplex is the binding site for the ADAR en-
zyme through its double-stranded RNA bind-
ing domains. This leads directly to a
deamination of an adenine residue some-
where in the du plex. The mech a nism con cern
ingtheselectionoftheparticularadenineare
not well understood. An important point is
that the duplex RNA substrate is frequently
formed by the pairing of an intron with an
exon, and the exon is edited to change the
amino acid codon. This has a num ber of in ter-
esting consequences. The control of the edit-

ing system rests in particular intronic se-
quences that are com ple men tary to exonic se
quences. In addition, it raises the question
how does the en zyme man age to carry out all
ofitseditingactivity be fore the intronsarere
moved by the splicing apparatus, which is
known to be at tached to the end of the na scent
MRNA chain. This is where the postulated
role of the Z-DNA binding domain becomes
important.

The prob lem that the ed iting en zyme has is
thatoffindinganactively transcribinggenein
con trast to agene thatis not tran scrib ing. Ac
tively transcribing genes with their moving
RNA polymerases generate the negative tor-
sional strain up stream of the poly mer ase that
transiently stabilizes Z-DNA while the poly-
merase is moving [14]. Hence, transcribing
genes have Z-DNA in them, while non-trans-
cribing genes do not. It is likely that the
high-affinity Z-DNA binding domain at the
N-terminus of ADAR1 localizes itself on the
Z-DNA as a way of targeting a transcribing
gene, as dis tinct from a non-transcribing one.
In effect, it increases the local concentration
of the ADARL1 editing enzyme in the vicinity
ofareasundergoingactivetranscription. The
man ner inwhich ADARL1 is be lieved to bind to
both Z-DNA and double-stranded RNA is
shown in Fig. 5.

STRUCTURE OF THE Za-Z-DNA
COMPLEX

Bycarryingoutcontrolled proteolysisofthe
Zab do main of ADARL, it was pos si ble to iso
late a stable Za domain which could be
over-expressed and purified in sufficient
quantities for crystallographic studies [47,
63]. Schwartz and coworkers were able to
co-crystallize Za with a seg ment of Z-DNA and
the struc ture of this com plex has been solved
at 2.1 A resolution [64]. The structure that
emerged from the com plex was quite sur pris
ing and revealed the mechanism that nature
uses for detecting Z-DNA. One Za molecule



Vol. 48

B.A. Brown Il and A. Rich 303

binds to each strand of a Z-DNA duplex, but
the two proteins do not interact with one an-
other as shown in Fig. 6. The pro tein do main

Transcription

-
.HHA'. Polymerase m'\

Nascent pre-mRNA

(Y177) which is in van der Waals con tact with
the C8 residue of agua nine in the syn con for-
mation. By re fer ring to Fig. 2, it can be seen

MNegative supercailing
& Tarsienal strain
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Figure5. In vivo, Z-DNA is thought to be sta bi lized by the neg a tive supercoiling gen er ated by an RNA
poly mer ase mov ing through a gene.

Tran scrip tion also gives rise to re gions of dou ble-stranded RNA (dsRNA), formed when a na scentRNA tran script
folds back on itself. The RNA editing enzyme, dou ble-stranded RNA adenosine deaminase (ADAR1), has been
shown to bind both Z-DNA and dsRNA with nanomolar af fin ity. Each nu cleic acid is bound through a sep arate do
main. This en zyme then cat a lyzes the hydrolytic deamination of an ad e nine within the dsRNA to form inosine,

which is sub se quently trans lated as gua nine. Sev eral ed it ing sites may ex ist in asin gle pre-mRNA.

is folded in the form of a helix-turn-helix,
(HTH), a motif that is widely used in tran-
scription factors for the recognition of spe-
cific B-DNA sequences. In the case of
B-DNA-binding HTH pro teins, there usu ally is
a recognition helix that fits into the broad,
deep major groove of B-DNA and con tacts spe
cific base pairs. How ever, in Zaarecognition
he lix is used, but it does not bind in a groove,
and rather it runs along the side of the Z-DNA
dou ble he lixwhere, to gether withan ad ja cent
p-sheet, itrecog nizesfive ad jacent phos phate
residuesinthezig-zag back bone us ing a com
plex of 11 dif fer ent hy dro gen bonds. This rec
ognition is shown in Fig. 7, together with a
schematicdiagramillustratingtheinteraction
modes. As shown in Fig. 7, another compo-
nent of the interaction is a tyrosine residue

that the C8 residue is on the outside of the
Z-helix. This interaction is a stabilizing
edge-to-face contact. Immediately on the other
side of thety rosine res i due, a tryptophanisin
van der Waals contact with the tyrosine in a
second stabilizing edge-to-face interaction.
Thetyrosineresidueinthisconformationcan
interactwith guanine in thesynconformation,
or any other base in the syn conformation.
Thus, the Za do main rec og nizes Z-DNA by its
two most distinct features which differ from
B-DNA, the zig-zag phosphate backbone and
the syn conformationofapurinenucleotide.

The major difference between the interac-
tion of Zo and Z-DNA and the structurally
similar helix-turn-helix domain recognizing
B-DNA is that the recognitionhelix has a dif-
ferent“an gle ofat tack”. Inthe B-DNA inter ac
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tion, the recognition helix is almost perpen-
dicular to the axis of B-DNA, while in the
Z-DNAIinteraction, therecognitionhelixisro
tated so that it is more in line with the helix
axis.

THE Za DOMAIN OF ADAR1 ALSO
INTERACTS WITH Z-RNA

When an RNA vi rus such as measles in fects
a cell, the anti-viral interferon response leads
to increased activity of interferon-inducible
genes. This includes the ADARL1 gene, which

Suchmu tations are the ex pected re sult of the
actionof ADAR1ontheviralRNAreplication
sys tem, and may be an at tempt on the part of
the host cell to disable the virus.
Hypermutation similar to that found in the
mea sles vi rus has also been found in the RNA
of vesicular stomatitis virus, respiratory
syncytial vi rus and para-influenza vi rus 3 [67,
68].

RNA viruses generally utilize a dou-
ble-stranded inter me diateduringsome period
of their life cycle [69]. Little is known about
the conformation of this double-stranded
RNA or the forces act ing upon it dur ing rep li

Fig ure 6. Over view of the Za - Z-DNA com plex [64].

Residues 134 to0 198 (number ing from hu man ADARL1) of two sym me try-related Za mono mers and the 6 bp du plex
d(CGCGCG), are shown. The Za mono mers are rep re sented as sol vent-exposed van der Waals sur faces with col or
ingindicatingelectrostaticpotentials(redindicatesnegativepotential,andbluerepresentspositivepotential). The
complementarity in shape and elec tro static po ten tial is strik ing.

is strongly up-regulated and produces the
full-length protein including the Za domain
[65]. In addition, the distribution of ADAR1
changes from primarily nuclear localization
to both nuclear and cytoplasmic localization.
Themeaslesvirusrep licatesinthecytoplasm
(as do most RNA viruses), and late in infec-
tion it has been observed that the viral RNA
has been sub jected to hypermutation in which
a significant fraction of adenines have been
changed to guanines, and many uracil rest
dues have been changed to cytosines [66].

cation. However, the evidence of the inter
feron-inducible full-length variant of ADAR1
lo cal ized in the cy to plasm prompted us to in
vestigate the possible interactions between
Za and double-stranded viral RNA in the
Z-conformation.

Z-RNA was discovered a few years after
Z-DNA[70]. Al though the low en ergy forms of
right-handed duplexes of B-DNA and A-RNA
are structurally very different, both adopt
similar left-handed Z-conformations [71, 72].
The Z-DNA conformationisstabilizedinvitro
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by high concentrations of salt and other
agents that screen repulsion between
electronegative phos phate residues, whichare
closer together in the Z-conformation. The
tran si tion from the right-handed A-form of du
plex RNA to the left-handed Z-form is much
less favor able than the B - Z-DNAtransition;
consequently, higher concentrations of
chaotrophic salts or low dielectric solvents

tion. The energy for changing the sugar
pucker of a ribonucleotide is considerably
greater than for a deoxyribonucleotide [75,
76]. Thisdiffer enceinenergy ac countsfor the
high con cen tra tions of salts or in creased tem
peratures which are necessary to stabilize
poly r(CG), in the Z-conformation.

It is easiest to observe the change from
right-handed RNA duplex A-conformation to
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Figure 7. Recognition he lixand specificinteractions of the Za - Z-DNA com plex [64].

(A) Aview down the rec og ni tion he lix (¢ 3) axis shows the en tire re gion of Z-DNA rec og nized by Z a. Five con sec u
tive back bone phos phates of the Z-DNA seg ment are con tacted by an ex ten sive hy drogenbondi ng network. Protein
side chains in di rect or wa ter-mediated con tact with the DNA are la beled. Ty ro sine 177 is involved in the only
base-specific con tact seen in the com plex and is within van der Waals con tact of the ex posed car bon 8 of the guanine
base G4; thisfeatureischaracteristic of Z-DNA. (B) Sche matic of the pro tein-DNA con tacts. Dashed linesrep re sent

H-bonds, and open cir cles show van der Waals con tacts.

combined with elevated temperatures are re-
quired to induce the transition in vitro [73,
74]. In order to shift from the right-handed
A-RNA duplex, every other residue must
change pucker from the C3’ endo into the C2’
endo con for mation asboth Z-DNA and Z-RNA
alternate sugar puckers in the Z-conforma-

the Z-conformation by observing changes in
thecirculardichroism.Figure8il lustratesthe
CD spectroscopic changes of a 12 base pair
(CG)g duplex of DNA or RNA when they
change from the right-handed duplex to the
left-handed Z-conformation re sulting from the
ad di tion of 3.5 M NaCl for the DNAand 6.5M
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Figure8.CD spectraof A, B, Z-DNA, and Z-RNA.

Cir cu lar dichroismis of ten used to ob serve the tran si-
tion from the A-, or B-conformation of DNA or RNA, re-
spec tively, to the Z-conformation. (A) CD spec tra of the
B- and Z-conformations of du plex d(CG)g. B-DNA has a
deep neg a tive CD band at 250 nm and a broad posi tive
ellipticityat276 nm. Upon ad di tion of NaCl toap prox i
mately 3.5 M, the spec trum nearly in verts with a pos i-
tiveellipticityat264 nmandanegative band at 290 nm.
(B) CD spectra of A- and Z-forms of duplex r(CG)g.
A-form RNA has a distinctly different CD spectrum
than B-DNA, characterized by a positive band at 263
nmandabroad negativeel lip tici ty peak at 292 nm. Dif
ferences in base-stacking and the C3' endo sugar
pucker both con trib ute to the dif fer ences com pared to
B-DNA. When NaClO, is added to approx. 6.5 M, the
spec trum changes dramati cally with the neg ative peak
at292be comingapositive bandat 285, and the band at
263 shift ing to 258 nm, with re duced in ten sity. These
spec tral changes are due to the struc tural tran si tions in
the phosphodiester back bone, al ter ations in base-stack-
ing, and change of the cytosine sugar pucker. Much
higher salt con cen trations are re quired to shift A-RNA
to the Z-conformation, than those nec es sary for the cor
respondingB-to-Ztransition.

NaClO4 for the RNA. It can be seen that there
are near inversions of the CD spectrum al-

though the actual direction of the changes is
different, depending if one starts with
right-handed B-DNA or right-handed A-RNA.
When similar experiments were carried out
using r(CG)g and gradually increasing
amounts of Zx, the spectroscopic changes

e T -
Wavelength [nmj)

Figure 9. The Z-RNA conformation can be stabi
lized by Za as shown by cir cu lar dichroism (CD)
spectroscopy [77].

Spec tra are shown for 5 4M of duplex r(CG)g in the
Aform (—-—-—). All samples contained 10 mM
NayHPOy4 (pH 7), 20 mM NacCl, 0.5 mM EDTA. In6.5M
NaClOy, atypical Z-RNA spec trum is seen (———). The
A-RNA spectrumchangesas Z « isadded (Za has no CD
sig nal above 250 nm, but a strong neg a tive el lip tici ty
be low 250 nm). Spec tra are shown for ad di tion of 5u M
Za (—--—- =), which is 1 Za:12 bp; 10 uM Za (- - - +)
1:6; 15uMZa (----) 1:4; and 30uM Za (—) 1:2. In ver-
sion of the CD bands around 285 nm and the de crease
insignal at 266 nmare char ac ter is tic of the A»Z tran-
sition.

shown in Fig. 9 were ob served. This clearly in
dicated that the A-RNA changed into the
Z-conformation in the presence of Zz in a
man ner anal o gous to that which had been pre
viously observed for DNA [47, 50]. The pres-
ence of Z-RNA in this complex was corrobo-
rated by Raman spectroscopic studies [77].
Anal y sis of the change of r(CG)g in the pres
ence of Zo revealed that it took place at a
slower rate than the conversion of d(CG)g to
the Z-conformation in the pres ence of Z . Fig-
ure 10 shows a scan of the change in the cir cu-
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lar dichroism signal at fixed wave length as a
func tion of the rate of change from the A- and
B-forms of RNA or DNA to the Z-conformation
[77]. The rate of conversion of the duplex
r(CG)g at 50°C is approximately equal to that
oftheanalogous DNAduplex, d(CG)g, at 25°C.
Thisisareflectionoftheactivationenergyre
quired for the transition to the Z-confor-
mation which is 24 kilocalories per mole for
d(CG)g, compared to 38 kcal mole™! for
r(CG)g. The increased activation energy for
RNA is largely due to the energy required to
change the sugar pucker of ribonucleotides
compared to that required for deoxyribo-
nucleotides.
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Figure 10. Temperature dependence of the
B—-Z-DNA and A-Z-RNAtransitions[77].

The rates of the A - Ztran si tion for the r(CG)gdu plex

at 45 and 50°C (mon i tored at 285 nm) are com parable

to the B—Z transition of d(CG)g (mon i tored at 264 nm)
at 25°C,demonstratingthe higherenergyrequire ments
of the A—Ztransition.

Itis not sur pris ing that pro teins which bind
to B-DNA do not bind to A-RNA, and vice
versa, since these right-handed du plexes dif fer
significantly; however, the left-handed Z-form
duplexesareverysimilar.Z a may be the first
nucleicacidbindingdo mainthatbindsspecifi
cally toboth du plex DNA and RNA. The role of
this domain in the hypermutation of RNA vi-
ruses has yet to be explored. A great deal is
known about the neg a tive superhelicity gen er
ated by transcription of dsDNA, but little is
known about negative tor sional straininrep li
cating RNA molecules. This subject needs to

be more fully ex plored in or der to under stand
the possible participation of the Za binding
domain in the hypermutational activities of
ADAR1 dur ing in fec tions by RNA vi ruses.

CONCLUSIONS

Since the discovery of Z-DNA in 1979 and
Z-RNA in 1984, many groups have striven to
understand whether specific biological func-
tions are associated with these unusual nu-
cleic acid conformations. The discovery that
the N-terminus of ADAR1 bound Z-DNA with
high affinity and the subsequent efforts, in-
clud ing a de tailed struc tural view of the in ter
action, have shed much lightinto thisin ter est
ing sys tem, but this is only a first step. Less is
known about Z-RNA. Although a few studies
attempted to identify this structure in cells
[78], re search on Z-RNA has been dor mant for
almost a decade. The recent finding which
demonstrated that the Za do main of ADAR1
could also bind Z-RNA has reinitiated inter-
est, and raised more ques tions than it has an
swered.

The future for the Z-conformations of nu-
cleic acid holds many difficult questions
which need to be ad dressed. Work ison go ing
toidentifybiologicalactivitiesthatmay be as
so ci ated with these struc tures and the cur rent
abundance ofgenomicinformationhasfueled
ef forts to seek ad di tional pro teins which may
specificallyinteractwiththe Z-conformations
and to iden tify se quences which have the pro
pensity to form Z-DNA or Z-RNA. New devel-
op ments gleaned from bio chem i cal and struc
tural studies of other organismsmayprovide
insight into the problems of biological func-
tions There is lit tle doubt, how ever, that some
of the answers will be unexpected.
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