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ABSTRACT By Southern blotting and hybridization analysis
using *P-labeled poly(dT-dG)poly(dC-dA) as a probe, we have
found, in eukaryotic genomes, a huge number of stretches of dT-
dG alternating sequence, a sequence that has been shown to adopt
the Z-DNA conformation under some conditions. This sequence
was found in all eukaryotic genomes examined from yeast to hu-
man, indicating extraordinary evolutionary conservation. The
number of the sequence ranged from about 100 in yeast to tens
of thousands in higher eukaryotes. Comparison of nucleotide se-
quences of dT-dG alternating regions and its flanking regions in
several cloned genes showed that the repeated element [the Z(T-
G) element] consists only of dT-dG alternating sequence with vari-
able length. The presence of another purine-pyrimidine alter-
nating sequence was also surveyed in eukaryotic genomes by
Southern blot hybridization using **P-labeled poly(dG-dC)-poly(dG-
dC) as the probe. The stretches of dC-dG alternating sequence
[the Z(C-G) element] were found to be moderately repetitive in
human, mouse, and salmon genomes. However, a few and no cop-
ies of the Z(C-G) element were found in yeast and calf genomes,
respectively. These results provide evidence for the abundance of
potential Z-DNA-forming sequences in nature.

Recent physicochemical studies of DNA conformation have
shown that some synthetic DNAs with certain primary se-
quences have a novel conformation, called the Z form (1-4).
Although the Z conformation was first observed with poly(dG-
dC) and most studies on Z-DNA have been done with it, other
synthetic purine-pyrimidine alternating sequences such as
poly(dT-dG)-poly(dC-dA) (2, 5, 6) and poly(ds*A-dT) (2) have
also been shown to adopt the Z conformation. Until recently,
however, there has been little direct evidence that such Z-
DNA-forming sequences exist in native DNA. Nordheim et al.
(7) have shown that a specific antibody against brominated
poly(dG-dC)-poly(dG-dC), a polymer that forms a Z-DNA un-
der physiological conditions, reacts with interband regions of
Drosophila polytene chromosomes. Recently, we have shown
that the human genome has approximately 10° copies of
stretches of dT-dG alternating sequence (8). A tandem block of
17 T-G (9) and 27 T-G dinucleotides (10) were found in human
globin and in mouse immunoglobin genes, respectively, but the
general occurrence of these sequences in the genomes was not
investigated.

Here we report that one of the Z-DNA-forming sequences,
a long stretch of dT-dG alternating sequence is the sole unit of
a repeated element [designated the Z(T-G) element] that is
highly conserved throughout eukaryotic genome evolution.
Furthermore, another Z-DNA-forming sequence, a stretch of
dC-dG sequence, was found to be at least a part of another re-
peated element [designated the Z(C-G) element] and is mod-
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erately repeated in human, mouse, and salmon genomes but
not in yeast or calf DNA.

MATERIALS AND METHODS

Materials. Calf thymus DNA, salmon sperm DNA, and poly-
(dG-dG)poly(dG-dC) were purchased from Sigma. Poly(dT-
dG)-poly(dC-dA) was obtained from Boehringer Mannheim.
High molecular weight DNAs were extracted from nuclei of
HeLa cells and mouse L cells and from whole cells of Saccha-
romyces cerevisige. Nuclei were prepared as described (11).
High molecular weight DNAs from Drosophila melanogaster
and Xenopus laevis were kindly provided by M. E. Digan and
H. U. Affolter, respectively.

Isolation and characterization of AHa-25, a recombinant
phage containing a human cardiac muscle actin gene, have been
described (12). AHa-314 is a recombinant phage probably con-
taining a human actin gene, since a cDNA sequence from Dic-
tyostelium actin mRNA (13) hybridized to the cloned human
DNA in AHa-314. This clone was isolated from a human DNA
library constructed from partially EcoRI-digested Hut-14 cell
DNA, a chemically transformed human fibroblast (14).

Hybridization. EcoRI-digested DNAs were fractionated on
a 0.7% agarose gel and blotted to nitrocellulose filters as de-
scribed by Southern (15). Cellular DNAs used for Southern
blotting are of high molecular weight [30-50 kilobases (kb)]
except salmon sperm DNA (10-20 kb). For spot hybridization,
DNAs were denatured and spotted directly on nitrocellulose
papers as described by Kafatos et al. (16).

Filters, in all cases, were prehybridized and hybridized to
a 32P-labeled probe as described (17). 32P-Labeled probes were
prepared by nick-translation of poly(dT-dG)-poly(dC-dA) or
poly(dG-dC)poly(dG-dC). The specific activities of these probes
were 1.0 X 10® cpm/ug and 0.8 X 108 cpm/pug, respectively;
0.5 ug of probe was used for each hybridization. It should be
noted that denatured Escherichia coli DNA at 25 ug/ml was
always present in the prehybridization and hybridization mix-
tures. After hybridization, filters were washed three times with
0.15 M NaCl/0.015 M Na citrate/0.1% NaDodSO, at 50°C and
twice with 15 mM NaCl/1.5 mM Na citrate/0.1% NaDodSO,
at 50°C. Autoradiography was carried out at —80°C for the in-
dicated time.

Estimation of Copy Number. The haploid genome size of
each organism was taken from ref. 18. AHa-25 is about 50 kb
and contains one copy of d(T-G)ys in an intron (12). Therefore,
for example, a single copy of (dT-dG),s in 100 ng of AHa-25 DNA
is equivalent to 10° copies of (dT-dG),s in 60 ng of the human
haploid genome: i.e., (10% ng/5 x 10%) % (3 X 10°/60 ng) =
10°. The approximate copy number of (dT-dG), in the genome
of each organism was estimated by comparison of the hybrid-

Abbreviations: kb, kilobase(s); bp, base pair(s).
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ization intensity of each cellular DNA with that of A\Ha-25, after
spot hybridization (see Table 1).

RESULTS

The Z(T-G) Element Is Highly Repeated and Evolutionarily
Conserved. First, the presence of the (dT-dG), sequence in
various eukaryotic cells from yeast to human was surveyed. We
used Southern blot hybridization and 32P-labeled poly(dT-
dG)-poly(dC-dA) as a probe. The specificity of the probe was
demonstrated by its hybridization only to the fragment con-
taining a stretch of dT-dG in restriction digests of AHa-25 DNA
(Fig. 1). AHa-25, a clone containing a human cardiac muscle
actin gene, has only one copy of (dT-dG),;5 in one of its introns
(12). Therefore, the intensity of the hybridized band of AHa-25
(Fig. 1, lane 1) is approximately equivalent to 6 X 10, 6 X 102,
6 X 102 2 X 102, and 2 copies of (dT-dG),5 in the human, calf,
mouse, chicken, salmon, and yeast genome, respectively. This
probe gave a “smear” pattern in the EcoRI-digested total DNA
from all species examined. It is likely that (dT-dG), is randomly
dispersed in these genomes. The intensity of the hybridization
observed in each cellular DNA suggests the presence of many
copies of the (dT-dG), sequence in each genome. The approx-
imate copy number of the Z(T-G) element in various genomes
was also determined by spot hybridization (Fig. 2a). As sum-
marized in Table 1, human, calf, mouse, chicken, Xenopus,
salmon, Drosophila, and yeast have approximately 5 X 10%, 3
x 10%, 105, 4 X 103, 10, 2 X 10°, 2 x 10° and 10? copies of the
Z(T-G) element, respectively, assuming that the average dT-dG
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Fic. 1. Detection of the dT-dG alternating sequence by Southern
blotting. One hundred nanograms of AHa-25 (lanes 0 and 1) or 10 ug
of human (HeLa cell) (lane 2), calf (lane 3), mouse (L cell) (lane 4),
chicken (lane 5), salmon (lane 6), or yeast (lane 7) DNA was completely
digested with EcoRI. Each digest was electrophoresed on a 0.7% agar-
ose gel, blotted on nitrocellulose paper, and hybridized to 32P-labeled
poly(dT-dG)-poly(dC-dA). Autoradiography (lane 1-7) was carried out
for 18 hr. Lanes M and 0 are ethidium bromide staining patterns. Lane
M: HindIII digests of ADNA served as molecular size standards.

Proc. Natl. Acad. Sci. USA 79 (1982)

Table 1. Estimation of approximate copy number of the Z(T-G)
element in various eukaryotic genomes

Haploid genome Approximate
size, bp copy number

Human 3 x 10° 5x 10*
Calf 3 x 10° 3 x 10*
Mouse 3 x 10° 108
Chicken 10° 4 x10°
Xenopus 2 x 1010 10°
Salmon 6 x 10° 2 x 10°
Drosophila 2 x 108 2 x 10°
Yeast 107 102

Approximate copy numbers were estimated by comparison of the
hybridization intensities of the spots in Fig. 2. For example, to estimate
the copy number in the human genome, the intensities of spots A, B,
and C are equivalent to 10%, 10% and 10° copies of (dT-dG),5 in the
human haploid genome, respectively, and comparison of the hybrid-
ization intensity of human DNA (spot 1) with those of spots A, B, and
C gives a copy number of 5 x 10*,

alternation in the Z(T-G) element is 25. The organisms with a
larger genome seem to have more copies of the Z(T-G) element,
except that the chicken genome has fewer.
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FiGc. 2. (a) Quantification of the (dT-dG) alternating sequence by
spot hybridization. One hundred nanograms (spot A), 10 ng (spot B),
or 1 ng (spot C) of AHa-25 or 60 ng of human, calf, mouse, chicken,
Xenopus, salmon, Drosophila, yeast, or EcoRI-digested pBR322 (spots
1-9, respectively) DNA was denatured, spotted on nitrocellulose paper,
and hybridized to 3?P-labeled poly(dT-dG)-poly(dC-dA). Autoradiog-
raphy was carried out for 36 hr. (b) Screening of the human DNA li-
brary using poly(dT-dG)-poly(dC-dA) as a probe. Four hundred recom-
binant phages from the human DNA library (19) were plated on an
agarose dish. All phages were transfered to nitrocellulose filters (20)
and hybridized to 32P-labeled poly(dT-dG)-poly(dC-dA). Autoradiog-
raphy was for 20 hr. Approximately 80 phages showed a positive signal
on the autoradiogram.
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The calf genome contains several classes of satellite DNA,
some of which give rise to discrete fragments after EcoRI diges-
tion (21). The poly(dT-dG)-poly(dC-dA) probe detected two of
these satellite DNA bands in the Southern blot hybridization
experiment (Fig. 1, lane 3). Thus, in the calf genome, dispersal
of the Z(T-G) element extends even to satellite DNAs.

The repeated existence of the Z(T-G) element was also in-
dicated by the following observation. When the human DNA
library was screened using poly(dT-dG)-poly(dC-dA) as a probe,
about 20% (80/400) of the recombinant phages showed positive
hybridization to the probe (Fig. 2b). Since the average size of
the inserted human DNA in each recombinant phage is 20 kb,
the human haploid genome [3 X 10° base pairs (bp)] has 3 X
10* copies of the Z(T-G) element; i.e., 3 x 10° x 0.2/2 x 10*
= 3 X 10*, which is roughly consistent with the value (5 X 10%)
estimated by spot hybridization.

The Structure of the Z(T-G) Element. We have previously
determined the nucleotide sequence of the (dT-dG),-containing
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region and its flanking region of a human cardiac muscle actin
gene (12). To understand the more general structure in other
occurrences of the Z(T-G) element [i.e., whether the Z(T-G)
element consists only of (dT-dG), sequence or can contain (dT-
dG), plus other sequences], the primary sequences of the Z(T-
G) element in other genes were compared with those in a human
cardiac muscle actin gene. AHa-314, a clone that seems to con-
tain another human actin gene, was also shown to contain a
Z(T-G) element by hybridization with **P-labeled poly(dT-
dG)-poly(dC-dA) (Fig. 3a). It is noteworthy that the probe again
hybridized to a single restriction fragment among a number of
fragments, indicating the high specificity of the hybridization.
The locations of the presumptive coding sequence and of the
Z(T-G) element in AHa-314 are shown in Fig. 3b. DNA se-
quence analysis of the (dT-dG),-containing region has shown
a 15 times dT-dG precisely alternating sequence, which is the
Z(T-G) element (Fig. 3c). The Z(T-G) elements of the human
cardiac muscle actin gene and of AHa-314 share no homology
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Fic. 3. (a) Mapping of the Z(T-G) element in AHa-314. The 15-kb EcoRI fragment cloned in AHa-314 was subcloned at the EcoRI site of pBR325.
The subcloned DNA was digested with BamHI (lane 1), BamHI/EcoRI (lane 2), or BamHI/HindllI (1ane 3), and the resulting restriction fragments
were separated on a 1% agarose gel, blotted, and hybridized to 32P-labeled poly(dT-dG)-poly(dC-dA). Lane M: HindIII digests of ADNA served as

molecular size standards. (Left) Staining pattern visualized with ethidium bromide. (Right) Autoradiogram. (b) Restriction map of AHa-314. E,
EcoRI; B, BamHI; H, HindIII; F, Hinf 1. The wavy lines show the right and left arms of charon 4A phage. The other part is the cloned human gene.
32p.]abeled pcD DNA, which is a recombinant DNA containing a cDNA copy of Dictyostelium actin

The open box indicates the region hybridized to

mRNA. The black box denotes the region hybridized to 32P-labeled poly(dT-dG)-poly(dC-dA). (c) dT-dG alternating sequence in AHa-314. The DNA
sequence of the region hybridized to poly(dT-dG)-poly(dC-dA) was determined (22) by the strategy shown by the arrows in b. This gel shows the
primary sequence from the BamHI site, although the nucleotide sequence was confirmed by sequence analysis of both strands.
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TAGAGATGGGGTCTCACTATGTTGACCAGG - - - -

----TCTTAGCAATATAACTTAAGATA — (TG),,TA(TG) ,— GGACAAGTTGTTAAATGAATCCCAGCCATT - - - -

Fic. 4. Comparison of (dT-dG) alternating sequences and flanking sequences in various genes: 1, A\Ha-314; 2, human cardiac actin gene (AHa-
25); 3, human globin gene (9); 4, mouse immunoglobulin k light chain gene (10) [the nucleotide sequence of the (dT-dG),-containing strand is shown].

other than the stretch of dT-dG sequence. Furthermore, the
sequences flanking (dT-dG), were compared with these four
different genes: human cardiac muscle actin gene, AHa-314,
human globin gene, and mouse immunoglobulin gene. No sig-
nificant homology was observed in their flanking sequences
(Fig. 4). We, therefore, conclude that the unit of the Z(T-G)
element is (dT-dG), without any other sequence, although n is
variable.

Location of the Z(T-G) Element with Respect to the Coding
Sequence. In the human cardiac muscle actin gene, a Z(T-G)
element is located in an intron (12). Mapping of the coding se-
quence in AHa-314 suggests that the Z(T-G) element in AHa-
314 is also located in an intron (Fig. 3a). However, (dT-dG),
sequence was found in the intergenic region between & and B
human globin genes (9) and in the region flanking a mouse im-
munoglobulin gene (10). Thus, the Z(T-G) element is probably
randomly dispersed in the genome, not only in the introns but
also in other regions.

The Presence of dC-dG Alternating Sequence in Eukaryotic
Genomes. The presence of other purine—pyrimidine alternating
sequence (dC-dG alternating sequence) in eukaryotic genomes
was surveyed by Southern blot analysis using 32P-labeled
poly(dC-dG) as the probe. (dC-dG), sequence was detected in
the human, mouse, and salmon genomes (Fig. 5). Based on
comparison of the specific activity of the probe and the exposure
time used in Fig. 1 with those in Fig. 5, it was estimated that
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Fic. 5. Survey of dC-dG al-
ternating sequences in various
eukaryotic genomes. Ten mi-
crograms of human (lane 1),
calf (lane 2), mouse (lane 3),
salmon (lane 4), or yeast (lane
5), DNA was completely di-
gested with EcoRI, and these
digests were electrophoresed,
blotted, and hybridized to 32P-
labeled poly(dG-dC)-poly(dG-
dC). Autoradiography was car-
ried out for 6 days. It should be
noted that this filter was ex-
posed for a much longer time
than that in Fig. 1, though the
same amount of probe with ap-
proximately the same specific
activity was used in both exper-
iments. The arrow on the right
indicates a hybridized band in
lane 5.

(dC-dG), is not as highly repeated as the Z(T-G) element but
is moderately repeated in these genomes. The repeated ele-
ment containing (dC-dG), sequence is designated the Z(C-G)
element, although its structural unit was not determined.

The “smear” hybridization pattern observed in EcoRI-di-
gested mouse DNA suggests random dispersion of the Z(C-G)
element in the mouse genome. However, a discrete hybridized
band is seen in the EcoRI-digested human DNA, suggesting
sequence homology of the region flanking (dC-dG), or cluster-
ing of the Z(C-G) element in the human genome.

On the other hand, no significant copies of the Z(C-G) ele-
ment were detected in the calf genome and only a single weak
band was detected in the yeast genome.

DISCUSSION

It is accepted that poly(dG-dC) adopts a left-handed helical con-
formation, called Z-DNA, under certain condition in vitro. On
the other hand, the ability of poly(dT-dG)-poly(dC-dA) to adopt
the Z conformation has been questioned until recently, although
such a conformation has been observed in solid fibers of this
duplex (2). However, two recent studies (5, 6) have found that
this duplex also shows inversion of the dichroism spectrum in
fiolution, which is a characteristic of the Z form seen in poly(dG-
C).

A natural question arises whether such purine-pyrimidine
alternating sequences can really adopt the Z form in vivo. Al-
though there is no definite answer at this time, at least in case
of the Z(C-G) element, the adoption to Z form in vivo has been
suggested by circumstantial evidence such as that poly(dG-dC)
in which the cytosine residues are methylated (23) or modified
by carcinogen treatment (24) can adopt the Z form even under
physiological conditions and that cytosine is the major site of
methylation in vivo in many eukaryotes (25). There may be sim-
ilar forces that stabilize the Z-form of Z(T-G) elements in vivo.

The results presented here indicate that DNA sequences that
have the potential to adopt the Z or a Z-like form, stretches of
dT-dG alternating sequence designated the Z(T-G) element and
stretches of dC-dG alternating sequence designated the Z(C-G)
element, are scattered throughout a diverse evolutionary spec-
trum of eukaryotic genomes. It is not certain that all genomic
DNA fragments that hybridized to the probe used here contain
the precisely alternating sequence. It is nevertheless likely that
most of hybridized DNAs contain considerable lengths of al-
ternating sequence. First, we have surveyed the Z(T-G) ele-
ment in seven different human actin genes. Two clones (AHa-
25 and AHa-314) that were positive by the hybridization proved
to contain (T-G),5 or (T-G)y5 by DNA sequence analysis (Figs.
3 and 4; ref. 8). Second, the hybridization condition was strin-
gent and the probe seemed to be very specific in that only (T-
G),-containing restriction fragments hybridized among the re-
striction fragments of AHa-25 and AHa-314 (Figs. 1 and 3a).
Furthermore, the probe did not hybridize to pBR322 DNA
(Fig. 1), which contains (T-G),, indicating that sequence ho-
mology with considerable base length is necessary for the hy-
bridization under the conditions used.
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Since E. coli DNA was used here as carrier DNA during hy-
bridization and did not compete with the 32P-labeled probe,
both elements seem to be absent in this prokaryotic genome.
The finding by others that antibody against Z-DNA did not react
with E. coli DNA (26) is compatible with our data. It is obvious
that previous failures to detect the Z(T-G) or the Z(C-G) element
in eukaryotic DNA can be ascribed to the use of eukaryotic DNA
such as salmon sperm or calf thymus DNA as the carrier during
hybridization.

A number of highly or moderately repeated DNA elements

“have been identified in various eukaryotic genomes (27, 29).
Their biological functions, however, are still unknown, though
some possible functions have been proposed (30). The Z(T-G)
and Z(C-G) elements we have described here are an especially
interesting class of repeated DNA element because of their
potential capability to adopt the Z form. In this light, their high
evolutionary conservation (at least in the case of the Z(T-G) ele-
ment) may reflect an essential function for Z-DNA sequence.
Atpresent, it is not certain that the Z(T-G) and Z(C-G) elements
studied here are the only major Z-DNA sequence in eukaryotic
genomes. There could be other sequences with ability to form
-Z-DNA in vivo. Other types of simple repetitive sequence such
as (T-C), and (G-A-T-A), have been reported in cloned genes
(31, 32). Furthermore, a high copy number of poly(dG)-poly(dC)
sequence was detected by hybridization in the calf and chicken
genomes but many fewer in human and mouse genome (un-
published data). Such simple repetitive sequences could also
have an unique DNA conformation other than Z form.

In any case, the abundant occurrence and evolutionary con-
servation of Z(T-G) and Z(C-G) elements could have important
biological implications: they could be involved in the regulation
of gene expression, they could be hot spots for gene recombi-
nation or rearrangement, or they could be especially reactive
with chemical reagents such as mutagens and carcinogens. The
most interesting implication, however, is that the Z(T-G) and
Z(C-G) elements may be involved in the regulation of gene
expression, especially at transcriptional level; e.g., if these se-
quences can reversibly interconvert between the B and the Z
form in vivo, such interconversion would change the distortion
of DNA at a proximal or distal site and result in activation or
inactivation of the gene. If Z-DNA-forming sequences are in-
volved in such a fundamental function, the Z(T-G) element may
be the major functional Z-DNA sequence, since the Z(T-G) ele-
ment is highly repeated and conserved throughout eukaryotic
genomes while the Z(C-G) element is moderately repeated and
conserved only in limited eukaryotic genomes.
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