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The potential Z-forming sequence (dT-dG)". (dC-dA). is an abundant, interspersed repeat element that is
ubiquitous in eucaryotic nuclear genomes. We report that in contrast to eucaryotic nuclear DNA, the genomes
of eubacteria, archaebacteria, and mitochondria lack this sequence, since even a single tract of -14 base pairs
in length is not detectable through either hybridization or sequence analysis. Interestingly, the phylogenetic
distribution of the (dT-dG)". (dC-dA). repeat exhibits a striking parallel to that of (dT-dC). (dG-dA)., but
not to other homocopolymeric sequences such as (dC-dG)" (dC-dG). or (dT-dA)". (dT-dA)".

The simple sequence (dT-dG)n. (dC-dA)n is of unusual
interest for at least two reasons: first, it is a highly reiterated,
interspersed element that is ubiquitous in eucaryotic
genomes (6, 18, 32, 36); and second, it is capable of convert-
ing to the left-handed, Z-DNA conformation when subjected
in vitro to physiological levels of negative torsional stress
(10, 20, 29). While the role of d(CA)n elements in eucaryotic
nuclear genomes is unknown, several functions have been
suggested. These include (i) acting as hot spots in homolo-
gous recombination (21, 30); (ii) facilitating exon shuffling (9)
and proviral integration (31); (iii) promoting homogenization
of repetitive gene arrays (11); (iv) preserving the ends of
DNA molecules during DNA replication (28); (v) regulating
gene transcription (8, 26); and (vi) structuring the nucleolus
(37). We recently examined the chromatin structure of
d(CA)n elements in cultured mammalian cells and obtained
evidence that these sequences do not exist to a significant
extent in the Z state in vivo; instead, they appear to
quantitatively adopt a distinctive, "alternating-B" confor-
mation on the nucleosomal surface (5).
To gain further insight into the possible function(s) of

d(CA)n elements, we address the question of whether these
sequences are also present in procaryotic genomes. Archae-
bacteria are of particular interest (2, 4, 39), since they
possess a number of eucaryotic characteristics not found in
eubacteria, including repeated sequence elements (27),
eucaryote-like tRNA genes (13), mammal-like 7S RNA
genes (19), and introns within tRNA (13), rRNA (14), and
protein-coding (2) genes. Nonetheless, we demonstrate by
sequence analysis and the use of a highly sensitive dot
hybridization assay that even single d(CA)n tracts as short as
14 base pairs (bp) are absent from archaebacterial genomes,
as well as from those of eubacteria and mitochondria.
d(CA). sequences are not detectable in non-nuclear

genomes. We have investigated whether d(CA)n sequences
are present in Saccharomyces cerevisiae mitochondrial
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DNA or in the genomes of 13 phylogenetically diverse
species of procaryotes, representative of both eubacteria
and archaebacteria (2-4), by using a dot hybridization assay
that allows the accurate quantitation of (12) and specific
hybridization to (5) d(CA)n sequences. We used three hy-
bridization stringencies that detect tracts of .52, -26, or
.14 nucleotides and monitored the hybridization signals
obtained from three different loads of each DNA sample (33,
100, and 333 ng) (Fig. 1 and 2). Sequential low-, moderate-,
and high-stringency hybridization washes were conducted at
45, 50, and 65°C, respectively, with wash buffers containing
either 0.207 M Na+ (low stringency) or 0.032 M Na+
(moderate and high stringency) as described previously (5).
Mouse and S. cerevisiae nuclear genomes were included as
positive controls, and pBR322, which by sequence analysis
lacks d(CA)" blocks, was included as a negative control.
For purposes of calibration, we constructed three different

mixtures of pJS5, a recombinant plasmid containing one
d(CA)33 block (25), with lambda DNA, which lacks d(CA),
sequences of >8 bp. The 33-, 100-, and 330-ng samples
contained, respectively, 3, 10, and 30 copies of d(CA)33 per
Escherichia coli genome equivalent (Fig. 1 and 2, bottom
row). While it was previously reported that d(CA)n se-
quences were not abundant in the E. coli genome (6, 35, 36),
it is apparent that our assay is sensitive enough to readily
detect one copy of d(CA)n of -14 nucleotides per eubacterial
genome, and no reproducible hybridization signal above
background is exhibited by any of the procaryotic or mito-
chondrial DNA samples (Fig. 1 and 2). In contrast, both
yeast and mouse nuclear DNA samples possess readily
detectable levels of these sequences, in agreement with
previous reports (6, 35, 36). Therefore, d(CA)n sequences
appear to be absent from nonnuclear genomes.

Analysis of the GenBank database confirms that mitochon-
drial genomes lack d(CA), sequences and supports the conclu-
sion that these elements are absent from procaryotic genomes.
To complement the above results, we surveyed the GenBank
database for the presence of d(CA), elements (n 2 5) in all
available procaryotic and eucaryotic nucleic acid sequences.
These results reveal that d(CA)n tracts of -14 nucleotides
are absent from procaryotic sequences, the complete hu-
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FIG. 1. d(CA)" sequences of-14 bp are not detected in eubacte-

rial genomes. DNA samples were denatured, dot blotted onto
Zeta-Probe nylon membrane (Bio-Rad) in the amounts indicated,
and then subjected to hybridization with poly(dT-dG) poly
([32P]dC-dA) essentially as described previously (5), except that
sonicated lambda DNA (20 ,ig/ml) and 0.1% sodium dodecyl sulfate
were included. Following hybridization, blots were subjected to
three sequential, increasingly stringent washes, resulting in condi-
tions approximating the solution Tm of d(CA)7, d(CA)13, or d(CA)26
(5). DNA samples selected for immobilization possessed single-
strand lengths of -1 kilobase, as assayed by alkaline agarose gel
electrophoresis (17) and were quantitated by the Hoechst 33258
fluorescence assay (16) with fluorescence enhancement corrected
for variation in A+T content. Preparation of copy number control
DNA (lambda/pJS5) is described in the text.

man, bovine, and mouse, mitochondrial genomes, selected
yeast mitochondrial sequences (totalling over 50 kb), and
available chloroplast sequences (ca. 40 kb) (Table 1). In fact,
the longest d(CA),, tract found in a procaryotic sequence is
exactly 10 bp in length, and only three of these have been
reported from a total sequence pool of 5 x 105 bp (Table 1).
In contrast, at least 77 examples of d(CA),, elements of -10
bp in length were found in eucaryotic nuclear DNA se-
quences, from a sequence pool that is only 4.5-fold larger.
Perhaps more significantly, at least 20 examples of d(CA)"
tracts of .26 bp and at least 5 examples of d(CA),, tracts of
-52 bp have also been identified in these nuclear DNA
sequences.
Of further interest, previous studies have indicated that

d(CA),, elements tend to cluster with each other and with
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FIG. 2. d(CA). sequences of -14 bp are not detected in

archaebacterial or mitochondrial genomes. Dot hybridization and
preparation of DNA samples were as described for Fig. 1. Densi-
tometric analysis indicated that mouse and yeast haploid nuclear
genomes, respectively, contain ca. 1.5 x 10-1 and ca. 10 d(CA),
elements of .52 bp. In addition, the yeast haploid genome contains
approximately 50 d(CA)13 and 100 d(CA)7 tracts.

tracts of (dT-dC)n- (dG-dA), in eucaryotic genomes (11, 25,
35). Therefore, the phylogenetic distribution of d(TC)" was
similarly searched and was found to exhibit a striking
parallel to that of d(CA),, with respect to its abundance in
eucaryotic nuclear genomes and absence in procaryotic and
organellar genomes (Table 1). In contrast, the other potential
Z-forming homocopolymeric sequence, (dC-dG)n. (dC-
dG)n, appears to be absent from all genomes, both procary-
otic and eucaryotic (Table 1). This finding, together with the
hybridization artifacts associated with the detection of
d(CG)n sequences (discussed in references 5 and 7), casts
doubts on previous studies (6, 35) which purport to show the
prevalent occurrence of d(CG)n in eucaryotic genomes.
The genomic distribution of a non-Z-forming homoco-

polymeric sequence, (dT-dA)n. (dT-dA)n, was also exam-
ined (Table 1). Unlike d(CA)n or d(TC)n, d(TA)n exists
almost exclusively as short sequence blocks (<26 bp) in both
nuclear and mitochondrial DNA, and its frequency appears
to roughly parallel the A+T content of the genomes in which
it is found.

Possible eucaryotic-specific function for d(CA). sequences.

TABLE 1. Abundance of simple sequences in procaryotic and eucaryotic genomesa

No. of tracts oft:
Genome class (approx no. of Nucleotides >14 nt -26 nt .52 ntc

unique sequences) searched ____nt_-26_nt_-52_nt'
CA TC CG TA CA TC CG TA CA TC CG TA

Procaryoticd (450) 5 x 105 0 0 0 0 0 0 0 0 0 0 0 0
Eucaryotic, nuclear (2,600) 2.25 x 106 37 34 2 21 20 18 0 1 5 8 0 0
Eucaryotic, organellar (150) 2.5 x 105 0 0 0 56 0 0 0 1 0 0 0 0

a Sequence data obtained from the National Institutes of Health GenBank database (February 1985 update) and references 1 and 33. Searches were performed
on both upper and lower strands by using the sequence analysis program of Queen and Kom (23).

b nt, Nucleotides.
c Mismatches of s5% included.
d Procaryotic chromosomal DNA contains three examples of d(CA)5, one example of d(TC)5, six examples of d(CG)5, and one example of d(TA)6. These

represent the longest stretches of each element thus far found.
e Includes both mitochondrial and chloroplast DNA sequences. The longest tracts of simple sequence identified in mitochondrial DNA are d(CA)5, d(TC)4,

d(CG)4, and d(TA)15. For chloroplast DNA, the corresponding values are d(CA)3, d(TC)4, d(CG)3, and d(TA)5-
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It can be estimated that any given li-nucleotide sequence
will, on a stochastic basis, exist once in a genome the size of
that ofE. coli (ca. 4 x 101 bp). Our results from hybridization
and sequence analysis are consistent with this as a maximum
frequency of occurrence of the d(CA), sequence in procar-
yotic and organellar DNA. The lack of d(CA),, sequences in
nonnuclear DNA therefore suggests that one or more mech-
anisms unique to eucaryotic nuclear genomes have operated
to account for the evolutionary conservation of these se-
quence elements.
We believe that the most likely role for the d(CA) element

is during meiosis, when it could act as a focal point for
recombination, either through its potential to undergo strand
slippage independently of torsional stress (11) or by virtue of
its capacity to form Z-DNA when subjected to negative
supercoiling (10, 20, 29). In the former case, d(CA), se-
quences could provide a mechanism for inexact recognition
and serve as a substrate for homologous strand invasion (24,
34). In the latter case, as initially proposed by Haniford and
Pulleyblank (9), left-handed d(CA), tracts could facilitate the
correct pairing of homologous chromosomes during meiotic
recombination. This idea is supported by recent work of
Kmiec and Holloman (15), which indicates that the synaptic
pairing reaction preferentially initiates at stretches of Z-
DNA of homologous sequence. Indeed, it has recently been
shown that the presence of d(CA), blocks significantly
increase the frequency of reciprocal meiotic exchange be-
tween homologous yeast chromosomes (38; D. Treco and N.
Arnheim, personal communication). It is possible that
d(TC)Q elements, which exhibit a similar degree of reitera-
tion (Table 1) and clustering (11, 25, 35) with d(CA), tracts,
also facilitate meiotic recombination, since these sequences
have the potential to adopt a Z (or Z-like) conformation as
well (22).
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