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Prokaryotic, eukaryotic and mitochondrial DNA sequences of total Length 300000 nucleotides have been
analyzed to find out whether stretches of alternating purines and pyrimidines are unusual in terms of occur-
rence, composition and base sequence. Alternating runs longer than 5 nucleotides are significantly under-
represented in the natural sequences as compared to random ones. Octanucleotides are the most deficient,
occurring at only 60%, of the frequency expected in random sequences. An unexpectedly high proportion
of these octamers consists of alternating tetramers with the repeat structure (PuPyPuPy), or (PyPuPyPu)..
DNA stretches containing such sequences can potentially form a S nuclease sensitive slippage (staggered
loop) structure, which might serve as a locally unstacked intermediate in the B- to Z-DNA conformational
transition.

Left-handed DN A

1. INTRODUCTION

Electron microscopy and biochemical techni-
ques have been used to map anti-Z-DNA im-
munoglobulin binding sites in the natural genomes
of phages PM2 [1], X174 [2] and eukaryotic virus
SV40 {3,4], as well as in the cloning vector pBR322
[5]. The results are consistent with the observations
[3,6-8] that the alternation of purines and pyrimi-
dines is one of the most important factors poten-
tiating the B-Z transition in the handedness of
DNA. This finding applies both to synthetic poly-
nucleotides as well as to natural sequences under
topological stress in vitro, i.e., in the form of
negatively supercoiled closed circular molecules.

The minimum length of an alternating mixed se-
quence purine-pyrimidine tract which readily
undergoes the B-Z transition has been estimated as
8 base pairs ([3,4]; Konopka et al., submitted). The
base composition is also an important factor in
determining the relative stabilities of the right- and
left-handed conformations, as determined with
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defined polynucleotides in solution [6,9] and in
natural DNA genomes ([1-6]; Konopka et al., sub-
mitted). Thus, alternating pyrine-pyrimidine
stretches rich in A and T are less stable in the Z
conformation compared to their G- C-rich
counterparts.

Here we analyzed the occurrence of alternating
repetitions of purines and pyrimidines in different
DNA sequences taken from the EMBL Nucleotide
Sequence Data Library. Deviations from a random
distribution were observed which may indicate that
certain DNA stretches with the potential for adopt-
ing the left-handed Z conformation are avoided or
favored in natural DNA genomes.

2. METHODS AND RESULTS

To estimate the frequencies with which the alter-
nating PuPy (and PyPu) stretches of different
lengths (2-16 nucleotides) are encountered, the
following sequences were computer-searched:
genomes of bacteriophages A and T7, plasmid
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pBR322, transposon Tn903, E. coli gene coding
for alanyl-tRNA synthetase, genes aipB, arpE,
atpF, aceA, aceE, atpH, atpA, poiA, dnaG, ndh,
ompA, papA, papB, papC, thr A, operons trp and
rpoBC; complete or partial genomes of the viruses
SV40, BKV, polyoma, adenoviruses 2 and 7,
cauliflower mosaic virus; Drosophila cluster of 3
cuticle genes and genes coding for tRNAs and
vitellogenin; chicken ovomucoid and ovalbumin
genes; human fetal y-hemoglobin genes, interferon
genes and ras oncogene; human, bovine and mouse
mitochondrial genomes. All these sequences were
entries in the EMBL Nucleotide Sequence Data
Library, Release 3.1, and had total lengths
(nucleotides) of: 138811 (prokaryotes), 108791
(eukaryotes) and 49202 (mitochondria). We con-
sidered isolated runs with the structure
(Pu)PuPy...PuPy(Py), (Pu)PuPy...PyPu(Pu),
(Py)PyPu. . .PyPu(Pu) and (Py)PyPu. ..
PuPy(Py), discarding overlapping shorter runs
which were part of longer ones. Alternating runs
of lengths more than 16 nucleotides are not con-
sidered in this calculation, being not frequent
enough for the statistical treatment. Some striking
cases of long alternating runs are discussed below.
A similar analysis was applied to random se-
quences with the same lengths and base composi-
tions, in which case the expected frequencies can
also be calculated from the a priori probabilities.
The results of this search are presented separate-
ly for prokaryotes, eukaryotes and mitochondria
in fig.1A,B and C, respectively, as well as for the
whole ensemble of the sequences (fig.1D). Dis-
played are histograms of the values for alternating
runs of length 2-16 nucleotides related to the
number in the corresponding random sequences
(horizontal lines at ordinate 1).
It is evident from fig. 1 that the aiternating stretches
of lengths longer than 5 bases are under-repre-
sented in all 3 groups of the natural sequences.
This is seen clearly in the total distribution (fig.1D)
in which the stretches 8 nucleotides long are the
most deficient. In case of eukaryotes (fig.1B) the
distribution shows a broad minimum at about 7-10
bases rather than a sharp drop at the length 8. A
total of 347 such alternating tracks were found
representing only 60.5% of the number expected
from the analysis of the random sequences. The
deficit amounts to 9.5 units of standard deviation
(SD) (estimated as the square root of the expected
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Fig.1. Relative occurrences of alternating PuPy and
PyPu runs in (A) prokaryotic, (B) eukaryotic, and (C)
mitochondrial nucleotide sequences of length 138811,
108791 and 49202 bases, respectively. (D) Combined
distribution. Shown is the ratio of the total number
Npawrar Of the isolated alternating runs of specified
length & found in the natural sequences to the number
Nrandom Of runs in the corresponding random sequences.
Nrandom & is of the order N-27**D where N is the total
length of the sequence analyzed. This value slightly
depends on the Pu/Py ratio. The indicated error bars
correspond to + (Nrandom) /2. Stretches of length 11-16
bases were combined. The results of analysis by direct
examination of alternating stretches in random se-
guences are indicated in panel D (circles).

number). As a control, it was established that the
predicted and observed frequencies of alternating
stretches in the random sequences are identical
within the error limits (e.g., fig.1D). The behavior
of the distributions for longer runs is not well
defined because of the limited size of the ensemble
chosen for the analysis. The frequencies of the
longer alternating stretches tend to approach the
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levels corresponding to the random seguences.
These levels should be exceeded at certain lengths
since very long alternating runs (up to 76
nucleotides) have been found in natural sequences
{10-14], occurrences of which are extremely im-
probable in random ensembles of any reasonable
size. Long tracks of (CA), or (TG), (# up to 33} are
frequently found in intergenic regions and in-
tervening sequences of eukaryotic genes [10-13].

We nota an unusually high occurrence of alter-
nating triplets (8% more than expected on a ran-
dom basis; fig.1D). This circumstance is apparent-
ly a consequence of the 3 nucleotide code for pro-
teins. The distribution of bases within the ‘average’
triplet is known to be quite nonuniform [15,16],
and leads to the consensus sequence PuNPy [17,18].
This would results in the frequent occurrence of
PyPuPu and PyPuPy runs linking neighboring
codons in the protein coding sequences. The triplet
PyPuPy is probably responsible for the unusually
high frequency we have identified.
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analyzed (in this case we considered both isolated
and overlapping octamers, within runs up to 16
bases), 135 are repeated tetramers, a value which
exceeds the expected number (96) by 4 SD units.
All the repeated tetramers identified in the eukary-
otic and mitochondrial sequences are listed in
fig.2. Also shown (in parentheses) are the results of
a search expanded to cover the entire ensemble of
1280 eukaryotic and mitochondrial sequences in
the EMBL library (a total of ~970 kb of non-
prokaryotic DNA), using the NAQ programs of
the National Biomedical Research Foundation.

The listing in fig.2 indicates that some of the
repeat motifs appear to be very frequent, e.g.,
(ACACQC)z, (CACA),, (ACAT), (and permutations
thereof), and their complementary counterparts;
while others, like (ACGT): and its permutations
are not found at all. One striking example of
naturally occurring tetramer repeats is a cluster
located in the 5-non-coding region of the mouse 5-
major globin gene [14]:

(ACAT):.. .(CATA),.. (TACA),.. .(ACAC);.. .(ACAC):.. .(ACAC).. .(CACA);

One obvious question is whether the octamers
which survived the negative selection have any
unusual features in terms of composition or
nucleotide sequence. Indeed, the perfect repeat
structures  (PuPyPuPy), and (PyPuPyPu), in-
cluding a degenerate case of repeating dimers are
significantly over-represented, particularly, in the

Table 1

Occurrence of alternating octamers (isolated and
overlapping®) and repeating tetramers

Octamers  Repeating  Expected
tetramers number of
tetramers®
Prokaryotes 723 46 435.2
Eukaryotes 615 65 38.4
Mitochondria 201 24 12.6
Total 1539 135 96.2

* Overlapping is considered only within runs up to 16
bases

® Of 512 different alternating octamers 32 are repeats.
Therefore, the expected fraction of repeating tetramers
is 1/16. These include also degenerate cases of dimers
repeating 4 times

eukaryotic and mitochondrial sequences (see table
1). Of 1539 octamers found in all the sequences

3. DISCUSSION

The analysis of the natural nucleotide sequences
described above results in two observations:

(i) Alternating PuPy and PyPu sequences 8 nucleo-
tides long are deficient, but

(ii) The repeating tetramers (PuPyPuPy): and
(PyPuPyPu); are over-represented.

In particular, the repeated tetramers (ACAC),
and (GTGT): (and their derivatives) are very fre-
quent, whereas the fragments (ACGC):; and
(ACGT), are not present at all in non-prokaryotic
genomes. A corresponding analysis of prokaryotic
DNA sequences (not shown) indicates that the
fragments (ACAC); and (GTGT), occur with the
same frequency as the fragment (ACGC); avoided
in eukaryotic genomes [although the repeated
tetramer (ACGT): is absent in prokaryotic as well
as in eukaryotic genomes]. Furthermore, long
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ACACACAC 5 (ko)
CACACACA 5 (42)
ACATACAT 6 (30)
CATACATA 4 (16)
ATACATAC 9 (17)
TACATACA 6 (25)
ATATATAT
TATATATA
GCGCGCGE
CGCGLGLG
ATGCATGC
TGCATGCA
GCATGCAT
CATGCATG
GCACGCAC 3 (9)
CACGCACG 2 (W)
ACGCACGC 0 (0)
CGCACGCA 0 (1)
ACGTACGT
CGTACGTA
GTACGTAC
TACGTACG
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GTGTGTGT 7 (74)
TGTGTGTG 9  (68)
ATGTATGT 2 (32)
TATGTATG 2 (30)
GTATGTAT 1 (25)
TGTATGTA 0 (23)

(n250)

(250}

(32)

(32)

(14)

(17

(8)

(1)
GTGCGTGC 2 (11)
CGTGEGTG O (8)
GCGTGCGT 0o (5)
TGCGTGCG o (5)
(0)

(1)

(3)

(2)

Fig.2. List of repeating alternating tetramers found in the eukaryotic and mitochondrial sequences. For convenience,

the repeating tetramers are given in permutation groups, and such that the sequences on the left and right are com-

plementary to each other. The amounts indicated correspond to only one strand of DNA and should be augmented by

the values for the appropriate complementary sequence in order to account for the second strand, if desired. Figures

in parentheses correspond to the entire ensemble of non-prokaryotic sequences in the EMBL library. In this case alter-
nating runs longer than 16 bases are taken into account as well.

(ATAT), tracts are frequent in eukaryotic DNAs,
whereas in prokaryotes they occur at the expected
frequency. Taken as a group, repeated tetramers in
prokaryotic genomes are present at the statistically
predicted frequencies (table 1). It is tempting to
speculate that these facts are correlated with the
existence and function of chromatin.

Solely on the basis of sequence analysis we ob-
viously cannot determine whether the under-
representation of alternating octamers and high
proportion of repeated tetramers have anything to
do with the formation of left-handed Z-DNA.
However, it is of interest that the well character-
ized (in vitro!) Z-sites in the SV40 genome are both
repeating tetramers (ATGC), [3,4]. Might it be
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that the repeat structure of alternating PuPy and
PyPu runs somehow favors the B-Z transition?
One possible mechanism would involve the forma-
tion of a slippage structure (or staggered loop;
fig.3) as an intermediate in the transition, especial-
ly since the latter must proceed via some unstack-
ing of base-pairs in order to enable anti-to-syn
rotation of the bases [19]. The slippage structure is
known to be a typical element in the helix-coil tran-
sition in homopolymers and copolymers [20]. Due
to the intermediates of the kind shown in fig.3, the
double-stranded homopolymers differ significant-
ly from mixed sequence molecules in their melting
behavior [21]. The B-Z transition could also be
favored by other locally unstacked structures such
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Fig.3. Staggered loop structures which can be formed in
DNA with the PuPy alternating repeat (ATGC),.

as cruciforms [22,23] or local unwinding in regions
of low stability.

In all the above cases the (transiently or per-
manently) unstacked bases constitute targets for
the single-strand DNA specific nuclease S1 [24,25].
The Z-sites are also known to be Si nuclease sen-
sitive [26], a feature usually attributed to a special
structure at the junctions between regions in the B
and Z conformations [27]. However, the SI
nuclease digestion data are equally compatible
with the occurrence of local unstacking prior to the
B-to-Z transition as a first step, and/or the expres-
sion of an equilibrium between an established Z
helical region with an intermediate locally un-
stacked structure. In this connection, the forma-
tion of a slippage structure such as the one shown
in fig.3 is an attractive possibility. It is also of
possible relevance that the sequences of most
known SI sensitive sites have a repeat structure,
whether this is just homopolymeric stretch [28] or
a more elaborate repeating sequence [29-34]. In
many of these cases the slippage structure is the
only alternative to a completely unwound state of
the S1 sensitive region of the molecule, and may
constitute the energetically most efficient way for
{transiently) exposing single strands of DNA to the
nuclease.
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