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ABSTRACT

We have used computer-assisted methods to search
large amounts of the human, yeast and Escherichia coli
genomes for inverted repeat (IR) and mirror repeat (MR)
DNA sequence pattems. In highly supercoiled DNA
some IRs can form cruciforms, while some MRs can
form intramolecular triplexes, or H-DNA. We find that
total IR and MR sequences are highly enriched in both
eukaryotic genomes. In E.coli, however, only total IRs
are enriched, while total MRs only occur as frequently
as in random sequence DNA. We then used a set of
experimentally derived criteria to predict which of the
total IRs and MRs are most likely to form cruciforms or
H-DNA in supercoiled DNA. We show that strong
cruciform forming sequences occur at a relatively high
frequency in yeast (1/19 700 bp) and humans (1/41 800
bp), but that H-DNA forming sequences are abundant
only in humans (1/49 400 bp). Strong cruciform and
H-DNA forming sequences are not abundant in the
E.coll genome. These results suggest that cruciforms
and H-DNA may have a functional role in eukaryotes,
but probably not prokaryotes.

INTRODUCTION

The polymorphic nature of DNA structure has been intensely
studied during the last 15 years, resulting in a vast literature on the
biochemical properties of many non-B-DNA conformations,
including left-handed Z-DNA, cruciforms and triple-stranded
H-DNA (reviewed in 1-6). As a result of this large body of work
we have developed a strong fundamental understanding of the
requirements for non-B-DNA structure formation. In general
biochemical terms, non-B-DNA conformations are stabilized by
high levels of negative supercoiling and sometimes by the
presence of multivalent cations (6). In genetic terms non-B-DNA
conformations are most favored in specific DNA sequence
patterns or motifs, some of which are very simple repeating
sequences (1). In this paper we study two classes of DNA
sequence patterns, inverted repeats (IRs) and mirror repeats
(MRs), and their occurrence in genomic DNA. These sequence
patterns are interesting because they are prerequisites for the
formation of two non-B-DNA structures: the formation of
cruciforms is most favored in DNA sequences with IR symmetry
(4,7,8) and the formation of intramolecular triplex DNA struc-

tures, or H-DNA, is most favored in homopurine sequences with
MR symmetry (5,9-12). The symmetry of IR and MR DNA
sequences and their relationship to the structures of cruciforms
and H-DNA are introduced in Figure 1.
Many of the simple repetitive sequences found in genomic

DNA have the potential to form non-B-DNA structures. The
sequence poly(dT-dC/dA-dG), which is abundant in eukaryotic
genomes (13,19), -will readily form triple-stranded H-DNA
structures in vitro (10,12). Other abundant simple sequences in
eukaryotic genomes include poly(dC-dAIdT-dG) (14), which
can form Z-DNA (15), and poly(dT-dA) repeats (16,17) which
can easily convert to cruciforms (18). Many previous studies have
shown these repeating sequences occur relatively frequently in
eukaryotic genomes, but are virtually absent from prokaryotic
genomes (13,14,16,17,19). Although a direct functional role for
simple repeating sequences in any cellular process has yet to be
conclusively established, many reports have noted that they are
found near functionally interesting regions of the genome, such
as promoters or sites of recombination (reviewed in 1-6,20,21).

In order to gain a better understanding ofthe possible biological
significance ofnon-B-DNA structures, it is important to compare
the frequency of occurrence of these structures in the genomes of
various organisms. Since the formation ofnon-B-DNA structures
is a dynamic process, sensitive to the levels of negative
supercoiling, they have been difficult to detect directly in
genomic DNA (6). However, we can quantitate the number of
naturally occurring DNA sequences which seem to best fit the
current biochemical rules for forming such structures.

In this paper the occurrence of IR and MR sequences are
compared across the human, yeast and Escherichia coli genomes.
Although IRs or MRs are not generally classified as repetitive
DNA sequence elements per se, we find that they tend to follow
the same phylogenetic distributions as other repeated sequences.
This is especially true for MRs, which are not enriched at all in
E.coli DNA, but are highly enriched in yeast and even more
abundant in human DNA. In contrast, we find that total inverted
repeats are abundant in all three genomes. We then use a set of
empirical rules to aid us in predicting which of the IRs and MRs
have the highest potential to form H-DNA or cruciforms. We
show that cruciform forming sequences occur frequently in yeast
and humans and that potential H-DNA forming sequences occur
at higher levels than expected only in human DNA. These results
suggest that non-B-DNA forming sequences are relatively rare in
prokaryotes but are abundant in eukaryotic genomes.
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FIgur 1. Structure and DNA sequence requirements for cruciform and
H-DNA conformations. Opposing strands of the standard duplex form ofDNA
are shown in red and blue. Standard Watson-Crick base pairing is represented
in green. (A) A model ofa crucifornstwruture. An IR from the sequence of the
human serum albumin gene is also shown (GenBank accession no. Ml12523).
T'hepartof the sequence which is palindromic is capitaized, the spacerbetween
the two palindromes is in lower case leters. The arrows highlight the 2-fold
symmetiy of the IR. (B) A model ofan intramolecular DNA triplex, orH-DNA,
structure. In this model the pyrimidine-rich red stand from one half of the
mifrorrepeatnfoldsback and forms Hoogsteen base pairs (represented in violet)
with the other half ofthe repeat. AMR from the sequence of the human gastric
AThPase gene is also shown (GenBank accession no. J05451). The sequence
which is part of theMR is capitalized, the spacerbetween the repeats is in lower
case letters. The arrows highlight the mirror symnetry of the sequence.

MATERIALS AND METHODS

Pattern searchn and analysis programs
Both of the programs developed for these studies use similar
search strategies which take advantage of the symmetry found in
IRs and MRs (see Fig. 1). These programs scan each base within
a givenDNA sequence to determiine whether it is a possible center
of an IR or MR repeat. From the point of symmetry the program
searches both forwards and backwards in the sequence for DNA
bases that are either complementary (for IRs) or identical (for
MRs). The program allows a certain number of bases (3-6 in this
study) to act as a spacer that does not need to conform to the IR
or MR symmetry. Since the spacer length between the two halves
of the repeat can be an odd number ofbase pairs, the program also
considers that the point of symmetry in the repeat could be located
between base pairs. Thus these patter matching programs search

for repeats which must start at between 1.5 and 3.0 bp on both
sides of the putative center of the repeat. If an IR or MR pattem
is not observed within this range, the program continues to move
along the DNA sequence to the next potential point of symmetry
or until the entire sequence has been analyzed. The minimum
length of theMR or IR sequences studied was 8 bp (for each half
of the repeat), but there was no maximum size limit. Analysis of
genomic DNA sequences was carried out on a Silicon Graphics
Iris workstation.

Genomic sequences and datasets

The human, yeast and E.coliDNA sequences used in these studies
were obtained from GenBank using the Intelligenetics software
package. The human sequences consist of 157 complete individ-
ual genes totaling 1 086 110 bp. This set ofhuman DNA contains
overall 49.7% (dA-dT) bp. The genes selected were all genomic
sequences (not cDNAs) and contained all of the exons, introns
and a significant amount of the 5' and 3' flanking DNA. This
human dataset contains many of the same sequences used in a
previous study of Z-DNA in the human genome (22).
The yeast and E.coli DNA sequences used were each contig-

uous genomic sequences. The yeast DNA was the complete
sequence of chromosome Im from Saccharomyces cerevisiae
(23), which contains 182 open reading frames and is 315 357 bp
long (GenBank accession no. X59720). The yeastDNA has 61%
(dA-dT) bp overall. The E.coli sequence consisted of the
complete sequence from the 81.5-89.2 minute region of the
E.coli chromosome (24-26), which contains 350 open reading
frames and is a total of 324 146 bp in length (accession nos
L10328, M87049 and L19201). The overall content of (dA-dT)
bp of the E.coli DNA was 48%.

RESULTS

General rationale

The goal of this work was to use computer-assisted methods to
study the occurrence of cruciform and H-DNA forming
sequences in DNA from humans, yeast and E.coli (see Figure 1
for a description of the structures and examples of the sequence
motifs discussed in this paper). First we studied the occurrence of
all IRs and MRs in the three genomes, since these sequence
patterns are a necessary, although not sufficient, prerequisite for
forming cruciforms and triple-stranded H-DNA structures. Once
the occurrence of all IRs and MRs had been determined, we used
current biochemical data on cruciforms and H-DNA to aid in
identifying the repeats with the highest potential for forming
non-B-DNA structures. For example, the stability of both
cruciforms and H-DNA is dependent upon the length of the
repeat, with longer repeats having greater stability as non-B-DNA
structures (27-30). The length of the spacer DNA between the
two halves of the repeat is another important factor in stability,
with a 3-6 bp loop region being most favored in both
conformations (31,32). These concepts form the basic framework
for these studies, in which we search genomic DNA for IRs and
MRs of >8 bp in length which are separated by spacers of 3-6 bp.

Occumnce of IR sequence patterns in human, yeast
and Ecoli genomic DNA

Inverted repeats are palindromic DNA sequences with 2-fold
symmetry, as shown in Figure 1. These repeats have the potential
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Table 1. Occurrence of IR repeat patterns in human, yeast and E.coli genomic DNAa

Occurreces per Million base pairs Number of Occurrences
IR Size Expected Human Yeast E. coll Human Yeast E. coil
EacHall) cc nc
k 8bps 81 178 184 214 193 58 69
2 9 bps 20 52 82 93 57 26 30
2 10bps 5 21 41 59 23 13 19
211 bps 1 9 13 40 10 4 13
212 bps 0.25 5 3 25 6 1 8

2 12 wismsatcbb 1 7 16 12 8 3 4

Numbers shown are for MRs found which have 3-6 bp spacers between the repeated sequences.
aThis table gives the numbers of IRs found with given repeat sizes for each of the three data sets. On
the right, the actual number of IRs found in the three data sets are given; on the left, the numbers have
been normalized to 106 bp for comparison. Also shown is the calculated number of IRs of each size
expected in 106 bp of random sequence DNA (25% each of A, C, G and T).
bThe last row in the table gives the number of additional IRs found in each data set with an overall length
of .12, if we allow the repeat sequences to have a single RY mismatch (i.e. either a T:G or C:A mis-
matched bp) every 10 bp.

to form both cruciforms in double-stranded DNA and/or hairpin
structures in single-stranded DNA or RNA. We searched the
human, yeast and E.coli genomic datasets for IRs which have a
minimum length of 8 bases on each half of the repeat and a spacer
of 3-6 bases. The results of these searches are listed in Table 1 as
the total number of IRs found of each size for each dataset. The
expected occurrence of IRs for each genome type are then
normalized to 106 bp to allow for direct comparison of the three
different data sets. For example, the right-hand side of Table 1
shows that a total of 26 IRs with a length .9 bp were found in the
yeast dataset (total length 315 357 bp). This number is
extrapolated on the left-hand side of the table to a value of 82,
which is the number of IRs of this length that would be expected
to be found in a total of 106 bp of yeast DNA. In Table 1 we also
compare the number of IRs found in the three genomes with the
calculated occurrence of IRs of these lengths in 106 bp ofrandom
sequence DNA (containing equal amounts of A, C, G and T
bases).
The results show that IRs are more abundant in all three

genomes than in random sequence DNA. The E.coli genome has
the most IRs of the three and is especially enriched in longer IRs
of 11 or 12 bp in length. In human DNA the occurrence of all IRs
.8 bp (178/106 bp) is 2.2-fold higher than is found in a random
sequence DNA (81/106 bp). The yeast and E.coli genomes are
2.3- and 2.6-fold enriched in IRs of .8 bp, when compared with
random DNA. In terms of frequency of occurrence, IRs of .8 bp
in length occur once every 5600 bp in humans, once every 5400
bp in yeast and once every 4700 bp in E.coli, whereas these
sequences are found only about once every 12 300 bp in random
sequence DNA.

Eukaryotic IRs are very (dA-dT)-rich, while prokaryotic
IRs are relatively (dG-dC)-rich
Although the overall frequency of occurrence of IRs in the three
genomes is similar (Table 1), we noticed distinct differences
between the IRs from the two eukaryotes compared with
prokaryotic E.coli DNA. As Figure 2 shows, IRs from yeast and
human DNA are very (dA-dT)-rich, while the IRs from E.coli are
relatively (dG-dC)-rich. In fact, there seems to be a demarcation
at - 60% (dA-dT) between the eukaryotic and prokaryotic IRs
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Figure 2. A graph comparing the (dA-dT) content of all IRs (10 bp from the
human, yeast and Ecoli genomes. The number of IRs are plotted against the
percentage of (dA-dT) base pairs found in each repeat. The IRs from E.coli are
shown in red, the yeast IRs are in light blue and the human IRs are in darker blue.
The black arrow points to the 60% (dA-dT) point of the graph, which highlights
the differences between prokaryotic and eukaryotic IRs.

(highlighted by the arrow in Fig. 2). As shown in Figure 2, 91%
of the E.coli IRs are <60% (dA-dT)-rich, while 91% of all the
eukaryotic IRs are >60% (dA-dT)-rich. The percent (dA-dT)
richness does not correlate with the (dA-dT) composition ofeach
genome, since the overall percent (dA-dT) of the human and
E.coli genomes are similar and only the yeast genome is
inherently (dA-dT)-rich.
The percent (dA-dT) richness of an IR is an important criterion

in cruciform formation (4,18,27). Studies have shown that
(dA-dT)-rich sequences form cruciforms more easily in vitro
than (dC-dG)-rich sequences (18,33,34), although it is not clear
how these observations apply in vivo. The first step in the
formation of a cruciform involves the local melting of 8-10 bp at
the center of the IR. Since IRs with relatively (dA-dT)-rich
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ThbIe 2. Occurrence of MR repeat patterns in human, yeast and Ecoli genomic DNAa

Occurrenc S pr Million &ase pairs_. Nuber of Occurrences

MRl sie Expected Human Yeast E. coi Huaia Yeast EL coli
(Each HalfIOccerrence
2 8 bps 81 528 295 71 568 93 23
2 9 bp 20 306 158 15 329 50 5
210bps 5 192 82 6 206 26 2
211 bps 1 124 38 0 133 12 0
212 bps 0.25 85 29 0 91 9 0

Numbers shown are for MRs found which have 3-6 bp spacers between the repeated sequences.
aThis table gives the numbers ofMRs found with given repeat sizes for each of the three data sets. On
the right, the actual number of IRs found in each data set is given; on the left, the numbers have been
normalized to 106 bp for comparison. Also shown is the calculated number ofMRs ofeach size expected
in 106 bp of random sequence DNA (25% each of A, C, G and T).

centers melt more readily, they have a lower kinetic barrier to
extrusion as a cruciform (33,34). It should be noted that, as for the
entire repeat, the central 10 bp of the eukaryotic IRs shown in
Figure 2 are also very (dA-dT)-rich (data not shown).

Occurrence ofMR sequence patterns in human, yeast
and E.coi genomic DNA

Mirror repeats areDNA sequences which have mirror symmetry,
as shown in Figure 1. A relatively small'percentage of these type
of sequences have the potential to form intramolecular triplexes,
or H-DNA (5). For example, the abundant simple repeating
sequence poly(dC-dAIdT-dG) fits the sequence requirements for
a MR, but this sequence does not form H-DNA. In order to study
H-DNA we must first study the occurrence of all sequences

havingMR symmetry, since this is a necessary, but not sufficient,
criterion for H-DNA formation. Then we can limit the searches
to MR sequences which are most likely to form H-DNA.
Table 2 gives the occurrence of allMRs in the human, yeast and

E.coli genomes. This table is organized exactly like Table 1 was

for IRs. The actual number of repeats found in the datasets are

listed on the right-hand side of the table, while the normalized
numbers of MRs expected in 106 bp of a particular genome are

on the left-hand side of the table. The most striking observation
shown in Table 2 is that MRs occur at a random frequency in the
E.coli genome. The number ofMRs expected to be found in 106
bp ofE.coliDNA is nearly identical to the number expected in 106
bp of random DNA. This suggests that there has been very little
evolutionary pressure either for or against the accumulation of
MRs within the E.coli genome. In sharp contrast, both of the
eukaryotes are highly enriched in the total number of MRs,
especially for longer repeats. In human DNA, MRs of .8 bp in
length are 6.5 times more abundant than in random DNA, while
in yeast the occurrence of these MRs is 3.6 times that for random
DNA. The frequency ofoccurrence above the expected levels for
MRs of .12 bp are very high in both human and yeast DNA.

Occurrence of cruciform and H-DNA forming sequences in
the human, yeast and E.coli genomes

The data given in Tables 1 and 2 represents the total number of
IRs and MRs found in these genomes. However, not all IRs have
the same ability to form cruciforms and certainly not allMRs have
the potential offorming H-DNA. In order to determine which are

potential cruciform or H-DNA forming sequences we needed to

set criteria for defining repeats which are most likely to form
non-B-DNA structures. As previously discussed, we have already
limited our searches to sequences with 3-6 bp spacer regions. For
both cruciform and H-DNA forming sequences it is known that
longer repeats form more stable non-B-DNA structures (27-30).
Therefore we must place a lower limit on the length of the repeat
as a criterion for a cruciform or H-DNA forming sequence. For
this discussion we have chosen a minimum length of 10 bp, since
it has been shown that IRs and MRs of this length will form
non-B-DNA structures in vitro (29,30,35). We would like to point
out, however, that a 9 bp IR requires only slightly more
supercoiling than a 10 bp IR of similar sequence to form a
cruciform. The 10 bp limit is a conservative estimate chosen for
this study in order to identify only the strongest cruciform and
H-DNA forming sequences.
Another important consideration in assessing the potential of a

repeat to form a non-B-DNA structure is its sequence, notjust that
it holds to an IR orMR pattern. H-DNA forms best in MRs which
are homopurine/homopyrimidine-type sequences, but not in
sequences that are very (dA-dT)-rich (5,36-38). The criteria
used for considering a MR to be a strong H-DNA forming
sequence were: (i) the minimum length of theMR was .10 bp in
each half of the repeat; (ii) the sequence of the MR was 100%
homopunne/homopyrimidine and was <80% (dA-dT)-rich; (iii)
the repeat had no mismatches.
A similar criterion was used for screening all IRs and for choosing

the strongest cruciform fonning sequences. The criteria used for
considering an JR to be a strong cruciform forming sequence were:
(i) the minimum length of the IR was >10 bp in each half of the
repeat; (ii) the sequence ofthe MR was .60o (dA-dT+rich; (iii) the
repeat had no mismatches, unless the IR was .12 bp in length on
each half, in which case we allowed it to have one internal C-A or
T-G mismatch every 10 bp. We expect that the extra length of the
repeat should more than compensate for the slightly destabilizing
pyrinidine/purine mismatches (39) and that the overall effect on the
stability of the IR as a cruciform would be negligible.
We then used these criteria to screen the total number ofIRs and

MRs given in Tables 1 and 2 and produced a new list of only the
strongest cruciform and H-DNA forming sequences in each
genome. The observed frequencies, or probabilities, of fmding
cruciform and H-DNA forming sequences which fit our criteria
are given in Table 3. These frequencies are simply the result of
dividing the total length oftheDNA in each datasetby the number
of potential cruciform or H-DNA forming sequences that were
found in each genome.
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Table 3. Probability of finding strong cruciform and H-DNA forming
sequences in human, yeast and Ecoli genomic DNAa

Type of DNA Probability of cruciforms Probability of H-DNA

Human 1/41 800 bp 1/49 400 bp

Yeast 1/19 700 bp 1/315 217 bp

E.coli 1/162 073 bp 1/324 146 bp

The criteria for determining which repeats are strong crucifonns or H-DNA
forming sequences is described in the text.

First consider the occurrence of these two structures in the
E.coli genome. Using our criteria we found only two cruciform
and one H-DNA forming sequence in the entire 324 146 bp
dataset. Although total IRs are abundant in E.coli (Table 1), >90%
of the IRs found in E.coli did not meet our 60% (A+T) threshold
for being considered a strong potential cruciform. Nearly all of
the IRs found in E.coli have already been recognized as
transcription termination sequences (24-26). These termination
sequences are known to be (dC-dG)-rich and function by folding
RNA, not DNA, into stable hairpin structures (40). In terms of
H-DNA forming sequences, we were quite surprised to find that
one of the two MRs that was .10 bp long in the E.coli dataset (see
Table 2) was also a perfect homopurine sequence which could
form H-DNA. It is difficult to assess how well this would
extrapolate to the probability of finding H-DNA in the entire
genome and it seems likely that this single sequence represents an
anomaly, rather than a rule. Nevertheless, we feel confident in
predicting that potential H-DNA forming sequences are relatively
rare in E.coli and probably occur at a frequency <1/324 146 bp
over the entire genome.
We found that both human and yeast DNA had relatively high

frequencies of cruciforms in their genomes, but that only human
DNA seems to have high levels of H-DNA forming sequences
(Table 3). The entire sequence of yeast chromosome III contains
only one H-DNA forming sequence, while there were 16
potential cruciforms (1/19 700 bp). In the 1 086 110 bp human
DNA dataset we found 26 cruciform and 22 H-DNA forming
sequences. Therefore the frequency of finding cruciforms in the
human genome is - 1/41 700 bp, while the frequency of finding
H-DNA is - 1/49 400 bp.

What are the sequence properties of naturally occurring
genomic cruciforms and H-DNA?

We found a significant difference in the (dA-dT) richness of IRs
in eukaryotic as compared with prokaryotic DNA (Fig. 2). We
also found other interesting sequence features in the cruciforms
and H-DNA forming sequences. A partial listing of the potential
cruciforms found in these studies is given in Table 4. This table
focuses on the longest IRs found, many of which contain a C-A
orT-G mismatch. By including this parameter in our searches we
were able to identify a few very long, and most likely very stable,
potential cruciforms in the human and yeast genomes. A
particularly striking feature of cruciform sequences in yeast and
humans is that many are also alternating pyrimidine/purine (APP)
sequences. APP sequences are usually associated with Z-DNA
formation (22). It is intriguing that for some ofthe sequences each
halfofthe repeat could also be a strong Z-DNA forming sequence
on its own (i.e. sequences 6 and 7 in the human DNA in Table 4).
This raises the possibility that these IRs might be capable of

Table 4. Examples of strong cruciform forming sequences

Human DNA
1)

2)

atatg _ _ _ _g ttgt -

tacatA1&1&~Uat_1&1&Z&~0flhAflIatacac-
a&w&gfl1&Z&aAfll1&1tata

3) tacacAeA1r&1&1gca1&tAZ&1acac&=&1A1&_ _ LZ&1c1acaca
4 ) tacac&A
5 ) gtgtall
6 ) gtgtgZg
7) atata:C
8) taagtll
9) agggg02

10) aaatt=
11) aaaatil
12) tatta2
13) ataatl

Yeast DNA
a)
b)
c)

d)
e)
f)

_]Lacac-%cac AWGrcac

Az tt_ c a c at
aaasaWaTaeaeatag £C A ataa
_tata _ catgatgt
12&za1tftaat ataa

W1C&AZ&catcacac cacaaa

raAg&Z&&agtaaa1ZZAZtZt ogatat
stereegat aata

tgtat_&ea&-U&La11!&ZgataCcc_t1MAaatacc tatg
ttcctAz _tZ&gZ&Z&AtatcZ_c&Z&fg&&Z&1&cccag
tctag ag_&LPgaaktrAZC.Ca1&taata
acaaaAZtArAtatat tcca
agat &a1&2&atat atatata
attccl&Z&1&Z&1A1&tataL&1&h&1&t1tcata

E.coli DNA
atat _ t taag 9c tggt

36

26

22
20
19
18

16
14
13
12
12
12
12

18
15
14
13
12
12

14

multiple non-B-DNA conformations, depending upon the
environmental conditions. Nevertheless, several studies have
shown that alternating (dT-dG)- and (dC-dA)-containing IRs of
this size prefer to form cruciforms and not Z-DNA (41,42).

All of the H-DNA forming sequences found in the three
genomes are listed in Table 5. Only five of the 22 human
sequences are simple poly(dT-dC/dG-dA) repeats, even though
these repeats are known to be very abundant in the human genome
(13,17). Many of the sequences shown in Table 5, in fact, are not
simple direct repeat sequence patterns. Another class of H-DNA
forming sequences which has been intensely studied both in vitro
and in vivo are the poly(dG) type of sequences (30). Although
these sequences can form very stable triple-stranded structures,
they were not found in any of the genomes studied. In fact, none
of the potential H-DNA forming sequences found in these
genomes were >80% (dG-dC)-rich, suggesting that poly(dG)
sequences are rare in genomic DNA. For example, in the entire
human data set we found almost 300 poly(dA) tracts of.10 bp in
length, but only two poly(dG) tracts of this length (data not
shown). This is reminiscent of the situation with Z-DNA forming
sequences, in which alternating (dC-dG) sequences are best for
Z-DNA formation, but long stretches of these sequences are
rarely found in genomic DNA (16,22). It could be that
poly(dC-dG) and poly(dG) sequences too easily convert to
non-B-DNA conformations for them to serve a useful regulatory
function inside the cell. Another possibility is that sequences
which form very stable non-B-DNA conformations are so highly
mutagenic that there is a strong evolutionary pressure against
their accumulation in genomes (2).

DISCUSSION

The goal of this work was to study the occurrence of cruciform
and H-DNA forming sequences in genomic DNA. First we
studied the occurrence of all IRs and MRs in DNA datasets from
the human, yeast and E.coli genomes (shown in Tables 1 and 2).

taca
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Table 5. Examples of strong H-DNA forming sequences

HUMAN DNA
1) gtccclg
2) aagagg
3) gaaag9

4 ) agzgaglU5) acaga&1
6) aagag&
7) ggaaaaj
8) agagaU
9) tatatUA

19)

22)

g _ _ack9 &,s aca

Lagt_ _ __tgtcahIa~a.ga&gtca
_agz&2agg MI tgcaa
_at&9&3&S&B&~&fttt g gf a

I&aga&BBaaRgA&aaagaaaa
Wa&&B&&&B&&&Baagg h f&acgg
a&2&2&B&sA&,ag _ Baccc

ttcscsCccrxmcC22=cctcc =CTgagg
aaaa a a aaaat
aaag a&a Macag
gatgg gagaggggga

gaaagMBamaoBgWagaa&gBamAgaga
aggga- __-anagag gagag
agcccC222=tct Ztttttg
tctcc cas2z2!ccaCetttct
gatgg B ga9& gaag

ttcct?cc 1cctc gcatc
tgatggagaag aggta
tctcccc2==ttctcTcTCTc--tatat

Yeast DNA
agaaa2_&MAgaga_ctg5&&9&&A&&ctgat

S. colI DNA
cc tt GOGaGaoa2aaaac

This total population of repeats contained many se
although they conform to either an IR or MR se
cannot easily adopt a cruciform or H-DNA stru
published experimental data to help us select tho
which are most likely to form cruciforms and H-]
the criteria we used to define the strongest non-E
sequences were necessarily arbitrary, they wo

strictly upon published experimental evidenco
criteria were relatively conservative, the numbers
3 are probably low estimates of the actual numb
and H-DNA forming sequences in these genom
The point of this paper is not that H-DNA

structures exist every 40-50 kb in the human ge
in Table 3), but rather that relatively strong crucifc
forming sequences can be found that frequen
cruciforms and H-DNA are high energy conforn
the sequences identified in this paper will cone
these structures. The formation of these conforr
high levels of negative supercoiling. We now

these levels of supercoiling are possible inside c

as a natural consequence of nonnal cellular pr
transcription. Liu and Wang's 'twin-supercoiled
shows how a transcribing polymerase is able t
levels of negative supercoiling in its wake (43). S
from many laboratories has shown that the negat
energy available from transcription can be transi
biochemical reactions, including recombination
tin reorganization and the formation of non-B-
(44,45) Therefore, at least transiently, it appears
supercoiling required to form non-B-DNA stru(
inside cells. The results presented in this paper c

cruciform and H-DNA forming sequences are I
dance in some genomes. The fact that there ar

dynamic supercoiling available inside cells and sequences which
can easily formnon-B-DNA structures in genomicDNA suggests

th of MR that non-B-DNA structures probably do exist in vivo.
ltccct 19 We found an interesting difference between E.coli, the only
Laatga 19 prokaryote in this study, and the two eukaryotic DNAs (yeast and
a^ 17 human). Aside from the large number of IRs that were located at

16
16 sites of transcription termination, the E.coli genome is relatively
16 devoid of strong cruciform or H-DNA forming sequences. We
16 suspect that the IRs found at termination sites are not good
15 15cruciform forming sequences, since in general they are very
14 (dG-dC)-rich sequences. The (dG-dC)-rich IR sequences form
13 stable hairpins in single-stranded RNA, which makes them good
12 transcriptional terminators (40). These same (dG-dC)-rich prop-
11 erties, however, impose high kinetic barriers to cruciform
11 formation in negatively supercoiled DNA (33-35). Finally, the
1111 suggestion that E.coli has few potential crucifonns or H-DNA
11 forming sequences is entirely consistent with other studies noting
10 that prokaryotes have little of the simple repeating DNA
10 sequences [such as poly(dT-dA), poly(dC-dA/dT-dG) or
1010 poly(dT-dC/dA-dG) which can form non-B-DNA structures in

vitro.
The lack ofnon-B-DNA forming sequences in E.coli is in sharp

contrast to yeast, which had the highest frequency of potential
cruciforms, or human DNA, which had relatively high levels of

10 both cruciforms and H-DNA forming sequences (Table 3).
Interestingly, these frequencies do not correlate strongly with
gene density or with the amount of 'junk' DNA in the datasets.
It is not surprising to find only a few non-B-DNA forming

vquenceswhich, sequences in the E.coli genome, since the gene density is very
Nquence pattern, high (- 1 gene/900 bp), which means there is little room in the
icture. We used genome for non-coding DNA structural features. On the other
ise IRs and MRs extreme of this discussion is the human dataset, which has a gene
DNA. Although density of -1 gene(7000 bp of DNA sequence and which
3-DNA forming consists mostly of 'junk' DNA derived from introns and flanking
ere based very sequences (these sequences constitute - 85% of the total human
e. Because our dataset used in these studies).
; shown in Table In this respect the results on yeast are quite intriguing, since the
ers of cruciform yeast genome is a relatively streamlined and compact genome,

A or cruciform with 1 gene/1700 bp, and has very few introns (none were notedin the DNA sequence of chromosome IE). In spite of the inherent
mnome (as given limitations of an economical genome, S.cerevisiae seems to have
tly. Since both evolved with a very high number of cruciform forming
nations none of sequences. It could be that the accumulation of non-B-DNA
ntitutively adopt forming sequences within a genome is a eukaryotic phenomenon,
tnautons require an idea which is consisteht with the phylogenetic distributions of
understand that virtually all other types of simple repetitive DNA (13,14,17,
Sells, most likely 19-21).
^ocesses such as In a previous study we showed that there was a non-random
domain' model distribution of potential Z-DNA forming sequences in the human

to generate high genome and that they tended to cluster near transcription start
subsequent work sites or promoters, as opposed to the 3'-end of the gene (22). In
ive supercoiling this study we did not observe a strong bias in the distribution of
nitted into other either IRs or MRs throughout these genomes (except, of course,
events, chroma- for the noted location of IRs in E.coli). In human genes we found
-DNA structures that -76% of all the cruciform and H-DNA forming sequences
that the negative were located either in introns or in regions encoding untranslated
ctures does exist regions (UTRs) of the mRNA (introns and UTRs made up - 60%
-learly show that of the total human DNA in the dataset). Only 3% of the
present in abun- non-B-DNA forming sequences were found within protein
re high levels of coding regions (which made up - 15% of the total DNA). The

as
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remaining 20% were located in either the 5' or 3' flanking regions
of the genes.
Now that we have identified sequences that can potentially

form cruciforms and H-DNA in genomes and that conditions
exist inside cells for these sequences to convert to non-B-DNA
conformations (43-45), the challenge will be to determine what,
if any, function these repeats have in cellular regulation. All
non-B-DNA structures that form in response to high levels of
negative supercoiling (including Z-DNA, H-DNA and cruci-
forms) may play similar roles in regulating the DNA topology in
and around active genes. These structures could act as 'topological
gauges' whose function is to respond to high levels of rnscription-
induced negative supercoiling. When transcriptional activity
becomes too high, these unusual structures could form, which
could slow down or pause transcription complexes. When the
DNA becomes relaxed through the action of topoisomerases, the
unusual structures would convert back to B-DNA and normal
transcription would continue. This function could be useful for
maintaining an ordered array of polymerases on genes or for
affecting the chromatin structure of the region (similar models
have been discussed in 1,3,22,46,47). Studying these functions
will be an enormous challenge, since these structural transitions
are likely to be dependent upon the dynamic and complex
interplay between transcription, DNA supercoiling and non-B-
DNA structure formation in sequences like, those found in this
paper.
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