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Abstract. Computer analyses of various genome se-eukaryote genome sequences. Our computer algorithm,
guences revealed the existence of certain periodical patiesigned to amplify and display even remote periodic
terns of adenine—adenine dinucleotides (ApA). For eaclpatterns, detected adenine—adenine dinucleotide (ApA)
genome sequence of 13 eubacteria, 3 archaebacteria, p@riodicity in all of the completed procaryote genomes
eukaryotes, 60 mitochondria, and 9 chloroplasts, weve analyzed, as well as in many of the eukaryote ge-
counted frequencies of ApA dinucleotides at each downnomes.

stream position within 50 bp from every ApA. We found

that the complete genomes of all three archaebacteria

have clear ApA periodicities of about 10 bps. On the

other hand, all of the 13 eubacteria we analyzed werdaterials and Methods

found to have an ApA periodicity of about 11 bp. Similar

periodicities exist in the 10 eukaryotes, although higheiGenome Sequences Us¥de have analyzed ApA periodicity in each
organisms such as primates tend to have weaker periOdR?nome of 13 eubacteria, 3 archaebacteria, 16 chromosom8s of

it N f th itochondri d chroloplast cerevisiae,9 other eukaryotes, 60 mitochondria, and 9 chloroplasts.
patterns. None o € mitochondnia and chroloplasts WeI'he complete genome sequences of the following prokaryotes were

analyzed showed an evident periodic pattern. down-loaded from the databases indicateld:influenzaeRd [3], M.
genitalium [4], M. jannaschii[5], H. pylori [6], A. fulgidus[7], T.
Key words: Dinucleotide — Sequence periodicity — pallidu_m [8], and B. burgdorferi[9] (TIGR Migrobe Database; http://
Complete genome — Mitochondria — Chroloplast — www.tig.org/tdb/mdb/mdb. html) Synechocysti® CC6803 [10] (Cya-
Prokarvote — Eukarvote nobase; http://www.kazusa._or.Jp/cyano/cyan_o.htrM); pneumoniae
Yy Yy [11] (Mycoplasma Pneumoniae Genome Project; http://mail.zmbh.uni-
heidelberg.de/M. pnemoniae/MP_Home.htni); coli K-12 [12] (E.
coli Genome Project; http://www.genetics.wisc.edu:80/index.html);
and M. thermoautotrophicunfil 3] (The M. thermoautotrophicunGe-
nome Database; http://www.biosci.ohio-state.edu/genomes/mthermo/
index.html). The complete genome sequenc&.oferevisiagl4] was
Recent developments in the sequencing of whole gedown-loaded from the Saccharomyces Genome Database (http:/
nomes have made it possible to analyze genomeWidgenome-www.stanford.edu/Saccharomyces/index.html). For other eu-

. . karyotes, since complete genomes are not currently available (as of
nucleotide patterns which could never be detected be(')ctober 1998), all DNA sequences in NCBI-GenBank Flat File Release

fore, such as the GC skew [1, 2]. Here we report novekby g were combined. There were nine eukaryotes (excluingrevi-
periodic patterns found to exist widely in bacterial andsiag whose total nucleotide length is longer than 10 million bp:
sapiens, M. musculus, C. elegans, A. thaliana, D. melanogaster, R.
norvegicus, F. rubripes, O. sativand S. pombeComplete genome
sequences of 60 mitochondria and 9 chloroplasts were also obtained
Correspondence tayl. Tomita; e-mail: mt@sfc.keio.ac.jp from the GenBank database.
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Fig. 1. aExample sequencé.Subsequent sequence after each ApA.
c Distribution of ApAs after each ApA.

Algorithm. ApA frequency at each distance from the previous ApA This algorithm was applied to analyze the genomes of all the spe-
dinucleotide within 50 bp was counted in order to analyze the corre-cies mentioned above. We also analyzed coding and noncoding regions
lation between frequency and distance. To illustrate our algorithm,separately.
consider the example sequence in Fig. 1. Only adenine nucleotides are
shown. This sequence has a 10-bp periodicity of ApA dinucleotides,

and the following demonstrates how our method can effectively am-

plify and visualize the periodicity.

Results

We first list the downstream sequences (50 bp) of all the ApA o _
dinucleotides (Fig. 1b), then count the ApA dinucleotides for each The ApA periodic patterns of the 16 prokaryote species

position (column) on this list. A clear pattern of ApA dinucleotides gre shown in Fig. 2, where solid lines represent the re-

with 10-bp periodicity can be observed (Fig. 1c).

These counted numbers are normalized and converted to frequen-
cies as percentages. To offset the potential periodicity of 3 bp cause

sults of coding sequences; dotted lines, the results of
oncoding sequences; and dotted—dashed lines, the re-

by codon biases, we take the averages of three consecutive base poStlts of all sequences. For the graphs to be on the same

tions at each position (with its adjacent positions).

scale, some graphs extend beyond the figure frames.
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Fig. 2. ApA dinucleotide periodic patterns in prokaryote genomes. lis; g Escherichia coli;h Treponema pallidumi Methanococcus jan-
Solid lines represent results with only coding sequences; dotted linesaschii; j Archaeoglobus fulgidusk Methanobacterium thermoauto-
results with only noncoding sequences; and dotted—dashed lines, result®phicum; | Aquifex aeolicusm Borrelia burgdorferi; n Chlamydia
with total sequences. All show clear periodic pattem#lycoplasma  trachomatis; 0 Mycobacterium tuberculosi$i37Rv; p Pyrococcus
genitalium; b Helicobacter pylori;c Haemophilus influenza®d; d horikoshii.

SynechocystiBCC6803 Mycoplasma pneumoniaé;Bacillus subti-



®) 0

(k)

e 4 L e
!
24 * 4 4
- = "\ - /.\
g ¥4 & ¥4 / \, g o .
A / \
g S [ \ g i
L / .
I \ \ \ \ :
R R ; e /A \
\ / s v /
/
B | m WWV
T T T T T T T T T T T T T T
0 10 20 30 40 50 0 10 20 30 40 50 10 20 30 40 50
base positions(mjan) base positions(aful) base positions(mthe)
(0} (m) (n)
e # L ®
=4 e - 2
R £ = g o
ER R 2
® ER ®
{
T T T T T T T T T T T T T T T
] 10 20 30 40 50 ] 10 20 30 40 50 10 20 30 40 50
base positions(aquas) base positions(bbur) base positions(ctra)
() ()
ER @+
® - ! -
g - g =
<4 h ’ e
o - © -
T T T T T T T T T T
0 20 30 40 50 [} 10 20 30 40 50
base positions(mtub) base positions(pyro)

Fig. 2. Continued.

185



186

(a) ApX (b) CpX
T
|
|
|
|
2 A | e 4
I
|
\
\
\
® 7N\ TN TS p— | o N e e
\ - N ~ ~— ~—— \ N T e I
\\.// ~ /\ Ve -
—_ | e el at — TN TN e e 4
g | | T e e B g
P ]
£ o+ g o
< - < —

T T T T T T
0 10 20 30 40 50 0 10 20 30 40 50

base positions base positions

(c) GpX (d) TpX

10
1
10
1

frequency(%)
6
1

T T T T T T T T T T T T
0 10 20 30 40 50 0 10 20 30 40 50

base positions base positions

Fig. 3. Dinucleotide periodic patterns in tH& coli genome. Only ApA and TpT show clear periodic pattemépA, ApC, ApG, and ApT;b
CpA, CpC, CpG, and CpT¢ GpA, GpC, GpG, and GpTd TpA, TpC, TpG, and TpT.

M. genitalium, H. pylori, H. influenzaggnd Syneco- though their amplitudes are significantly lower (less than
bactersp. show a clear periodicity of about 11 bp (Figs. 1%). The archaebacterl. jannaschii, A. fulgidusand
2a—d), with an amplitude of more than 1%. There is noM. thermoautotrophicurrhave amplitudes higher than
significant difference in periodic pattern between coding1%, but a shorter periodicity of 10 bp (Figs. 2i—k).
and noncoding regions, indicating that the periodicity is We did the same analysis (with tf& coli genome)
not due to patterns in amino acid sequences. for all 16 dinucleotides (Fig. 3). Among the 16, ApT,

M. pneumoniaeshows a similar pattern, except that, TPA, and GpC appear to have a slight pattern of period-
for unknown reasons, a small peak occurs around thécity. However, none shows a periodic pattern as evident
fifth base (Fig. 2e)B. subtilis, E. coli,andT. pallidum as the patterns of ApA and TpT.
also show a periodicity of about 11 bp (Figs. 2f-h), al-  Figure 4 shows the ApA dinucleotide periodic pat-
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Fig. 4. ApA dinucleotide periodic patterns in the 16 yeast chromosom&hromosome 01-04y chromosome 05-0&; chromosome 09-12}
chromosome 13-16.

terns of the 16 chromosomes 8f cerevisiaelt has, in ~ 5d) has one of the most evident periodic patterns among

general, a periodicity of about 10.5 bps, although it var-the animals we examined. melanogaste(Fig. 5e) has

ies among the 16 chromosomes. a less evident but still clear periodic patteRa.rubripes
Figure 5 shows the results for nine other eukaryotes(Fig. 5f) is an interesting case in which the coding region

The periodic pattern ofS. pombe(Fig. 5a) is much shows a very strong periodic pattern, while the noncod-

weaker than that db. cerevisiaeWith respect to plants, ing region shows little. The three mammais, norvegi-

A. thalianaalso shows weak periodicity, whil@. sativa  cus(Fig. 5g),M. musculugFig. 5h), andH. sapiengFig.

(Figs. 5b and c) shows no periodic pattern. 5i), reveal minimal periodic patterns in the coding and
There appears to be a tendency among higher animalsoncoding regions.

to show less evident periodic patteriis. elegangFig. No clear periodicities of 10—11 bp are observed in the
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Fig. 5. ApA dinucleotide periodic patterns in eukaryote genomes. Solid lines represent results with only coding sequences; dotted lines, result:
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Fig. 6. ApA dinucleotide periodic patterns in mitocondorion genome$l. sapiens;b C. elegans;c A. thaliana; d D. melanogasterg R.
norvegicus;f S. pombeg G. gallus; h B. taurus;i P. anserino.



190

22

frequency(%)

16

frequency(%)
20

18

16

12 14 16

frequency (%)

10

Fig. 7. ApA dinucleotide periodic patterns in chroloplast genonaeS. caldarium;b E. gracilis; ¢ E. virginiana; d M. polymorpha;e O. sativa;

(@

i e
|
1 a_
«
8 ‘
£ g v
5 8 g
o]
o |
.
o
T T T T T T T T T T T T T
0 10 20 30 50 10 20 30 50 L] 10 20 30 40 50
base positions(C_caldarium_M) base positions(E_gracilis_C) base positions(E_virginiana_C)
C) (6) ®
R e
= =
| § £
& g
e | 2
| w
T T T T T T T T T T T T T
0 10 20 30 50 10 20 30 50 0 10 20 30 40 50
base positions(M_polymorpha_C) base positions(O_sativa_C) base positions(O_sinensis_C)
(@ (h) @i
3 e
§ e
£ &4 £ o4
ER e
© ® -
T - . . T - . ‘ - . T T ; T .
0 10 20 30 50 10 20 30 50 0 10 20 30 40 50

base positions(P_thunbergiana_C)

f O. sinensisg P. thunbergianah T. gondii;i Z. mays.

base postions(T_gondi_C)

base positions(Z_mays_C)



191

genomes of the 60 mitochondria (Fig. 6; only 9 of 60 aretures, as suggested by Herzel et al. [23]. According to
shown) and the 9 chloroplasts (Fig. 7). Crick’s formula for helical DNA trajectories [25], helical
periods above 10.55 bp induce negative supercoiling of
DNA and periods below 10.55 bp induce positive super-
. _ coiling (free DNA has a helical period of 10.55 bp).
Discussion Thus, the ApA periodicity of about 10 bp in archaebac-
terial genomes suggests that their DNA has helical peri-
eE)ds of about 10 bp and therefore it can be predicted from
variation of base pairs along a DNA double helix. That Sr:zerr)sgicl)edéc|[t%/3§ha;|$]rgggﬁb:gtir\lﬁel?\l;l: rllsésp%selt;\r/]elza_

is, some adjacent base pairs are slightly nonparallel, 1o tor positive supercoiling in the genomic DNA of
causing bending of the DNA axis [15]. If several poSi- 5 chaea there are some strong indications for it. First, it
tions of DNA are bent in the same direction at regulary, peen found that archaeal plasmids and a virus-like
intervals, global bending of DNA occurs. In particular, naricle from Sulfologusare positively supercoiled [26,
the global bending effect is most prominent when they7] second, hyperthermophilic archaea have reverse gy-
interval is the same as the helical period, which is aboupase, a topoisomerase which introduces positive super-
10.55 bp [16]. It has indeed been shown by in Vitro peical turns into DNA [28]. Finally, histonelike proteins
experiments that AA/TT dinucleotides at the periodicity found in archaea [29] are reported to bind DNA and
of 10-11 bp cause unidirectional curvature of the DNA rasult in positive supercoiling [30].
[17] It can therefore be inferred that the 10- to 11-base For the genomes of Ch|orop|asts and mitocondria, no
periodicities we have observed in various genomes arglear periodic patterns of 10-11 bp are observed. Some
related to DNA bending and thus to the three-mijtochondria, on the other hand, appear to have 7-bp
dimensional (3D) structure of chromosomes. periodicities. However, the significance of these ob-
Nucleosome sequences in eukaryote genomes wekerved patterns is questionable because of their genome
reported to display periodic patterns of ApA dinucleo- sizes, which are one or two orders of magnitude smaller
tides, which are believed to be related to DNA bendingthan those of the previously discussed genomes. When
wrapped around histone octamers in the nucleosomee analyzed the first 10 kb of thE. coli genome se-
structure [18-22]. It is interesting that our analysis foundquence, no clear periodic pattern was observed. Further
the periodic patterns of ApA dinucleotides not only in studies found that 200—300 kb of data is required for the
the genomes of eukaryotes, but also in those of eubageliable determination of ApA periodcity (data not
teria, whose chromosomes do not involve histone octshown). Since most organella genomes have lengths of
amers. Recently, Herzel et al. [23, 24] independentlyless than 200 kb, no conclusion should be drawn from the
performed a similar analysis on bacterial genomes andesults of ApA periodicities in these genomes.
they also found a nucleotide periodicity of 10-11 bp. Our
analysis found that the periodic patterns in many eubac-
teria (Fig. 2) are more prominent than those in mostsymmary
eukaryotes (Fig. 5). Since eubacterial chromosomes do

not possess histone octamers; they may need to rely Motge haye conducted comprehensive analyses of ApA di-
on the nucleotide sequence patterns for 3D structure fors,cjeotide periodicities in the genomes of a variety of

mation of their chromosomes. species. Eubacteria show clear periodicities of about 11
Higher eukaryotes such & sapiensandM. muscu- b, \yhile archaebacteria show shorter periodicities of

lus show only a slight periodic pattern of the ApA di- ghoyt 10 bpS. cerevisiadas an average periodicity of

nucleotide, while lower eukaryotes such@selegance 1g g bp, although periodicities vary among the 16 chro-

ands. cerevisiashow prominent periodicity, as do pro- mosomes. Higher eukaryotes tend to show less evident
karyotes. While the reason for this difference is not Clearperiodicities, and mitochondria and chloroplasts show no

we can think of two possible explanations. First, gen€gjgar periodicities. We have argued biological signifi-
expression is often regulated by the 3D structure of.gnce of these periodicities in relation to the 3D structure

DNA, and higher eukaryotes involve more complicated,¢ pNA such as nucleosome and chromosome formation
gene regulation. This implies that DNA structure dy- 54 pNA supercoiling.

namically changes more often, lessening the need for a
static signal for DNA curvature. Second, genomes of
higher eukaryotes are full of transposons, viruses, anij2
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