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Abstract

Genomic DNA squences contain a wealth of information about the bendability and curveture of the DNA
molecule. For example, the well-known 10-11 bp periodicities within genomes can be atributed to supercoiled
structures or wrapping around nud eosomes. Such periodic signals have previously been examined mainly based on
mono- or dinudeotide corrdaions. In this study, we generalize this approach and anayze correlation functions of
longer motifs such as tetramers or poly(A) sequences. Periodically placed motifs may indicate regular protein
binding or curvature dgnals. We detected various periodic signds e. g. strong 10-11 bp oscillations of periodically
placed poly(A), poly(T) or poly(W) stretches. These observations lead to a new view on the intensively gudied
10-11 bp periodicities.
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Introduction

Periodicities in DNA sequences have intensively been studied in the past decades. Already in 1980 Trifonov and
Sussman found indications that 10-11 base-pair (bp) periodicities reflect DNA structure in chromatin. Zhurkin,
1981, pointed to thefact that  -helices in proteins induce additionaly DNA periodicities with a similar period (see
Weiss and Herzd 1998 for a detaled discussion). These protein induced oscillaions represent, however, only a
minor fraction of the signd, since 10-11 bp periodicities have dso been found in the third position of reading
frames [Herzel e al., 1998] and in non-coding DNA [Holste et al., 2003; Dlakic e al., 2004]. Using spectral
analysis Widom, 1996, studied periodicities in eukaryotic genomes and found paticularly strong signds in the
DNA sequence of C. degans Interestingly, prokaryotic genomes a9 exhibit pronounced 10-11 bp periodicities
associated with DNA supercoiling [Herzel et al., 1998 Tomitaet al., 1999, Worning et al., 2000]. With the aid of
nonlinear curve-fitting [Herzel & al., 1999] the specific periods of more than 100 genomes have been cdculated
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[Schieg and Herzel, 2004]. It turned out that genomes of archaea frequently digplay periods of around 10 bp
associaed with positive supercoiling [ Herzel et al., 1998] whereas eubacteria exhibit periods between 10.7 and 11.5
bp reflecting negative supercoiling. Such observed 10-11 bp periodicities are commonly interpreted as bendability
signa swhich support supercoiling or the wrgpping of the DN A molecule around eukaryal or archaeal nucleosomes.
This view is supported by multiple dignment of nucleosoma sequences [ Satchwell et al., 1986; loshikkes et al.,
1996], by artificia nucleosome positi oning sequences [ Shrader and Crothers, 1989] and by selecting sequences with
high affinities for histone binding [Thasrom e al., 1999]. However, it should be noted tha the observed
periodicitiesare extremely weak. Typical amplitudes of corrdation functions are in the order of 0.001, i. e there is
just a minor excess of appropriately spaced (di)nuclectides [ Schieg and Herzd, 2004]. Only averaging over large
genomic regions of about 100 kbp leads to detectable periodicities. Thus, the contribution of 10-11 bp periodicities
to nucleosome positioning in vivo seems to be limited.

In this paper we explore the possibility that DNA periodicities reflect not only dinucleotide dgnals As DNA
curvature is governed by dinudeotides[Cdladine and Drew 1987; Merino and Garciarrubio 2000], previous studies
have been f ocused predominantly on the analyd's of correlations or spectra of dinuclectides. In contrast, we andyse
here longer oligonud eotides such as tetramers in order to detect periodically placed DNA motifs. DNA binding
proteins might act as architectural elements to specify an optimal three-dimensional structure [ Travers, 1990]. Even
though most transcription factor binding dtes are longer than 4 nudeotides, our search for tetramer signds might
detect core motifssuchasTATA or CAAT. We gart with a sysematic andysisof all 256 tetramers. It turns out that
some motifs are indeed periodicdly placed dong the DNA sequence with a variety of periods. The 10-11 bp
periodicities are dominated by poly(A) and poly(T) stretches. This observation can give us a new perspective inthe
intensively gudied field of DNA periodicities

Methods

Correlation f unctions measure the excess of certain pairsof paternsat a distance of k base pairs For the calcul aion
of X-X autocorrdations, we count in the entire DNA squence the number NX_X(k) of pars of two identicd

paterns X and X separated by K base pairs. Here, X stands for a pattern such asX = AATT . Altogether there are
N - k- | +1pairsinasequence of length N, where | is thelength of pattern. For example, the patern AATT has
the pattern length of 4 and thusthe total number of pairsof this pattern (or any patern of length4) isN — k— 3in
agiven sequence of length N. Consequently, the probability tofind the pair X -X a the distancek can be estimated
as:

Px_x = Nx_x (k)/(N - k_ I +1)
The probability of asingle patern X is denoted by PX‘ It is given by:
Py K) =Ny (k) /(N- k- 1+1)

In the above formula, NX isthe number of copies of the patternin a sequence of length N. I f the pairs & a distance
k are statisticdly independent we find PX_X(k) = PX(k) . Px(k). Thus the dif ference

Cx_x(k) = Px_x(k) - X(k) : Px(k)

measures corrdaions a a distance of K base pairs. A positive pesk of the covariance Cy_x implies that there are

more X-X pairs & a distance of k than expected by chance. Sow variaions of the A + T content within genomes
induce trendsin most covariance functions. Consequently, most of the signals in our Figures 1-4 remain positive. In
order to remove the trend we plot in Fig. 5 first order differences of the functions leading to oscillations around
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Zero.

All genomes were downloaded from NCBI (www .ncbi.nim.nih.gov). Correlation functions were calculated with C
programs available from the authors on requed.

Results

Since periodicitiesof 10-11 bp are particularly strong in the genomic sequence of C. degans [Widom, 1996; Schieg
and Herzd, 2004] we start with a comprehensive analys's of tetramer periodicities inthis organism. As described in
the preceding section we cdculate the covariance functions of all 256 tetramers. Due to strand symmetry [Lobry et
al., 1995] revere complement tetramers such as AGAA and TTCT exhibit amilar periodicities. We find a large
vaiety of periodic signdsinduding period 2, period 3 or period 8. Fig. 1 shows representative examples of such
signds. Note tha the amplitudes are farly smadl, typicdly bdow 0.0001. The interpretation of period 3 is
straight-f orward: Due to a nonuniform codon usage [Sharp and Li, 1987; Holste et al., 2000, Gorban et al., 2003]
the 3 positions in the reading frame have diff erent compositions. This subsequently induces periodicities of longer
oligonudectides aswel. For example, ardative high anount of nudeotide A in the second position of the reading
frame implies an enhanced frequency of ATCA tetramers starting a the second position. Other periodicities are
presumabl e due to repetitive sequences and will not be discussed in detail.

. . . _ Figure 1. Autocorrelations of tetramer motifsin the genome of C.
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In the following, we focus on signds with periodsaround 10-11 bp since signds in phase with the helicd period of
DNA can induce curvaure and affect bendability [Caladine and Drew, 1987]. Furthermore, periodicdly placed
motifs might lead to a specific arrangement of DNA -binding proteins. In Figure 2 corrdation functions with dear
10-11 bp periodicites are displayed. The amplitudes are somewhat higher than in Fig. 1. The tetramers with
pronounced 10-11 bp periodicities have been compared with known transcription factor binding sites of C. elegans
given in the Trand ac database [Wingender & al., 2000]. All consensus sequences of the C. elegans matrices were
compared to the tetramers exhibiting dear 10-11 bp periodicities as in Fig. 2. However, we did not detected any
dear similaritiesto core motifs of transcription factor binding sites.

— Figure 2: Autocorrelations of motifs AGAA, GAAA and CTAC
ALk in the genome of C. elegansdisplaying 10-11 bp periodicities.
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Inspection of many corrd ation functions reveded that signalsare particularly strong if the motifs are A+T rich. This
is consistent with earlier studies in which correletions of the weakly binding nucleotides A and T have been
analyzed as markers of 10-11 bp periodicities [Widom, 1996; Herzel & al., 1999]. Fig. 3 shows the oscillations of
AAAA, TTTT, AAAT and WWWW autocorrelations. T he signal s are much stronger than dl the other periodicities
discussed above. An overepresentation of poly (A), poly(T) and poly(W) gretchesin genomic DNA iswell known.
Molecular mechanisms leading to such repetitions are the reverse transcription of poly(A)-tails in eukaryotic
genomes and slippage of DNA-polymerases during replication. In the following we consider different lengths of
poly(W) dretches. It turnsout that the 10-11 bp periodicitieslook quite similar for stretches (W), withn =1, 2,...,8
(see Fig. 4). For even longer stretches the number of parsin a certain distance becomes rather small and thus the
signd-to-noise-ratio decreases. Similar periodicitiesas in Fig. 4 arevisiblein correlations of (A),, and (T), motifs
(n =1, 2,...8) dbdt the signals are weaker. Figures 3 and 4 represent the main finding of this study. Periodicdly
placed poly(A/T) dretches along the genomic sequence of C. degans are a mgor source of the widdy discussed
10-11 bp periodicities.

F— Figure 3: Poly(A/T) motifs are periodically placed along the
AAMA o genomic DNA of C. elegans. Autocorrelations of the motifs
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In order to test whether these results apply also to other genomes we compare in Fig. 5 WWWW tetramer
osdillations in different genomes. In order to remove trends and to eliminate period 3 we show the first differences
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of 3 bp running averages. As discussed above the signal is particularly strong for C. degans (note the diff erent
scales). The oscillations in the other 3 genomes sugges that our findings seem to be rdevant to other organisms as

well.
T =S T——— Figure 5: WWWW autocorrel ations in the compl ete genomes of
i fl Cttegm C. elegans, D. melanogaster, S. cerevisiaeand E. coli.
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Discussion

In earlier studies mono- and dinucleotide periodicities have been analysed in detail. I1n this pgper we focused on
periodicdly placed motifs. A comprehensive <an of dl 256 tetramer-dgnalsfor the complete genome of C. degans
wascaried out. Observed periodicities could not be traced back easily to core motifs of transcription factor binding
sites. Very pronounced 10-11 bp periodicities have been observed for corrdations of poly(A), poly(T) and poly(W)
stretches, i. e thesemotifs are found to prefer distances of multiplesof the hdicd period. Some transcription factors
such as TBP, SRF or the C. degans factors Skn-1, DAF16 or unc-86 bind to stretches of A/T nucleotides. Thus we
cannot exd ude an association of periodic protein binding sitesand our observed oscillaions.

In our view thereis no straightforward interpretation of periodicdly placed poly(A/T) gretches. One might argue
that dinucleotide corrdaions simply induce periodicities of longer oligonucleotides. However, in this case the
amplitude of the oscillations should drastically shrink with the length of the motif as discussed in Schieg and
Herzel, 2004. For instance, the amplitude of dinucleotide corrdations induced by mononucleotide corrdations
should be 8 times smaller. The pergsting rdativey large amplitudes of the oscillations in Fig. 4 indicate that the
correlations of poly(A/T) stretches constitute the primary signd that in turn lead to dinudeotide correlaions
described in ealier studies.

The drength of the poly(A/T)-signals in Figures 3 and 4 is related to the overrepresentation of poly(A/T) stretches
in eukaryotic genomes. For example, the motif lexicon [Dyer e al., 2004] indicates tha AAAAAA hexamers in
intergenic regions of C. degans ae 8 times more frequent than expected by chance (see
http://genomicswheatoncol | ege.edu/cgi-bin/lexicon.exe). The mechanisms leading to poly(A/T) seguences are
well-known (reverse transcription of poly(A) tails, dippage of polymerases). It is, however, an open question how
these processes relae to the observed 10-11 bp periodicities. The excess of poly(A/T) sequences is particularly
strong in non-coding DNA. Interedingly, Dlekic e al., 2004, found that 10-11 bp periodicities are much gronger in
non-coding DN A aswell.

Even though DNA curvature and bendability models are typicdly based on dinudeotides [Cdladine and Drew
1987; Goodsell and Dickerson, 1994] it is known that poly(A) sequences induce curvature (see e. g. the review by
Olson and Zhurkin, 1996). Electrophoretic mobility gudies reveded that A tracts in phase with the hdical period
induce large curvature [Haran et al., 1994]. Thus periodicdly placed poly(A/T) stretches found in this paper might
support the optima topology of genomic DNA.
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