PHYSICAL REVIEW E 67, 061913 (2003
Repeats and correlations in human DNA sequences
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We study the nucleotide-nucleotide mutual information functifk) of the DNA sequences of the three
completely sequenced human chromosomes 20, 21, and 22. We find in each human chrofnpsoene
absence of th&k=3 base pairbp) sequence periodicity characteristic for protein coding regidins the
absence of th&=10-11 bp sequence periodicity characteristic for both protein secondary structure and DNA
bendability, and(iii) the presence of significant statistical dependencies at dbe@85 bp and at abouk
=165 bp. We investigate to which degree the density and composition of interspersed repeats might explain
these observed statistical patterns in all three human chromosomes. We use simple stochastic models to
substitute known interspersed repeats and find by numerical studiesithdihe presence of interspersed
repeats dominates short-range correlations as measurggk)pn the scale of several hundred base pairs in
human chromosomes 20, 21, and 22. On the other hand, we fin@vjhiaterspersed repeats contribute only
weakly to long-range correlations due to the clustering of highly abunéllantepeats.
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[. INTRODUCTION ence of repetitive sequences can be expected to influence
correlations in human DNA sequences to a large extent.
The analysis of statistical patterns in genomic DNA is of Here, we study the mutual information functib(k) of
interest, since correlations may reflect biologically signifi-the DNA sequences of chromosomes 20, 21, and 22 in order
cant features of primary structurgs—4]. For instance, the to investigate short- and long-range correlations in these
sequence periodicity of 3 base pail®) indicates the pres- three completed human chromosoni2s]. The paper is or-
ence of protein Coding sequences, such that this Signa| can [géinized as follows: in Sec. Il we introduce the notation and
used to distinguish coding and noncoding DR&, and se-  definel (k), in Sec. lll we study short-range Q1. . 1G bp)
quence periodicities of 10—11 bp reflect DNA bendability@nd long-range (10. .. 10 bp) nucleotide-nucleotide corre-
[6,7] as well as the secondary structure of prot¢B§]. On  lations by computind (k) of the DNA sequences of chromo-
the next length scale, correlations in the order of bip have =~ somes 20, 21, and 22, and in Secs. IV-VI we discuss the
been found in random walk studigs0]. In subsequent stud- Presence of interspersed repeats and study to which degree
ies it has been proposed that correlations on this length scalBese correlations might be related to repeats common in all
can be explained by the nucleosomal structure in eukaryotd§e three human chromosomes.
[11,17. Compositional heterogeneities on length scales ex-
ceeding hundreds of base_: pai_rs and ranging up to about Il. SYMBOLS AND DEFINITIONS
10° bp are a well-known biological phenomenon related to
the presence of isochor¢$3,14 and these long-range cor-  The primary structure of DNA is polymeric and can be
relations can be approximated by power Idd5—-17. considered as a symbolic sequence ¥4 symbols
Initial analyses of the first draft form of the human ge-{A;,A,,A3,A;}={A,C,G,T}, where A refers to adenine, C
nome [18,19 show that protein coding regions constitute refers to cytosine, G refers to guanine, and T refers to thym-
less than 3% of the total genome, which makes the complet@e. We denote by; (i=1,2,... \) the relative frequency
annotation of protein coding and noncoding regions a diffi-of A; and by p;;(k) the relative frequency of the pair of
cult task[18—20. In contrast to the small percentage of pro- symbolsA; andA; in a distancek. Assuming that the DNA
tein coding DNA, about 50% of the human genome consistsequence under study can be considered as a realization of a
of repetitive sequencegd8]. Repeats are multiple approxi- stationary and ergodic process, one may associatepjitie
mate copies of patterns of nucleotides of various lengthsprobability of finding, at any given sequence position, the
most of which are dispersed throughout the genome. HenceymbolA; , and one may associate wiph) (k) the joint prob-
more than the presence of protein coding regions, the presbility of finding, at any given positions spaced kysym-
bols, the pair of symbol#; andA;. Two symbols in a dis-
tancek are statistically independent ;;(k) factorizes to
*Electronic address: holste@mit.edu pij=pip; for all i andj. The nucleotide-nucleotide mutual
Electronic address: h.herzel@biologie.hu-berlin.de information function[22,23]
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TABLE |. Selected features for human chromosomes 20, 21, 107"

and 22[26]. = —— Chr20
Feat Chr20  Chr21  chr22 107 [ 7 Chr2l
eature r r r ) S, Chr22
Length (units of 16 bp) 59.1 33.8 38 = -
G+C (%) 44 41 48 -
Genes 727 225 546 =
Repeatg%) 42 38 42 g 107
Alu repeats 27931 11874 22659 s
Alu repeatg%) 13 9 17 'E 10 a
#Putative protein coding gene count. § P Ry
bBased on annotation USIMREPEATMASKER [34]. 'E' 10 T i ) |

L |
1 2

Pij (k) 1) 100 10° 10° 100 10° 10°
Pip; distance k [bp]

quantifies in units of bits the amount of information that one  F|G. 1. Mutual information functiom(k) of the DNA sequences
can obtain about the identity of symbal by learning the  of human chromosomg€hr) 20, 21, and 221(k) has been multi-
identity of symbolA; locatedk symbols upstream oA;. plied by 10°! (Chr20 and by 102 (Chr21), respectively, to allow
Clearly, I(k)=0 for random, uncorrelated sequences, andor clear representation. The systematic efisiandard deviation
I(k)>0 if p;;# p;p; for somei andj, sol(k) measures any due to finite sample size is in the order of Tq10"*) bits[24,25.
deviation from statistical independence. Expandifk) in ~ Lines represent the least-squares regressions flr
terms ofp;; —p;p; , one finds that up to second order terms=12,...,10 bp with exponents 2("?9~0.5 and 2"V
the mutual information function is proportional to the sum =0-5, and fork=1,2, .. .,16 bp with exponent 3(“"?2~0.6.
over all A? squared correlation function§(k), and so a

power-law decay o€(k)~k~? is equivalently described by In a related study12], the compositional heterogeneity in
| (k) ~k~27 [24]. Finite sample effects bias estimated () human chromosome 21 has been examined by spectral
and the bias of the mutual information function increasegnalysis[30]. Since the spectral expone§(f)~f~# is re-
with the distancek. Approximate analytic expressions for lated tol(k)~k 2" via y=1-p8, a value of g(¢"?D~0.7

systematic and statistical errors are summarized elsewheg@rresponds to 2(°"Y~0.6, which is comparable to our
[24,25. findings from Fig. 1. It has been demonstrated that these

long-range correlations are mainly due to the presence of
isochores in human DNA14,17,18,2%

In the remaining part of this paper we concentrate on the
analysis of short-range correlations up to abk&t200 bp.

In this section we study(k) of human chromosomes 20, Figure 2 shows (k) of the DNA sequences of human chro-
21, and 22, with the goal of quantifying short-range andmosomes 20, 21, and 22 fke=1,2, . . .,200 bp, and we find
long-range correlations in the DNA sequences of these firsseveral statistically significant signals in this range. Figure 2
three finished human chromosonj@$]. Table | summarizes shows that in contrast to the correlation structure in yeast
several statistical features of chromosomes 20, 21, and 22hromosome$7], I (k) in human chromosomes 20, 21, and
including the proportion of various interspersed repeat cat22 is neither dominated by sequence periodicitieskof
egories. We note, in passing, that these three chromosomes3 bp nor by sequence periodicities bf10-11 bp. In-
contain about 40% interspersed repeats, and chromosome 2&ad, in those three chromosonhéls) exhibits pronounced
has a higher concentration of G and C nucleotides than ipeaks at abolk= 135 bp and at abolt= 165 bp that cannot
chromosomes 20 and 21. be attributed to statistical fluctuations. In the following sec-

Figure 1 showsl (k) in the DNA sequences of human tions we discuss the origin of these signals in connection
chromosomes 20, 21, and 22 for 1,2, ... ,16 bp. We find  with the presence of interspersed repeats.
significant statistical dependencies up td® bp in all the
three chromosomes, and we find that the decay(kj in
these three human chromosomes can be approximated by
power laws with exponents2°"20~0.5, 2,(c2b~Q 5,
and 2y(®"?2~0.6. The decay of(k) in chromosome 22 is Repetitive sequences form almost half of the human ge-
steeper than(k) in chromosomes 20 and 21, and it decaysnome[18,19. They can be classified into several categories
up to k=10° bp, whereas in chromosomes 20 and 21 it[31,32, and about 45% of the human genome belongs to
ranges up tok=10% bp. This is in accord with previous interspersed repeafd8,33. Other repeat categories com-
analyses of the pronounced heterogeneity in human chromgyrise, e.g., direct repetitions of oligonucleotides or tandemly
some 2227-29. repeated sequences. Interspersed repeats fall into several sub-
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Ill. CORRELATIONS IN HUMAN CHROMOSOMES
20, 21, AND 22

IV. REPEAT CONTENT IN HUMAN CHROMOSOMES
20, 21, AND 22
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FIG. 2. Mutual information functioh(k) of the DNA sequences
of human chromosomes 20, 21, and 2¢k) shows clear correla- FIG. 3. Histograms of interspersed repeats of lerigtkiVe use

tions over several hundred base pairs. On the length scale€k00 equidistant bins of a single base pair for all annotated interspersed
<200 bp, two pronounced signals at abket135 bp and at about  repeats in human chromosomes 20, 21, and 22. The histograms

k=165 bp are common to all three human chromosomes. show a clear abundance of repeats at alhoaB00 bp correspond-
) ] ing to the presence oAlu repeats and other peaks at abdut
classes, such as long interspersed nucleic elenfef€s) =150 corresponding to truncatédu’s. In addition, all histograms

with a length of up to 6 10° bp and short interspersed exhibit long tails possibly due to the presence of LINEs as well as
nucleic element$SINES with a length of several hundred a number of repeats at smaller lengths.
base pairs.

One established procedure of finding repeats is based on3® bp in the second unit, and it is flanked by direct repeats
comprehensive organism-specific collection of presentlyf32,33. Figure 4 sketches twd\lu repeats consecutively.
known repetitive sequences, and the recognition of highlyMost truncated repeats correspond to monomeric versions of
homologous stretches of DNA by similarity search has beemlu repeats. A sequence alignment of truncafdds using
implemented INREPEATMASKER [34], a program to locate the prograncLUSTALX [41] reveals that many of them match
and classify interspersed repeats in DNA sequences. FiguretBe first or second units of complefdu sequences. Corre-
shows histograms for the length distributions of interspersedpondingly, the large peak in Fig. 3 at abdut 300 bp is
repeats in human chromosomes 20, 21, and 22 as identifietlie to the high abundance of “completélu repeats, while
by REPEATMASKER the broader peak at about= 150 bp is due to the high abun-

A human-specific and very abundant family of SINEs aredance of “partial” Alu repeats.

Alu repeats, which constitute about 10% of the human ge-
nome.Alu’s have been connected with sequence-specific in-
tegration[35,36], genome organizatiof87,3§, regulation of
enzyme activity[39], or human chromosome segregation
[40]. In this section, we study to which degree interspersed

An Alu is a dimer consisting of two approximately 130- repeats contribute to the observed short-range correlations,
bp-long monomeric units, with an insertion sequefagout by replacing repeats by simulated sequences while maintain-

V. EFFECTS OF REPEATS ON SHORT-RANGE
CORRELATIONS

130 b 160 b
- P P

————— (A) (A) | - - (A) A ----

P

left monomer right monomer gap

insertion sequence

FIG. 4. Structure of two inserted, adjacé&it repeats separated by a gap. Members offlaefamily are similar and exhibit about 87%
homology to a consensus sequence, which is about 290 bp long and consists of a dimeric structure of two monomers, while one monomer
maintains an insertion sequence. The monomers are linked by an adenine-ri¢AXraetl contain a polyA) tract (A), in the downstream
region. In addition to internal correlations, the distribution of gaps betwide’s can induce correlations in DNA sequences.
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FIG. 5. Mutual information functiom(k) of the DNA sequences
of human chromosomes 20, 2(al interspersed repeats replaged
and 20b(Alu repeats replacedl (k) in chromosomes 20a and 20b
is consistently smaller thal(k) in chromosome 20 due to the sub-
stitution of 42%(203), respectively, 13%20b) sequence with ran-
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FIG. 7. Fourier transformF of the WW dinucleotide-
dinucleotide correlation functiof©(k) of the DNA sequence of
human chromosomes 20a, 21a, and RZd. We analyze first-order

differencesA C(k) of C(k) in order to remove trends in the corre-
lation function[46], and show the absolute values BfAC(K)].

dom, uncorrelated nucleotides. The long-range correlations in théhe randomization of repeats suppresses signals in the riange
repeat-modified sequences persist in chromosomes 20a and 20b.<200 bp, and hence signals at 3 bp and at about 10-11 bp in

nonrepetitive sequences become detectable. For the perfod 1/
ing the actual chromosomal positions of repeats. In a first3 PP, the height of the signal reflects the generally higher gene

attempt, (i) we extract the relative frequencigs~"??,
(Chr2D) - and p{°"?? from the nonrepetitive fractions of
chromosomes 20, 21, and 28) generate random, uncorre-

lated sequences, artiii ) substitute repeats by simulated se-

guences in each chromosome. We distinguish two repeat-

density in chromosomes 20 and 22 than in chromosomécf1
Table ). For another sequence period at abodi=110-11 bp, this
signal is present in both coding and noncoding fractions of chromo-
somes 20a, 21a, and 22a, and may thus be attributed to DNA bend-
ability.

modified versions of human chromosomes: in chromosomes

20a, 21a, and 22a, we replace all interspersed repeats w

ifb, and 22b, we replace soleMu repeats with random,

random, uncorrelated nucleotides, and in chromosomes 208Nncorrelated nucleotides.

—— Chr20
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FIG. 6. Mutual information functioh(k) of the DNA sequences

Figure 5 shows a double-logarithmic ploti¢k) in chro-
mosomes 20, 20a, and 20b. We find that fdr
=1,2,...,18 bp, I(k) is larger in human chromosome 20
than in 20a and 20b, and that the sl@wower-law decay of
I (k) persists in both chromosomes 20a and 20b.

In Fig. 6, we showl (k) for k=1,2, .. .,200 bp, and con-
trastl (k) in chromosome 20 witt(k) in chromosomes 20a
and 20b. We find that(k) in chromosomes 20a and 20b
shows significantly less correlatiofyjseaks than in chromo-
some 20, and hence Fig. 6 demonstrates that short-range cor-
relations are dominated b&lu repeats. It is also worth not-
ing that repeat-induced peaks suppress other signals in this
range, such as several pronounced signals at multiplés of
=6 bp, and so we apply the Fourier transform to study pe-
riodic nucleotide variations in terms of frequencies.

Specifically, we test whether the Fourier transfomis
able to reveal both the 3 bp and 10—-11 bp sequence period-
icities in repeat-modified sequences. Since it is known that
DNA bendability is governed by dinucleotid¢42,43 and

of human chromosome 20 and of the repeat-modified versions 20&1at correlations of weakly binding nucleotidé® = A or T)

and 20b. The suppression bfk) at aboutk=135 and at abouk
=165 bp in chromosomes 20a and 20b as comparet{kp in

give rise to pronounced signalg7], we calculate the

dinucleotide-dinucleotide correlation functi@(k) between

chromosome 20 relates these correlations to the presence of intdW dinucleotide pair§44]. Figure 7 shows<C(k) in chro-

spersedAlu repeats.

mosomes 20a, 21a, and 22a, and we find frequency compo-
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nents atf “'=3 bp and at about” '=10-11 bp45]. While
a frequency of 3 bp is characteristic for protein coding re-
gions, a frequency of about 10-11 bp is characteristic for
DNA bendability. :
On the length scale 180k<<200, the mutual information
function of original, un-modified DNA sequences exhibits = 44
two marked peaks at abol=135 bp and at abouk
=165 bp, which are common to all three chromosomes..
Both peaks reflect the internal structure Aiti repeats(cf.
Fig. 3). Even thoughAlu repeats constitute less than a half of
the total fraction of interspersed repeats, they contribute’z 197
strongly to the repeat-induced correlations. The first peak a=
aboutk=135 can be explained by the dimerdu repeat 3
structure and correlated nucleotides in the duplicated mono 3
mers. The second peak at ab&ut 165 can be explained by
specific homopolymeric A-rich sequences witlilu repeats. 10° x 0 S . 5
Since each monomer has a pd#} downstream region, the 10 10 19 10 10 10
excess of adenine nucleotides appears as a peak at labout distance k [bp]
:165 k_)p. . _— . FIG. 8. Mutual information functior (k) of the DNA sequence
ltis interesting that two other char.acter|st|c lengths in theof human chromosomes 20 and of the(pz)sitionally randoqmized ver-
human genome are on the same sc@)ethe average length

fi L full . di - is ab sion of chromosome 20r. We randomize the sequence by cutting
of internal, fully protein coding regiong@xong is about 145 repeats from their original insert position and reinserting them at

bp[18], and(ii) DNA stretches of about 150 bp are wrapped anqomly and uniformly chosen positions without overlap. We find
around nucleosomept6]. Both features could potentially that for k=1,2,...,300 bpI(k) is virtually unaffected by posi-
contribute to the observed short-range correlations. Earliefonal randomization of intersperseédu repeats, whild (k) shows

GC content oscillations with a period of 150—200[B7], as  increasingly less pair correlations with increaskig 300 bp.

well as correlations up to 200 Hi1,17, have been attrib- N o

uted to DNA nucleosomal signals in human DNA sequencesand after the positionally randomization of about 28 @00
Figure 6 shows that correlations at least ufkte200 bp are repeats in chromosome 20r. We find that short-range corre-
strongly dominated by interspersed repeats. Hence, the intg@tions up to abouk=300 bp are hardly affected by the

pretation of such correlations as characteristic for nucleoP0Sitional randomizatiorlu repeats as expected. Further-
somes might have to be reconsidered more, we find that(k) shows only a weak, albeit significant,

decrease of long-range correlations for increasirtgeyond
k=300 bp, and we obtain qualitatively similar results for
VI. EFFECTS OF REPEATS ON LONG-RANGE chromosomes 21r and 22r.

CORRELATIONS To clarify the effects of the presence of repeat clustering
on the decay properties ¢fk) beyondk>300 bp, we ex-

As shown in the_ preceding Se"t_‘o‘.‘““ repeats "!duce aminel (k) in simplified, binary translated DNA sequences
short-range correlations due to their internal dimeric struc-()\zz) Given a DNA sequence of lengti, we obtain a

ture, while Fig. 5 showed that the removal of any internalbinary symbolic sequence by definidg=1 (A;=0) at po-
repeat structure has only minor effects on the power-law des;tiony X,, n=1,2,...N, if A is inside (outsidé an Alu
cay. However, a large fraction of. repeats i.s dispgrseqepeat_ Figure 9 shows a double-logarithmic plot () of
throughout the human genome, and in this section we inveshe hinary translated DNA sequence of chromosome 20 and
tigate to which degree their distribution may influence theof the binary translated DNA sequence of chromosome 20r.
slow decay of (k) in human chromosomes 20, 21, and 22 aswk find thatl (k) shows at abouk=300 bp a pronounced
demonstrated in Fig. 1. drop in the binary translated sequence of chromosome 20r
In particular, the more than $0Alu repeats within the and is consistently smaller than in the binary translated se-
human genome comprise a predominant category of repeatgience of chromosome 20.
in human chromosomes and accumulate in the genome with Figure 9 shows forkk>300 bp much more pronounced
a preference toward gene-rich chromosomal regj@8s33. differences betweeh(k) in the binary translated sequences
Histograms of distances between adjackht repeats show of chromosomes 20 and 20r than betwé¢€k) in the DNA
significant deviations from an exponential decay expectedequences of chromosomes 20 and 20r in Fig. 8. Note that
for random chromosomal positions of repeats, and so wehe relationship betweeAlu repeat clustering and GC con-
study the possible effects of the presence of clustering otent is nontrivia[ 18,38,48, so the slow decay df(k) in Fig.
long-range correlations. 9 cannot be explained solely by considering long-range GC
In order to reveal effects oAlu repeat clustering on the variations. FurthermoreAlu repeats are distributed over
decay properties df(k), we positionally randomizélu re-  about a dozen subfamilies with varying degrees of similarity
peats in chromosome 20 by reinsertihly’'s at randomly and  to their consensus, different ages, and different retrotranspo-
uniformly chosen positions in chromosome 20r. Figure 8sition rates. One explanation for the less pronounced differ-
shows a double-logarithmic plot #fk) in chromosome 20 ence long-range correlations in Fig. 8 is that the amount of

10°°
Chr20
—— Chr20r

its]

k) [b

ormation
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10° - correlations of interspersed repeats. After the randomization

- —— Chr20 of interspersed repeats, signalskat3 bp and at abouk
=10-11 bp become detectable in the Fourier spectrum of
the dinucleotide correlation functioB(k). For the peak at
aboutk=10-11 is present in the noncoding fraction of chro-
mosomes 20, 21, and 22, this signal is indicative of DNA
nucleosomal packaging. It is interesting that tHe
=10-11 bp sequence periodicity has previously been de-
scribed in bacterial genomes, as well as in the yeast genome
[7], and henceC(k) gives first indications that such a signal
might also be present in the human genome.

On the next length scale of several hundred base pairs, we
observe that (k) is dominated by correlation within repeti-
tive sequences. Specifically, we find that two statistically sig-
nificant signals at abowk=135 bp and at abol=165 bp
are caused by internal correlations within the sequences of
interspersedAlu repeats. While the peak at about
=135 bp can be explained by correlated repetitive nucle-
otides in the dimeridlu structure, the second peak at about

FIG. 9. Mutual information functior (k) of the binary trans- — 165 bp can be explained by an excess of homobolvmeric
lated DNA sequences of human chromosomes 20 and 20r. We finl&_ P P y poly

that fork=1,2, ...,300 bpl (k) shows similar decay properties in _pon-(A) sequences.. Itis k.nown that the average length of
chromosomes 20 and 20r. It steeply drops at a distance of kbout'memal' fully protein coding reg'oniexongl and DNA
=300 bp, whilel (k) in chromosome 20 is consistently larger than Strétches wrapped around nucleosomes are in the same range
I(k) in chromosome 20r. Beyonki>300 bp (and up to abouk  ©Of about 150 bp. Since the strength of repeat-induced corre-
= 10P bp), the slow decay df(k) ~k 27 in chromosome 20 can be lations overrides sequence periodicities relevant to DNA
approximated by a power law with exponen20.2. bendability, the detection of such correlations as characteris-
tic for nucleosomes might have to be reconsidered and alter-
decrease of (k) depends on the overall GC content in hu- Natively be studied in repeat-randomized DNA sequences
man chromosomes. Most intersperseldl repeats are GC (11,12, o
rich [18,31,49, so the contrast between interspergeéd re- Human chromosomes 20, 21, and 22 exhibit long-range
peats and nonrepetitive background is diminished in humafPower law correlations exceeding several hundred base
chromosomes with a high GC contestich as chromosome Pairs and ranging over several orders of magnitude. These
22), in which repeats and the nonrepetitive background havéndings are in accord with previous studies showing GC
a similar DNA composition. On the other hand, a binaryContent fluctuations over long distanc?,18,26,36 On
translation merges allu repeats families into one single these length scales, we study repeat clustd85¢5() as one
type, such that the contrast betweahr’'s and background POssible source of long-ranging instationarities and assess
sequence becomes enhanced. the impact of clustering by using the positional randomiza-
tion of Alu repeats. We find that the clustering Alu’s con-
tributes only marginally to the observed long-range correla-
VII. SUMMARY AND DISCUSSION tions in the DNA sequences of human chromosomes 20, 21,
We study correlations in the DNA sequences of three@nd 22, and so additional mechanisms need to be considered

completed human chromosomes, and we analyze the degr explain the presence of long-range GC; content var_iations
to which interspersed repeats influence short-range and long! human chromosome$1,53. One possible mechanisms
range correlations by comparigk) in the DNA sequences at could e>_<p|a|n thg origin of variations of GC nucleotides
of chromosomes 20, 21, and 22 with both repeat-randomize@n & g9enomic scale is discussed elsewhB}.

and positionally randomized sequences.

We find that on the length scale of several base pHik3,
shows no clear indications of sequence periodicities such as We thank A. Smit and P. Green for providirREPEAT-
k=3 bp characteristic for protein coding sequenceskor MASKeR and the National Science Foundation, National In-
=10-11 bp characteristic for protein secondary structurestitutes of Health, Cold Spring Harbor Association, and
and DNA bendability. These signals are hidden by internaDeutsche Forschungsgemeinschaft for financial support.
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