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We study the nucleotide-nucleotidemutual information function I(k) of the DNA sequencesof the three
completelysequencedhumanchromosomes20, 21, and 22. We find in eachhumanchromosome~i! the
absenceof the k53 basepair ~bp! sequenceperiodicity characteristicfor protein coding regions,~ii ! the
absenceof thek510–11 bp sequenceperiodicitycharacteristicfor bothproteinsecondarystructureandDNA
bendability, and ~iii ! the presenceof significantstatisticaldependenciesat aboutk5135 bp and at aboutk
5165 bp. We investigateto which degreethe densityandcompositionof interspersedrepeatsmight explain
theseobservedstatistical patternsin all three human chromosomes.We use simple stochasticmodels to
substituteknown interspersedrepeatsand find by numericalstudiesthat ~iv! the presenceof interspersed
repeatsdominatesshort-rangecorrelationsasmeasuredby I(k) on the scaleof severalhundredbasepairs in
humanchromosomes20, 21, and22. On the otherhand,we find that ~v! interspersedrepeatscontributeonly
weakly to long-rangecorrelationsdueto the clusteringof highly abundantAlu repeats.
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I. INTRODUCTION

The analysisof statisticalpatternsin genomicDNA is of
interest,since correlationsmay reflect biologically signifi-
cant featuresof primary structures@1–4#. For instance,the
sequenceperiodicity of 3 basepairs ~bp! indicatesthe pres-
enceof proteincodingsequences,suchthatthis signalcanbe
usedto distinguishcodingandnoncodingDNA @5#, andse-
quenceperiodicitiesof 10–11 bp reflect DNA bendability
@6,7# aswell asthe secondarystructureof proteins@8,9#. On
thenext lengthscale,correlationsin theorderof 102 bp have
beenfound in randomwalk studies@10#. In subsequentstud-
ies it hasbeenproposedthatcorrelationson this lengthscale
canbe explainedby the nucleosomalstructurein eukaryotes
@11,12#. Compositionalheterogeneitieson length scalesex-
ceedinghundredsof basepairs and ranging up to about
106 bp are a well-known biological phenomenonrelatedto
the presenceof isochores@13,14# and theselong-rangecor-
relationscanbe approximatedby power laws @15–17#.

Initial analysesof the first draft form of the humange-
nome @18,19# show that protein coding regions constitute
lessthan3% of the total genome,which makesthecomplete
annotationof protein coding and noncodingregionsa diffi-
cult task@18–20#. In contrastto thesmallpercentageof pro-
tein codingDNA, about50% of the humangenomeconsists
of repetitivesequences@18#. Repeatsare multiple approxi-
mate copies of patternsof nucleotidesof various lengths,
mostof which aredispersedthroughoutthe genome.Hence,
more than the presenceof protein coding regions,the pres-

enceof repetitive sequencescan be expectedto influence
correlationsin humanDNA sequencesto a large extent.

Here, we study the mutual information function I(k) of
theDNA sequencesof chromosomes20, 21, and22 in order
to investigateshort- and long-rangecorrelationsin these
threecompletedhumanchromosomes@21#. The paperis or-
ganizedasfollows: in Sec.II we introducethe notationand
defineI(k), in Sec.III we studyshort-range(10 . . . 102 bp)
andlong-range(103 . . . 106 bp) nucleotide-nucleotidecorre-
lationsby computingI(k) of theDNA sequencesof chromo-
somes20, 21, and 22, and in Secs.IV –VI we discussthe
presenceof interspersedrepeatsand study to which degree
thesecorrelationsmight be relatedto repeatscommonin all
the threehumanchromosomes.

II. SYMBOLS AND DEFINITIONS

The primary structureof DNA is polymeric and can be
considered as a symbolic sequenceof l54 symbols
$A1 ,A2 ,A3 ,A4%[$A,C,G,T%, whereA refers to adenine,C
refersto cytosine,G refersto guanine,andT refersto thym-
ine. We denoteby p i (i51,2, . . . ,l) the relative frequency
of A i and by p i j(k) the relative frequencyof the pair of
symbolsA i andA j in a distancek. Assumingthat the DNA
sequenceunderstudycanbeconsideredasa realizationof a
stationaryandergodicprocess,onemayassociatewith p i the
probability of finding, at any given sequenceposition, the
symbolA i , andonemayassociatewith p i j(k) thejoint prob-
ability of finding, at any given positionsspacedby k sym-
bols, the pair of symbolsA i andA j . Two symbolsin a dis-
tancek are statistically independentif p i j(k) factorizesto
p i j5p ip j for all i and j. The nucleotide-nucleotidemutual
informationfunction @22,23#
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quantifiesin unitsof bits theamountof informationthatone
can obtain about the identity of symbol A j by learningthe
identity of symbol A i locatedk symbolsupstreamof A j .
Clearly, I(k)50 for random,uncorrelatedsequences,and
I(k).0 if p i j5” p ip j for somei and j, so I(k) measuresany
deviation from statistical independence.ExpandingI(k) in
termsof p i j2p ip j , onefinds that up to secondorder terms
the mutual information function is proportionalto the sum
over all l2 squaredcorrelation functions C(k), and so a
power-law decayof C(k);k2g is equivalentlydescribedby
I(k);k22g @24#. Finite sampleeffectsbiasestimatesof I(k)
and the bias of the mutual information function increases
with the distancek. Approximate analytic expressionsfor
systematicand statisticalerrors are summarizedelsewhere
@24,25#.

III. CORRELATIONS IN HUMAN CHROMOSOMES
20, 21, AND 22

In this sectionwe studyI(k) of humanchromosomes20,
21, and 22, with the goal of quantifying short-rangeand
long-rangecorrelationsin the DNA sequencesof thesefirst
threefinishedhumanchromosomes@26#. TableI summarizes
severalstatisticalfeaturesof chromosomes20, 21, and 22,
including the proportionof various interspersedrepeatcat-
egories.We note, in passing,that thesethreechromosomes
containabout40%interspersedrepeats,andchromosome22
hasa higher concentrationof G and C nucleotidesthan in
chromosomes20 and21.

Figure 1 shows I(k) in the DNA sequencesof human
chromosomes20,21,and22 for k51,2, . . . ,106 bp. We find
significant statisticaldependenciesup to 106 bp in all the
three chromosomes,and we find that the decayof I(k) in
thesethree human chromosomescan be approximatedby
power laws with exponents2g (Chr20)'0.5, 2g (Chr21)'0.5,
and2g (Chr22)'0.6. The decayof I(k) in chromosome22 is
steeperthan I(k) in chromosomes20 and21, and it decays
up to k5105 bp, whereasin chromosomes20 and 21 it
rangesup to k5104 bp. This is in accord with previous
analysesof thepronouncedheterogeneityin humanchromo-
some22 @27–29#.

In a relatedstudy@12#, thecompositionalheterogeneityin
human chromosome21 has been examined by spectral
analysis@30#. Sincethe spectralexponentS( f ); f 2b is re-
lated to I(k);k22g via g512b, a value of b (Chr21)'0.7
correspondsto 2g (Chr21)'0.6, which is comparableto our
findings from Fig. 1. It has been demonstratedthat these
long-rangecorrelationsare mainly due to the presenceof
isochoresin humanDNA @14,17,18,29#.

In the remainingpart of this paperwe concentrateon the
analysisof short-rangecorrelationsup to aboutk5200 bp.
Figure2 showsI(k) of the DNA sequencesof humanchro-
mosomes20,21,and22 for k51,2, . . . ,200bp, andwe find
severalstatisticallysignificantsignalsin this range.Figure2
showsthat in contrastto the correlationstructurein yeast
chromosomes@7#, I(k) in humanchromosomes20, 21, and
22 is neither dominated by sequenceperiodicities of k
53 bp nor by sequenceperiodicitiesof k510–11 bp. In-
stead,in thosethreechromosomesI(k) exhibitspronounced
peaksat aboutk5135 bp andat aboutk5165bp thatcannot
be attributedto statisticalfluctuations.In the following sec-
tions we discussthe origin of thesesignals in connection
with the presenceof interspersedrepeats.

IV. REPEAT CONTENT IN HUMAN CHROMOSOMES
20, 21, AND 22

Repetitivesequencesform almosthalf of the humange-
nome@18,19#. They canbe classifiedinto severalcategories
@31,32#, and about 45% of the humangenomebelongsto
interspersedrepeats@18,33#. Other repeatcategoriescom-
prise,e.g.,direct repetitionsof oligonucleotidesor tandemly
repeatedsequences.Interspersedrepeatsfall into severalsub-

TABLE I. Selectedfeaturesfor humanchromosomes20, 21,
and22 @26#.

Feature Chr20 Chr21 Chr22

Length ~units of 106 bp) 59.1 33.8 33.8
G1C ~%! 44 41 48
Genes 727 225 546
Repeats~%! 42 38 42
Alu repeats 27931 11874 22659
Alu repeats~%! 13 9 17

aPutativeproteincodinggenecount.
bBasedon annotationusingREPEATMASKER @34#.

FIG. 1. Mutual informationfunctionI(k) of theDNA sequences
of humanchromosomes~Chr! 20, 21, and22. I(k) hasbeenmulti-
plied by 1021 ~Chr20! andby 1022 ~Chr21!, respectively, to allow
for clear representation.The systematicerror ~standarddeviation!
dueto finite samplesizeis in theorderof 1027 (10210) bits @24,25#.
Lines represent the least-squares regressions for k
51,2, . . . ,104 bp with exponents 2g (Chr20)'0.5 and 2g ( Chr21)

'0.5, andfor k51,2, . . . ,105 bp with exponent2g (Chr22)'0.6.
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classes,suchas long interspersednucleicelements~LINEs!
with a length of up to 63103 bp and short interspersed
nucleic elements~SINEs! with a length of severalhundred
basepairs.

Oneestablishedprocedureof finding repeatsis basedon a
comprehensiveorganism-specific collection of presently
known repetitive sequences,and the recognitionof highly
homologousstretchesof DNA by similarity searchhasbeen
implementedin REPEATMASKER @34#, a program to locate
andclassifyinterspersedrepeatsin DNA sequences.Figure3
showshistogramsfor the lengthdistributionsof interspersed
repeatsin humanchromosomes20, 21, and22 as identified
by REPEATMASKER.

A human-specificandvery abundantfamily of SINEsare
Alu repeats,which constituteabout10% of the humange-
nome.Alu’s havebeenconnectedwith sequence-specificin-
tegration@35,36#, genomeorganization@37,38#, regulationof
enzyme activity @39#, or human chromosomesegregation
@40#.

An Alu is a dimer consistingof two approximately130-
bp-longmonomericunits,with an insertionsequence~about

30 bp! in the secondunit, andit is flankedby direct repeats
@32,33#. Figure 4 sketchestwo Alu repeatsconsecutively.
Most truncatedrepeatscorrespondto monomericversionsof
Alu repeats.A sequencealignmentof truncatedAlu’s using
theprogramCLUSTALX @41# revealsthatmanyof themmatch
the first or secondunits of completeAlu sequences.Corre-
spondingly, the large peak in Fig. 3 at aboutL5300 bp is
dueto the high abundanceof ‘‘complete’’ Alu repeats,while
thebroaderpeakat aboutL5150 bp is dueto thehigh abun-
danceof ‘‘partial’’ Alu repeats.

V. EFFECTS OF REPEATS ON SHORT-RANGE
CORRELATIONS

In this section,we study to which degreeinterspersed
repeatscontributeto the observedshort-rangecorrelations,
by replacingrepeatsby simulatedsequenceswhile maintain-

FIG. 2. Mutual informationfunctionI(k) of theDNA sequences
of humanchromosomes20, 21, and 22. I(k) showsclear correla-
tions over severalhundredbasepairs.On the length scale100,k
,200 bp, two pronouncedsignalsat aboutk5135 bp andat about
k5165 bp arecommonto all threehumanchromosomes.

FIG. 4. Structureof two inserted,adjacentAlu repeatsseparatedby a gap.Membersof theAlu family aresimilar andexhibit about87%
homologyto a consensussequence,which is about290 bp long andconsistsof a dimeric structureof two monomers,while onemonomer
maintainsaninsertionsequence.Themonomersarelinked by anadenine-richtract ~A! andcontaina poly-~A! tract (A)n in thedownstream
region.In additionto internalcorrelations,the distributionof gapsbetweenAlu’s caninducecorrelationsin DNA sequences.

FIG. 3. Histogramsof interspersedrepeatsof lengthL. We use
equidistantbins of a singlebasepair for all annotatedinterspersed
repeatsin human chromosomes20, 21, and 22. The histograms
showa clearabundanceof repeatsat aboutL5300 bp correspond-
ing to the presenceof Alu repeatsand other peaksat about L
5150 correspondingto truncatedAlu’s. In addition,all histograms
exhibit long tails possiblydueto the presenceof LINEs aswell as
a numberof repeatsat smallerlengths.
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ing the actual chromosomalpositionsof repeats.In a first
attempt, ~i! we extract the relative frequenciesp i

(Chr20),
p i

(Chr21), and p i
(Chr22) from the nonrepetitive fractions of

chromosomes20, 21, and22, ~ii ! generaterandom,uncorre-
latedsequences,and ~iii ! substituterepeatsby simulatedse-
quencesin each chromosome.We distinguish two repeat-
modifiedversionsof humanchromosomes:in chromosomes
20a, 21a, and 22a, we replaceall interspersedrepeatswith
random,uncorrelatednucleotides,andin chromosomes20b,

21b, and 22b, we replacesolely Alu repeatswith random,
uncorrelatednucleotides.

Figure5 showsa double-logarithmicplot of I(k) in chro-
mosomes 20, 20a, and 20b. We find that for k
51,2, . . . ,105 bp, I(k) is larger in humanchromosome20
thanin 20aand20b,andthat theslow ~power-law! decayof
I(k) persistsin both chromosomes20aand20b.

In Fig. 6, we showI(k) for k51,2, . . . ,200bp, andcon-
trastI(k) in chromosome20 with I(k) in chromosomes20a
and 20b. We find that I(k) in chromosomes20a and 20b
showssignificantlylesscorrelations~peaks! thanin chromo-
some20,andhenceFig. 6 demonstratesthatshort-rangecor-
relationsaredominatedby Alu repeats.It is alsoworth not-
ing that repeat-inducedpeakssuppressother signalsin this
range,suchas severalpronouncedsignalsat multiples of k
56 bp, andso we apply the Fourier transformto studype-
riodic nucleotidevariationsin termsof frequencies.

Specifically, we test whetherthe Fourier transformF is
ableto revealboth the 3 bp and10–11 bp sequenceperiod-
icities in repeat-modifiedsequences.Since it is known that
DNA bendability is governedby dinucleotides@42,43# and
thatcorrelationsof weaklybindingnucleotides~W 5 A or T!
give rise to pronounced signals @7#, we calculate the
dinucleotide-dinucleotidecorrelationfunction C(k) between
WW dinucleotidepairs @44#. Figure 7 showsC(k) in chro-
mosomes20a,21a,and22a,andwe find frequencycompo-

FIG. 5. Mutual informationfunctionI(k) of theDNA sequences
of humanchromosomes20, 20a~all interspersedrepeatsreplaced!,
and20b ~Alu repeatsreplaced!. I(k) in chromosomes20aand20b
is consistentlysmallerthanI(k) in chromosome20 dueto thesub-
stitution of 42% ~20a!, respectively, 13% ~20b! sequencewith ran-
dom, uncorrelatednucleotides.The long-rangecorrelationsin the
repeat-modifiedsequencespersistin chromosomes20aand20b.

FIG. 6. Mutual informationfunctionI(k) of theDNA sequences
of humanchromosome20 andof the repeat-modifiedversions20a
and 20b. The suppressionof I(k) at aboutk5135 and at aboutk
5165 bp in chromosomes20a and 20b as comparedto I(k) in
chromosome20 relatesthesecorrelationsto the presenceof inter-
spersedAlu repeats.

FIG. 7. Fourier transform F of the WW dinucleotide-
dinucleotidecorrelation function C(k) of the DNA sequenceof
humanchromosomes20a,21a,and22a@45#. We analyzefirst-order
differencesDC(k) of C(k) in order to removetrendsin the corre-
lation function @46#, and show the absolutevaluesof F@DC(k)#.
The randomizationof repeatssuppressessignals in the range k
,200 bp, and hencesignals at 3 bp and at about 10–11 bp in
nonrepetitive sequencesbecome detectable.For the period 1/f
53 bp, the height of the signal reflectsthe generallyhigher gene
density in chromosomes20 and 22 than in chromosome21 ~cf.
TableI!. For anothersequenceperiodat about1/f 510–11 bp, this
signalis presentin bothcodingandnoncodingfractionsof chromo-
somes20a,21a,and22a,andmay thusbeattributedto DNA bend-
ability.
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nentsat f 21
53 bp andat aboutf 21

510–11 bp @45#. While
a frequencyof 3 bp is characteristicfor protein coding re-
gions, a frequencyof about 10–11 bp is characteristicfor
DNA bendability.

On the lengthscale100,k,200, themutualinformation
function of original, un-modified DNA sequencesexhibits
two marked peaks at about k5135 bp and at about k
5165 bp, which are common to all three chromosomes.
Both peaksreflect the internal structureof Alu repeats~cf.
Fig. 3!. EventhoughAlu repeatsconstitutelessthana half of
the total fraction of interspersedrepeats,they contribute
strongly to the repeat-inducedcorrelations.The first peakat
about k5135 can be explainedby the dimeric Alu repeat
structureandcorrelatednucleotidesin the duplicatedmono-
mers.The secondpeakat aboutk5165 canbe explainedby
specifichomopolymericA-rich sequenceswithin Alu repeats.
Sinceeachmonomerhasa poly-~A! downstreamregion,the
excessof adeninenucleotidesappearsas a peakat aboutk
5165 bp.

It is interestingthat two othercharacteristiclengthsin the
humangenomeareon the samescale:~i! the averagelength
of internal,fully proteincodingregions~exons! is about145
bp @18#, and~ii ! DNA stretchesof about150bp arewrapped
around nucleosomes@46#. Both featurescould potentially
contributeto the observedshort-rangecorrelations.Earlier
GC contentoscillationswith a periodof 150–200bp @47#, as
well as correlationsup to 200 bp @11,12#, havebeenattrib-
utedto DNA nucleosomalsignalsin humanDNA sequences.
Figure6 showsthatcorrelationsat leastup to k'200 bp are
stronglydominatedby interspersedrepeats.Hence,the inter-
pretation of such correlationsas characteristicfor nucleo-
somesmight haveto be reconsidered.

VI. EFFECTS OF REPEATS ON LONG-RANGE
CORRELATIONS

As shown in the precedingsection,Alu repeatsinduce
short-rangecorrelationsdue to their internal dimeric struc-
ture, while Fig. 5 showedthat the removalof any internal
repeatstructurehasonly minor effectson thepower-law de-
cay. However, a large fraction of repeats is dispersed
throughoutthehumangenome,andin this sectionwe inves-
tigate to which degreetheir distribution may influencethe
slow decayof I(k) in humanchromosomes20,21,and22 as
demonstratedin Fig. 1.

In particular, the more than 106 Alu repeatswithin the
humangenomecomprisea predominantcategoryof repeats
in humanchromosomesandaccumulatein the genomewith
a preferencetowardgene-richchromosomalregions@18,33#.
Histogramsof distancesbetweenadjacentAlu repeatsshow
significant deviationsfrom an exponentialdecay expected
for random chromosomalpositions of repeats,and so we
study the possibleeffects of the presenceof clusteringon
long-rangecorrelations.

In order to revealeffects of Alu repeatclusteringon the
decaypropertiesof I(k), we positionally randomizeAlu re-
peatsin chromosome20 by reinsertingAlu’s at randomlyand
uniformly chosenpositions in chromosome20r. Figure 8
showsa double-logarithmicplot of I(k) in chromosome20

andafter the positionallyrandomizationof about28000 Alu
repeatsin chromosome20r. We find that short-rangecorre-
lations up to about k5300 bp are hardly affected by the
positional randomizationAlu repeatsas expected.Further-
more,we find thatI(k) showsonly a weak,albeitsignificant,
decreaseof long-rangecorrelationsfor increasingk beyond
k5300 bp, and we obtain qualitatively similar results for
chromosomes21r and22r.

To clarify the effectsof the presenceof repeatclustering
on the decaypropertiesof I(k) beyondk.300 bp, we ex-
amine I(k) in simplified, binary translatedDNA sequences
(l52). Given a DNA sequenceof length N, we obtain a
binary symbolicsequenceby definingA i51 (A i50) at po-
sition xn , n51,2, . . . ,N, if A i is inside ~outside! an Alu
repeat.Figure9 showsa double-logarithmicplot of I(k) of
the binary translatedDNA sequenceof chromosome20 and
of the binary translatedDNA sequenceof chromosome20r.
We find that I(k) showsat aboutk5300 bp a pronounced
drop in the binary translatedsequenceof chromosome20r
and is consistentlysmaller than in the binary translatedse-
quenceof chromosome20.

Figure 9 shows for k.300 bp much more pronounced
differencesbetweenI(k) in the binary translatedsequences
of chromosomes20 and20r thanbetweenI(k) in the DNA
sequencesof chromosomes20 and 20r in Fig. 8. Note that
the relationshipbetweenAlu repeatclusteringand GC con-
tentis nontrivial @18,38,48#, so theslow decayof I(k) in Fig.
9 cannotbe explainedsolely by consideringlong-rangeGC
variations. Furthermore,Alu repeatsare distributed over
abouta dozensubfamilieswith varyingdegreesof similarity
to their consensus,differentages,anddifferentretrotranspo-
sition rates.Oneexplanationfor the lesspronounceddiffer-
encelong-rangecorrelationsin Fig. 8 is that the amountof

FIG. 8. Mutual informationfunction I(k) of theDNA sequence
of humanchromosomes20 andof thepositionallyrandomizedver-
sionof chromosome20r. We randomizethesequenceby cuttingAlu
repeatsfrom their original insert position and reinsertingthem at
randomlyanduniformly chosenpositionswithout overlap.We find
that for k51,2, . . . ,300bp I(k) is virtually unaffected by posi-
tional randomizationof interspersedAlu repeats,while I(k) shows
increasinglylesspair correlationswith increasingk.300 bp.
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decreaseof I(k) dependson the overall GC contentin hu-
man chromosomes.Most interspersedAlu repeatsare GC
rich @18,31,49#, so the contrastbetweeninterspersedAlu re-
peatsandnonrepetitivebackgroundis diminishedin human
chromosomeswith a high GC content~suchaschromosome
22!, in which repeatsandthenonrepetitivebackgroundhave
a similar DNA composition.On the other hand, a binary
translationmerges all Alu repeatsfamilies into one single
type, such that the contrastbetweenAlu’s and background
sequencebecomesenhanced.

VII. SUMMARY AND DISCUSSION

We study correlationsin the DNA sequencesof three
completedhumanchromosomes,andwe analyzethe degree
to which interspersedrepeatsinfluenceshort-rangeandlong-
rangecorrelationsby comparingI(k) in theDNA sequences
of chromosomes20,21,and22 with bothrepeat-randomized
andpositionallyrandomizedsequences.

We find thaton thelengthscaleof severalbasepairs,I(k)
showsno clear indicationsof sequenceperiodicitiessuchas
k53 bp characteristicfor protein coding sequencesor k
510–11 bp characteristicfor protein secondarystructure
and DNA bendability. Thesesignalsare hiddenby internal

correlationsof interspersedrepeats.After the randomization
of interspersedrepeats,signalsat k53 bp and at about k
510–11 bp becomedetectablein the Fourier spectrumof
the dinucleotidecorrelationfunction C(k). For the peakat
aboutk510–11 is presentin thenoncodingfractionof chro-
mosomes20, 21, and 22, this signal is indicative of DNA
nucleosomal packaging. It is interesting that the k
510–11 bp sequenceperiodicity has previously been de-
scribedin bacterialgenomes,aswell asin the yeastgenome
@7#, andhenceC(k) givesfirst indicationsthat sucha signal
might alsobe presentin the humangenome.

On thenext lengthscaleof severalhundredbasepairs,we
observethat I(k) is dominatedby correlationwithin repeti-
tive sequences.Specifically, we find thattwo statisticallysig-
nificant signalsat aboutk5135 bp and at aboutk5165 bp
are causedby internal correlationswithin the sequencesof
interspersedAlu repeats. While the peak at about k
5135 bp can be explainedby correlatedrepetitive nucle-
otidesin the dimeric Alu structure,the secondpeakat about
k5165 bp canbeexplainedby anexcessof homopolymeric
poly-~A! sequences.It is known that the averagelength of
internal, fully protein coding regions ~exons! and DNA
stretcheswrappedaroundnucleosomesarein thesamerange
of about150 bp. Sincethe strengthof repeat-inducedcorre-
lations overrides sequenceperiodicities relevant to DNA
bendability, thedetectionof suchcorrelationsascharacteris-
tic for nucleosomesmight haveto bereconsideredandalter-
natively be studied in repeat-randomizedDNA sequences
@11,12#.

Humanchromosomes20, 21, and 22 exhibit long-range
~power law! correlationsexceedingseveral hundred base
pairs and ranging over severalordersof magnitude.These
findings are in accord with previous studiesshowing GC
content fluctuationsover long distances@17,18,26,36#. On
theselengthscales,we studyrepeatclustering@35,50# asone
possiblesourceof long-ranginginstationaritiesand assess
the impact of clusteringby using the positionalrandomiza-
tion of Alu repeats.We find that the clusteringof Alu’s con-
tributesonly marginally to the observedlong-rangecorrela-
tions in the DNA sequencesof humanchromosomes20, 21,
and22, andsoadditionalmechanismsneedto beconsidered
to explain the presenceof long-rangeGC contentvariations
of humanchromosomes@51,52#. One possiblemechanisms
that could explainthe origin of variationsof GC nucleotides
on a genomicscaleis discussedelsewhere@53#.
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