
FindingOver-Represented6-mersin
UpstreamRegions

Supposewehaveasetofgeneswithsimilarexpression
profiles.Interpret“upstreamregion”asthe1000bpjust
beforethetranslationstartsite.(Wemightwanttoomit
anypartthatisinanothercodingregion.)Thegoalisto
identifyall6-mersthatoccurintheseupstreamregions
morefrequentlythancanbeexpectedbychance.

1.Howmanypossible6-tuplesarethere?

2.Howdifficultisittowriteaprogramthatcountshow
manytimeseach6-tupleoccursinthegiven
sequences?

3.Howlongwilltheprogramtaketorun?
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Counting6-mers

1.Thereare4
6

=4096DNA6-mers.

2.Writingaprogramthatcountsalloftheminagiven
setofsequenceswouldtakeanexperienced
programmeratmostaday.

3.Theprogramwouldruninasecond.

Frequently,abindingsitecontrolstranslationwhenin
eitherorientation.Thus,let’sconsidera6-merequivalent
toitsreversecomplement,e.g.,AACCGT≡ACGGTT.

Howmanydistinct6-mersarethere?
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CountingDistinct6-mers

Thereare4
3

=64palindromesoflength6.The
4096−64=4032non-palindromesfallinto2016pairs
ofequivalent6-mers.

Answer:2016+64=2080.

Oncewe’vecountedhowfrequentlyeach6-meroccurs
inthesetofupstreamsequences,wecouldsimply
reportthe6-merswiththehighestcounts.

Whatiswrongwiththatapproach?
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6-merComposition

Wecanexpectthatdifferent6-merswilloccuratquite
differentfrequencies.Forinstance,theyeastgenomeis
over60%C+T,soweexpecttosee,e.g.,CTCTCT
muchmorefrequentlythanAGAGAG.Inorganismswith
methylation,CGCGCGwillbeextremelyrare.Also,
6-mersoccuratdifferentfrequenciesincodingvs.
non-codingregions.(Gene-predictionprogramsrelyon
thisdifference.)

Weneedastatisticalmodelfortheexpectedfrequency
thateach6-meroccursbychanceinupstreamregions.

Howcanweestimatethese“background”frequencies?
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Background6-merFrequencies

We’lltakeallupstreamregionsinthegenome(notjust
thoseinourpotentiallyco-regulatedgenes).We
estimatethefrequencyofaparticular6-mer,sayw,as
freq(w)=W/N,wherewoccursWtimesandthere
areNoccurrencesof6-mersaltogether.

Supposethe6-merwoccursntimesinthesetof
upstreamregionsfromgeneswithsimilarexpression
profiles.

Howdowedecidedifnistoolargetobeexplainedby
chance?
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ApproximatingtheExactProbability

Fornow,wewillthinkoftheoccurrencesof6-mersas
independent.Thisisonlyanapproximation,sinceifyou
knowone6-mer,thenthereareonly4possibilitiesfor
thenextone(shiftingoveronenucleotides).Wetakethe
probabilitythataparticular6-meriswtobethe
observedfrequencyfreq(w).

SupposethattherearealtogetherT6-mersinthe
upstreamregionsoftheputativelyco-regulatedgenes.

Forafixedn≤T,whatistheprobabilitythatwoccurs
preciselyntimes?
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ApproximatingtheCorrect
ProbabilityII

Ifeachoccurrenceofwhasprobabilityfreq(w),the
theprobabilitythatpreciselynoftheTtotal
occurrencesarewis:

P(#w=n)=
T!

n!(T−n)!×freq(w)
N
×(1−freq(w))

(T−n)

Whatistheprobabilitythatwoccursnormoretimes?
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ApproximatingtheCorrect
ProbabilityIII

SinceP(#w=n)denotestheprobabilitythatw
occurspreciselyntimes,theprobabilitythatwoccursn
ormoretimesis:

P(#w≥n)=
T∑

j=n

P(#w=j)=1−
n−1 ∑

j=0

P(#w=j)
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TestingforStatisticalSignificance

Scenario:We’regivena6-merwthatoccursntimesin
theupstreamregionsofourputativelyco-regulated
genes,andP(#w≥n)=10

−3
.Canweconclude

thata6-merwiththismanyoccurrencesisunlikelyto
happenbychancealone?
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TestingforStatisticalSignificanceII

Sincethereare20806-mers(countinga6-meras
equivalenttoitsreversecomplement),wecanexpect
theretobetwo6-merswsuchthat

P(#w≥nw)=10
−3

,

wherewoccursnwtimes.

LetD=2080andset:

sig=−log10[P(#w≥n)×D]

Oneexpectstofindatrandoma6-merwithsig≥1
every10clusters,a6-merwithsig≥2every100
clusters,etc.
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FindingtheExactProbability

Here,weconsideranextremelysimplycase.Consider
stringsof0or1.Fixa“pattern”stringwoflength2and
a“random”stringsoflength5.Foreachn,whatisthe
probabilitythatwoccursinspreciselyntimes?
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FindingtheExactProbabilityII

s#00#01
0000040
0000131
0001021

···
1111100

n01234
001310621
01620600

Forbothwords,theaveragenumberofoccurrencesina
stringoflength5is1,butthevarianceismuchlargerfor
00thanfor01.
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FindingtheExactProbabilityIII

Bottomline:Findingtheexactprobabilitythatwordw
occursinarandomstringspreciselyntimesisdifficult.
Muchofthecomplexitycomesfrom“self-overlapping
words”.(Notethattwomatchesto00canoverlap,asin
000,buttwomatchesto01can’t.)Theproblemhas
beensolvedforsimplemodelsof“randomstrings”,such
asMarkovmodels.
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