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Summary

We have performeda computationalanalysisof DNA structuralfeaturesin 18 fully sequencedprokaryotic

genomesusingmodelsfor DNA curvature,DNA flexibility, andDNA stability. Thestructuralvaluesthatare

computedfor the Escherichia coli chromosomearesignificantlydifferent from (andgenerallymoreextreme

than)what is expectedfrom thenucleotide-composition. As anaid in this analysis,we have constructedtools

that plot structuralmeasuresfor all positionsin a long DNA sequence(e.g., an entire chromosome)in the

form of color-codedwheels(http://www.cbs.dtu.dk/services/GenomeAtlas/). We find that these“structural

atlases”are useful for discovery of interestingfeaturesthat may then be investigatedin more depthusing

statisticalmethods.Frominvestigationof theEscherichia coli structuralatlas,we discovereda genome-wide

trendwherean extendedregion encompassingthe terminusdisplayshigh curvature,low flexibility, and low

helix stability. The samesituationis found in thedistantlyrelatedgram-positive bacteriumBacillus subtilis,

suggestingthat thephenomenonis biologically relevant. Basedon a searchfor long DNA segmentswhereall

the independentstructuralmeasuresagree,we have founda setof 20 regionswith identicalandvery extreme

structuralproperties.Dueto their stronginherentcurvature,we suggestthatthesemayfunctionastopological

domainboundariesby efficiently organizingplectonemicallysupercoiledDNA. Interestingly, we find that in

practicallyall theinvestigatedeubacterialandarchaealgenomes,thereis atrendfor promoterDNA beingmore

curved, lessflexible, andlessstablethanDNA in codingregionsandin intergenicDNA without promoters.

This trendis presentregardlessof theabsolutelevelsof thestructuralparameters,andwesuggestthatthismay

berelatedto therequirementfor helix unwindingduringinitiation of transcription,or perhapsto thepreviously

observed locationof promotersat the apex of plectonemicallysupercoiledDNA. We have alsoanalyzedthe

structuralsimilaritiesbetweengroupsof genesby clusteringall RNA andprotein-encodinggenesin E. coli,

basedon the averagestructuralparameters.We find that mostribosomalgenes(protein-encodingaswell as

rRNA genes)clustertogether, andwe suggestthatDNA structuremayplay a role in thetranscriptionof these

highly expressedgenes.

Keywords: plectonemicallysupercoiledDNA, sequence-dependent DNA structure,promoterstructural

profile,whole-genomeanalysis.

Intr oduction

AlthoughB-form DNA is typically depictedasa uniformly straightandrigid doublehelix, it hasin factbeen

foundto possessinherentstructuralpropertiesthatplay a role in many differentbiologicalprocesses(Horwitz

& Loeb,1990;Perez-Martinetal., 1994;Perez-Martin& deLorenzo,1997;Sindenetal., 1998).For instance,

the exact positioningof nucleosomesin eukaryoticchromatinhasin somecasesbeendemonstratedto rely

on local differencesin DNA flexibility andcurvature(Simpson,1991; Iyer & Struhl, 1995;Wolffe & Drew,

1995;Ioshikhesetal., 1996;Zhu& Thiele,1996;Liu & Stein,1997).Furthermore,targetsiterecognitionof a
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numberof DNA-bendingproteins(includingtheTATA boxbindingprotein,TBP),hasbeenfoundto dependon

inherentDNA structure(Parvinetal., 1995;Starretal., 1995;Groveetal., 1996).As afinal examplethereare

severalknown casesin prokaryoteswhereinherentor inducedDNA bendinginfluencestheinteractionbetween

RNA-polymeraseandregulatoryproteins(Braccoet al., 1989;Hoover et al., 1990;Lobell & Schleif, 1991;

Serranoet al., 1991;Richet& Søgaard-Andersen,1994;Valentin-Hansenetal., 1996).

It hasbeenshown that such local DNA structuralpropertiesdependon the exact nucleotidesequence

(Brukneretal., 1990;Bolshoy etal., 1991;Hassan& Calladine,1996;Olsonetal., 1998;Sindenetal., 1998).

Thisphenomenonis to somedegreecausedby stackinginteractionsbetweenadjacentbasepairs(Hunter, 1993;

Hunter, 1996),althoughsequence-dependent bindingof cationsmayalsobeinvolved (Hud et al., 1999;Sines

& Williams, 1999).

Severaldifferentexperimentalapproacheshave beentakento quantitatetheconnectionbetweenDNA se-

quenceandstructure,resultingin a setof di- or trinucleotide-basedmodels. We have previously usedsuch

modelsto studyDNA structuralfeaturesof nucleosomepositioningpatterns,eukaryoticpromoters,andtriplet

repeatsinvolved in humanhereditarydisorders(Baldi et al., 1996;Pedersenet al., 1998;Baldi et al., 1999).

We have alsouseddinucleotideparametersto investigatetheperiodicityof structuralfeatureswithin complete

genomesby meansof autocorrelationfunctions(Worninget al., 2000). We founda periodof about11 bp for

mosteubacterialorganisms,andof around10 bp for someArchaea,althoughthe periodicity spectradiffers

slightly with eachorganism.

Giventheabove discussionof therelationshipbetweensequenceandstructure,it is interestingthatacom-

parisonof completelysequencedgenomeshasrevealedthateachorganismhasits own dinucleotidesignature

(Karlin, 1998;Campbellet al., 1999). However, thedinucleotidedistribution is by no meanshomogeneously

distributedthroughoutthegenome.Thus,therearebasecompositiondifferencesbetweendifferentcodonposi-

tions(Majumdaretal., 1999),anddifferentclassesof genescanhavedifferentdinucleotidedistributions(Karlin

et al., 1998).Furthermore,many bacterialgenomesdisplaydifferencesin nucleotidecompositionbetweenthe

leadingandlaggingstrandsof DNA replication(Mrazek& Karlin, 1998).

In thispaper, weperformacomputationalanalysisof DNA structurein genomesof 18differentprokaryotes,

with a specialemphasison Escherichia coli. We do this using five different modelsthat capturedifferent

characteristicsof DNA structure(curvature,flexibility, helix stability). Theresulting“structuralatlases”show

predictedstructuralmeasuresfor all positionsin a long DNA sequencein the form of color codedwheels.

We find that theseatlasesarea usefultool for discovery of structuralfeatures,which canthenbeexaminedin

greaterdepthusingstatisticalmethods.
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Resultsand discussion

Strategy—structural measures

For thepurposeof predictingstructuralfeatureswe selectedfive differentmodels.Thesepredictoneof three

differenttypesof structuralcharacteristics:DNA flexibility, DNA curvature,andDNA stackingenergy. Flex-

ibility andcurvatureareboth importantfor interactionsbetweenDNA andprotein,while stackingenergy can

be interpretedasa measureof how easilythetwo strandsof a DNA helix areseparated(DNA “meltability”).

Specifically, themodelswe usehereare:

1. A DNaseI-sensitivity basedmodelof DNA flexibility (Brukneretal., 1990;Brukneretal., 1995a,hence-

forth referredto as the “DNaseI sensitivity” model). Valuesare in arbitraryunits with highervalues

correspondingto higherflexibility.

2. An X-ray crystallography-basedmodelof proteininducedDNA flexibility derived from structuralchar-

acteristicsof crystallizedDNA-proteincomplexes(Olsonetal., 1998,“protein-induceddeformability”).

Highervaluescorrespondto higherflexibility.

3. A modelof DNA flexibility derived from thepreferenceshown by individual trinucleotidesto beposi-

tionedin specificorientationin nucleosomalDNA (Satchwellet al., 1986;Pedersenet al., 1998,“posi-

tion preference”).Valuesindicatethefractionalpreferenceof tripletsfor beingspecificallypositionedin

nucleosomalDNA. Lowervaluescorrespondto higherflexibility.

4. A modelof DNA stackingenergy derivedfrom quantummechanicalcalculations(Ornsteinet al., 1978,

“stacking energy”). Valuesare in units of kcal/mole,andmore negative valuescorrespondto higher

stability.

5. A modelof DNA curvaturederivedfrom relativegelmobility of DNA (Bolshoy etal., 1991;Shpigelman

etal., 1993,“curvature”).Highervaluescorrespondto highercurvature,with avalueof onecorrespond-

ing to thedegreeof curvatureseenin nucleosomalDNA.

Briefly, all five modelsconsistof tablesgiving structuralparametersfor di- or trinucleotides.In thecase

of models1–4,structuralvaluesareassignedto every nucleotidein a DNA sequencesimply by looking up the

valuesfor correspondingdi- or trinucleotides.For thefifth model(curvature)dinucleotideparametersarefirst

usedto predict3D coordinates,andthepathof thepredictedstructureis thenusedto calculatea measureof

local curvatureat eachnucleotide(see“Methods”).

Statisticalanalysisof thesemodelsdemonstratedarelatively strongcorrelationbetweenthestackingenergy

scaleandthe proteininduceddeformabilityscale. Furthermore,thesetwo modelsalsodisplayedcorrelation

to AT-content. The remainingmodelsshowed no, or only very little, correlationto eachother and to AT-

content.All modelsaredescribedin moredetailin theMethodssection,alongwith a thoroughinvestigationof
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correlationbetweenmodels,andfurtherdiscussionof our experimentalrationale.Exceptfor stackingenergy,

all thesemodelsarebasedon experimentalinvestigationsof sequence-structure relationships.

Structural atlasof the entire E. coli genome

Using the structuralmodelsmentionedabove, and basedon the E. coli K-12 MG1655 genomicsequence

(Blattneret al., 1997,versionM54, GenBankaccessionnumberU00096),we calculatedthevaluesof eachof

thefive measuresat eachpositionin theentiregenome(i.e., five times4,639,221realnumbers).From these

valueswewerenow ableto constructplots(“structuralatlases”)showing structuralfeaturesin any regionof the

genome.Figure1 givesanoverview of structuralfeaturesin theentireE.coli circularchromosome.In thisatlas,

the valueof eachmeasurealongthe DNA sequenceis shown usingcoloredconcentricwheels(onefor each

measure)representingthe circular chromosome.The color-scalesareconstructedso that averagevaluesare

light gray, while valuesthatareat leastonestandarddeviation from thegenomicaveragearebrightly colored.

Regionswherethemeasureis morethanthreestandarddeviationsfrom thegenomicaveragearecoloredblack

(see“Methods” for detailson thecolor-scheme).“Up” on thewheelscorrespondsto zerominuteson theE.

coli linkagemap,with increasingminute-positionsin the clockwisedirection. The numberson the insideof

the innermostwheel is the positionrelative to zerominutesmeasuredin millions of basepairs (Mbp). The

resolutionof this whole-chromosomeatlasis 928 bp (i.e., the thinnestvisible line in the innermostcircle,

correspondsto a DNA region of length928bp),andthestructuralvalueshave beensmoothedusinga running

averageten timesthis size(i.e., 9280bp). On the atlaswe have alsoindicatedthe locationsof the origin of

replication(oriC, upperleft part of circle, around4 Mbp) and the terminusregion (delimited by TerE and

TerG, lower right partof circle, centeredaround1.5 Mbp). Finally, we have indicated36 regionspossessing

extremestructureontheedgeof theoutermostcircle. Thelabeledregionshavebeenchosenusingtwo different

criteria:astringentapproachbasedonchoosing1000bpregionswhereall fivemeasuresaresignificantlymore

extremethanexpectedfrom nucleotidecomposition(seethe sectionentitled “Structurally extremeregions”

for details),andanaestheticapproachwherewe labeledregionswith extremestructureidentifiableby visual

inspection(this approachthereforedependson the resolutionof the whole-genomeatlas). For eachextreme

region we have plottedthenameof a centralgene(seetable1 for a list of thestringentlyselectedregions). In

additionto E. coli, we have alsoconstructedwhole-genomeatlasesfor 17 otherpublicly available,completely

sequencedprokaryoticgenomes.These(andadditional)atlasesareavailablefrom our regularly updatedweb

site: http://www.cbs.dtu.dk/services/GenomeAtlas/.

Onefeaturethatis immediatelyvisibleontheatlas,is theexistenceof severalpositionsin thechromosome,

whereall or mostof themeasuresagreethat the local region hasextremestructuralproperties.For instance,

the region labeled“ygeG” (around3 Mbp), canbeseento be extremein all five measures,andmany similar

regionsarevisible asdark or colored“spokes” that radiateacrossthe concentricwheels. We take this asan

indicationthat the structuralfeatureswe predictdo have biological relevance. As a further substantiationof
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this,wefoundthatthecorrelationbetweenthestructuralmeasuresis significantlyhigherwhenmeasuredonthe

E. coli genome,thanwhenmeasuredon randomDNA (see“Methods” for detailson thecorrelationbetween

measures).In addition,a shuffled versionof the entirechromosomedisplayedmuchlessextremeproperties

thantherealDNA (seebelow).

Another(unexpected)featurethatcanbeobserved from theatlasis a generaltendency for high curvature

in anextendedregion encompassingtheterminus(outermostwheel,theregion extendsfrom approximately1

Mbp to 2 Mbp), anda somewhat lessdistinct region of low curvaturenear(but not exactly at) the origin of

replication.This is alsoillustratedin figure2, upperpanel,whichshowsasmoothedprofileof curvaturevalues

alongthechromosome.Furtheranalysisshowedthatthereis acorrespondingpeakin AT-contentandstacking

energy, while theflexibility measuresdisplaycorrespondinglylow valuesin thesameregion (datanot shown).

Thus,thereappearsto bea genome-widetrendfor higherAT-content,highercurvature,lower flexibility, and

higherstackingenergy (i.e., lessstableDNA) neartheterminus.Thefactthatthepeakof thecurvatureprofile

exactly coincideswith thepositionof TerC—whichis believed to bethemostcommonlyusedterminatorsite

in E. coli (Hill, 1996;Bussiere& Bastia,1999)—suggeststhat theconnectionbetweenthe terminusandthe

structuralfeatureswe predict,maybebiologically relevant. In agreementwith this hypothesiswe find a very

similar situationin thechromosomeof Bacillussubtilis: thus,thereis a (somewhat narrower) high-curvature

region encompassingtheterminus,anda region of low curvatureneartheorigin (figure2, lowerpanel).

At leasttwo observationsmay be relevant in connectionwith this finding. First, the nucleoid-associated

proteinHU hasbeenfoundto playarolein properchromosomepartitioning(Jaffe etal., 1997).HU is known to

preferentiallybindunusualDNA structuressuchaskinkedor cruciformDNA (Pontiggiaetal., 1993;Bonnefoy

et al., 1994),andalsohassomeaffinity for smoothlycurvedDNA of thetypewe predictin this study(Bracco

etal., 1989;Tanakaetal., 1993;Shimizuetal., 1995).It is thereforetemptingto suggestthatthehigh-curvature

(and generallyextreme)region could be directly involved in segregation of the newly replicatednucleoids.

Second,in B. subtilis the terminusregion hasbeenfound to be attachedto the cell membranein a high-salt

resistantmanner(Sueoka,1998)while it is unclearwhetherthesameis truefor E. coli. We speculatethat the

structurallyextremepropertiesof theterminusregion maypotentiallybeconnectedto thisphenomenon.

Comparison of shuffledand real DNA sequences

Sincebasecompositionclearlyhasanimpacton themeasuresusedin thiswork, we wereinterestedin investi-

gatingto whatdegreethemono-nucleotidefrequenciesin E. coli explain thedistribution of predictedstructural

values.For thatpurposewe constructeda shuffled versionof theentiregenome,andsubsequentlycalculated

thevaluesof all five structuralmeasuresat all positions.Comparisonof thedistribution of values(using1000

bp averagingwindows) in the realandshuffled genomes,showed that in all casesthe distributionsweresig-

nificantly very different (seefigure 3). In the caseof curvature,protein induceddeformability, andstacking

energy, the shuffled distributions weremuchnarrower thanthe real distributions, meaningthat the real bio-
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logical DNA displayedsignificantlymoreextremevaluesin both directionsthandid the shuffled DNA. For

DNaseIandnucleosomepositionpreferencevalues,however, thebulk of theshuffled distribution wasshifted

to oneside,sothatbiologicalDNA on averageis predictedto belessflexible (morerigid) thanexpectedfrom

themono-nucleotidefrequencies.(In both thesecasesthemostextremelyflexible valuesof shuffled andreal

DNA areneverthelessof comparablesize—cf. figure3). Thus,the realbiological DNA is predictedto have

significantlydifferent(andgenerallymoreextreme)structuralpropertiesthanwhat shouldbe expectedfrom

basecompositionalone. This observation is consistentwith the hypothesisthat DNA structureis oneof the

driving forcesbehindtheevolution of chromosomesequencein E. coli.

In orderto investigateto what degreethepredictedstructuralcharacteristicsaredeterminedby sequence

constraintspresentin coding DNA, we investigatedthe effect of shuffling within protein encodinggenes

(CDSes). As for the entire genomicsequence,we observe significantly different distributions for the real

DNA andthemono-nucleotideshuffledCDSes,in agreementwith previouswork (Jauregui etal., 1998).How-

ever, we alsoobserve significantdifferenceswhen comparingthe biological DNA, with DNA in which we

have shuffled entirecodons—thusmaintainingthe codonusage(datanot shown). Specificallywe find that

the mediancurvatureof codon-shuffled DNA lies approximatelymidway betweenthe mediancurvaturesof

mono-nucleotideshuffled andof biologicalDNA (datanot shown). Thesamegeneralrelationshipis true for

theremainingfour structuralparametersalso.We thereforeconcludethatalthoughcodonusageclearlyhasan

effecton thepredictedstructuralcharacteristicsin codingDNA, it only accountsfor abouthalf of theobserved

bias(comparedto whatis expectedfrom basecomposition),while theremainderis aconsequenceof sequence

patternsthat lie acrosscodon-codonboundaries.This observation is alsoconsistentwith the ideathat DNA

structureis adriving forcebehindevolution of nucleotidesequencein theE. coli chromosome.

Structurally extremeregions

In orderto identify regionswith extremestructuralcharacteristics,we usedfive differently shuffled versions

of the E. coli chromosometo estimatethe most extremestructuralvalueslikely to be observed by chance

(see“Methods”). Thesevaluescanbe thoughtof as (very strict) thresholdsfor when an observed value is

significantly more extremethan what shouldbe expectedfrom the nucleotidecompositionalone. We then

selectedthe1000-bpregionsin therealgenomewhereall five measuressimultaneouslyexceedthethresholds

definedonthebasisof theshuffleddata.Thisresultedin alist of twenty1000-bpregionspredictedto beextreme

by all five structuralmeasures(table1). In all these,thestructuralmeasuresareextremein thesamedirection

(this is mainly causedby the fact that in the biological DNA, one end of the DNaseIand stackingenergy

distributions extend to approximatelythe samevaluesas in the shuffled DNA—cf. figure 3). Specifically,

thestructuralfeaturesobserved in all twenty regionsare: high curvature,high stackingenergy, high position

preference(correspondingto rigid DNA), low DNaseIsensitivity (rigid DNA), andlow deformability (rigid

DNA). Thus, the measuresagreethat the DNA in theseextremeregions is significantly more curved, less
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stable,andlessflexible thanthegenomicaverage.We speculatethat theseregionsmayfunctionin delimiting

topologicaldomainsin theE. coli chromosome(seethesectionentitled“Topologicaldomains”below).

Theregionsfoundcanroughlybedividedinto threedifferentclassesdependingon thelocationandextent

of theextremestructure:(1) structureis mainly in intergenicregion(referredto as“Ig” in table1), (2) structure

is mainly in codingregion(s)(“CDS”), and(3) structurecoversanextendedregion includingbothcodingand

intergenicDNA (“Ext”). In the tableit is alsoindicatedwhethertheextremeregion includesa promoter. Of

the twentyselectedregions,8 belongto themainly intergenicclass,3 belongto themainly CDSclass,and9

belongto theextendedclass.Furthermore,12 of the 20 regions(60%) containpromoters.(For comparison,

47% of all 1000-bpwindows containpromotersequence).Several featuresspecificto individual regionsare

commenteduponin thefootnotesto table1.

Figure4, upperpanel,shows aclose-upof theextendedextremeregionadjacentto therhsEgene(position

of window: 1528-1529kbp.) It shouldbeemphasizedthat this plot representsa short,non-circularregion of

the chromosome,as indicatedby the gapat the top of the circles. Also shown in this plot arethe positions

of annotatedgenes(third tier of circles; CDSesareshown as coloredboxes; the direction of translationis

indicatedby theshadeof thebox). Notethecharacteristicpatternwherethecoreof therhsEelementdisplays

low curvature,low stacking,andhighflexibility, while theadjoiningregionhasexactlyoppositecharacteristics.

Closerinspectionof thegenomeatlasrevealedthepresenceof severalothersimilarly structuredrhs-containing

regions. The rhs elementsarelarge repeatswith unusualbasecomposition(Hill, 1999),which makesthem

standout in theDNA structuralatlases.Although the rhs family wasfirst described15 yearsago(Lin et al.,

1984),thefunctionof theseelementsis still unknown, andneithertheputative 300kDaproteinor the7,000nt

mRNA havebeendetectedin E. coli (Hill etal., 1994).Thenumberof rhsgenesvarieswithin differentstrains

of E. coli, andalthoughE. coli strainK12 containsfive rhs elements,somestrainscontainno rhs elements,

andexhibit no evidentphenotypicchangeundernormalgrowth conditions(Sadosky et al., 1991;Wanget al.,

1998).

Topologicaldomains

DNA in the E. coli chromosomeis negatively supercoiledin vivo, and is segregatedinto separatedomains

of supercoiling(Worcel & Burgi, 1972; Pettijohn,1996). Basedon an analysisof the numberof nicks that

areneededto fully relax supercoilingin the chromosome,it hasbeenestimatedthat thereare43
�

10 such

topologicaldomainsin growing E. coli cells(Sinden& Pettijohn,1981;Sinden& Ussery, 1992).Microscopy

of theisolatedE. coli nucleoidhasshown thatit is presentin theform of a rosettewith about20–50long loops

emanatingfrom adensenodeof DNA (Pettijohn,1996;Hinnebusch& Bendich,1997).This is consistentwith

theideathateachloopcorrespondsto asingletopologicaldomain.It is notknown whatconstitutesthedomain

bordersin vivo, but investigationsbasedon a transposon-derived, site-specificrecombinationsystem,have

indicatedthat the supercoilbarriersarestationaryandstochastic,i.e., the numberand/orpositionof barriers
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vary from cell to cell andpossiblyalsoover time (Higginset al., 1996;Staczek& Higgins,1998). For some

plasmidsit hasbeenfoundthatsimultaneoustranscription,translation,andsecretionof membraneproteinscan

act to anchortheDNA polymeraseto themembrane,therebyrestrictingtherotationof theDNA templateand

potentiallyresultingin formationof temporarysupercoilbarriers(Lynch& Wang,1993).However, sinceit has

beenreportedthat rifampicintreatmentof cells hasno effect on domainstructurein theE. coli chromosome

(Sinden& Pettijohn,1981)it seemsunlikely thata similar mechanismis responsiblefor creatingthenucleoid

domainboundaries.

Investigationsof the level of supercoilingat definedlocationsin the chromosomesof E. coli andS. ty-

phimurium, haveindicatedthatundernormalcircumstancesall domainshaveverysimilar levelsof supercoiling

(Miller & Simmons,1993;Pavitt & Higgins,1993). This suggeststhat thedomainstructuredoesnot have an

importantrole in differentialregulationof geneexpression.However, supercoilbarriersmayneverthelessbe

importantfor biologicalprocesses,by limiting thepotentiallyadverseeffectsof topologychangingprocesses

(e.g., recombination,repair, andreplication)to thedomainin which they take place.

Prokaryoticsupercoilsseemto exist largely in theform of longrodsconsistingof interwounddoublehelices

(so-calledplectonemicsupercoils);(Bliska& Cozzarelli,1987).It hasbeenfoundthatinherentlycurvedDNA

is able to uniquely orient supercoilsof this type in a way so that the apex of the rod is positionedin the

curvedDNA region (Laundon& Griffith, 1988). Basedon theseobservations,it seemslikely that theregions

of extremestructurelisted above (table1) will be strongorganizersof plectonemicallysupercoiledDNA. It

is probablyreasonableto assumethat the energetic benefitof positioningcurved DNA at an apex, will be

proportionalto thedegreeof curvature.This, in turn would meanthat themorecurveda pieceof DNA is, the

moretheequilibriumwill beshiftedtowardsapicalpositioningof thecurve,which is equivalentto sayingthat

thecurvedDNA will spendmoretime in this position.As longastheapex of aplectonemicsupercoilis fixed,

slitheringof theinterwoundDNA is alsorestrained.Wethereforesuggestthatthehighly curved(andgenerally

extreme)regionslisted above may functionasdomainboundaries:sincethe listed regionsarehighly curved

they arelikely to bepositionedatapicesa largefractionof thetime therebyrestrainingdiffusionof supercoils.

Furthermore,the observed stochasticpropertiesof domainboundariesfits nicely with the dynamicnatureof

theequilibriumoutlinedabove. Consistentwith this hypothesisthenumberof very extremeregionsfound in

this study(20, of which 19 arenot immediateneighbors)is in thesameorderof magnitudeasthenumberof

domainboundaries(20–50).It shouldbenotedthataccordingto this hypothesisthetwentyregionsmentioned

above areby no meansthe only domainboundariesin the E. coli chromosome.In fact any curved pieceof

DNA will functionasa domainboundarysomeof thetime. However, thetwentyregionswill probablybein a

conformationwherethey restrictsupercoildiffusionfor a relatively largefractionof thetime,perhapsmaking

it possibleto detecttheeffectexperimentally.
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Analysis of structural featuresin promoters,intergenicregions,and codingDNA

Frombrowsingthroughclose-upsof thegenomeatlas,it quickly becameapparentthat intergenicregionsgen-

erally appearto have distinct structuralfeatures.A typical exampleis shown in figure4, lower panel,where

intergenicregionswith non-averagestructuralpropertiesareclearlyvisible. In orderto investigatetheextent

of this phenomenon,we performeda statisticalanalysisof structuralpropertiesin severaldifferentclassesof

DNA. Specifically, theclasseswere:protein-encodingDNA (CDSes),entireintergenicregionswith promoters,

entireintergenicregionsthatdo not containpromoters,sigma-70promoters,andsigma-54promoters.

Statistical analysisof differencesbetweenpromoters, intergenic regions,and protein-encoding

DNA

The first stepin analyzingwhetherthereare structuraldifferencesbetweenthe different setsof sequences,

wasto determinethe distribution of all five measuresfor eachof the five sequenceclasses.Specifically, the

distributionswerecalculatedfor all non-overlapping30 bp windows in eachsequenceclass(see“Methods”).

The five setsof sequenceswereselectedusingannotationfrom the GenBankfile. Figure5 shows a typical

exampleof the resultinghistograms. In this plot the (clearly different) distributions of stackingenergy in

CDSes,intergenicregions,andintergenicregionswith promoters,canbeseen.

Wethencomparedthedistributionsof all fivestructuralmeasuresin thefiveclasses,usingtheKolmogorov-

Smirnov two-sampletest(Young,1977). Table2 shows a summaryof the resultsfor stackingenergy distri-

butions. As it canbeseen,thethreedistributionsof stackingenergiesdepictedin figure5 areall significantly

different.Thesameis truefor mostothercombinationsexceptthatthedistribution of stackingenergy in sigma-

54 promotersis not significantlydifferent from that observed within codingDNA. The sigma-54promoters

are,however, verysignificantlydifferentfrom sigma-70promoters,in accordancewith thefactthatsigma-54is

quitedifferentfrom thesigma-70family bothstructurallyandfunctionally(Grossetal., 1992;Merrick, 1993).

It shouldbenotedthatpracticallyall of thesigma-54sequencesannotatedin theGenBankfile arepredicted,

andthecredibility of this resultthereforedependsstronglyon thequality of thosepredictions.As canbeseen

from figure5, thedifferencesaresuchthat codingDNA (andhencealsosigma-54promoters)have themost

negative stackingenergy values(correspondingto morestableDNA), while intergenicregionsarelessstable,

andintergenicregionswith promoters,lessstablestill. Thelatteris in agreementwith theneedfor openingup

thedoublehelix in promotersprior to initiation of transcription.

Comparisonof the five classesfor the remainingmeasures,showed that in all casesis therea significant

differencebetweenCDSes,intergenicregionswith promoters,andintergenicregionswithout promoters(data

notshown). Thisdifferenceis muchlesspronouncedin thecaseof DNaseIsensitivity andpositionpreference,

but in all casesarethedifferencessignificantwith p �������
	 , andthethreeflexibility measuresalwaysagreeon

thedirectionof thedifference.Thegeneralpicturethatemergedfrom this analysis,is that intergenicregions
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with promotersgenerallyaremorecurved, lessflexible andlessstablethancodingDNA. Intergenic regions

without promotersoccupy a positionbetweentheseothertwo classes(datanot shown, but seefigure6). The

two promoterclasseswerefoundto alwaysbeverysignificantlydifferentfor all measures.As wasthecasefor

stackingenergy, sigma-54promoterswerenot significantlydifferentfrom codingDNA in all othermeasures

exceptpositionpreference,accordingto whichthey werepredictedto beslightly lessflexible thancodingDNA.

Promoter structural profiles

To furtheranalyzestructuralfeaturesin promoters,weconstructedaveragestructuralprofilesfor thefour major

sigma-classes(sigma-32,sigma-38,sigma-54,and sigma-70). Briefly, thesewere constructedby aligning

promotersof a given classat the transcriptionalstart point, andsubsequentlycalculatingthe averageof all

structuralparametersat every positionin thealignment.Figure6 shows the resultingplots which have been

normalizedbasedon thegenomicaverage(correspondingto zeroon they-axis in theplot). Notethat in these

profileswe have invertedthesign of the positionpreferencemeasureso thathigh valuesmeanflexible DNA

(similar to theothertwo flexibility measures).

The sigma-70profile shows a large region of non-averagestructurecentereda bit upstreamof the tran-

scriptionalstartpoint, andextendinginto the transcribedDNA. Thestructuredregion is muchwider thanthe

region wheresequenceis conservedand,in agreementwith thegeneraltrendsfoundabove, is predictedto be

morecurved, lessstable,andlessflexible thanthegenomicaverage.A profile constructedfrom a setof well-

documentedpromoterswith mappedtranscriptionalstartpoints(Lisser& Margalit, 1993),wasalmostidentical

to thepresentone(datanot shown). Accordingto thetwo trinucleotide-basedflexibility models(DNaseIand

positionpreference)it is mainly the region upstreamof the transcriptionalstartpoint that is rigid, while the

downstreamregion is predictedto have aboutaverageflexibility. This is reminiscentof the situationin eu-

karyoticpromoters,wherewe have previously foundthat theregion downstreamof transcriptionstartis more

flexible thantheregionupstream(Pedersenetal., 1998).However, the“deformability” measuredoesnotagree

on this feature,but insteadpredictsthat theentirestructuredregion is quiterigid. In this context, it shouldbe

notedthatastructuralprofileshows thegeneral,averagepicture.Hence,if everymemberin asetof promoters

containa singlehighly flexible region that is locatedat differentpositionsin every individual promoter, then

thiswill notbevisible in theprofile.

Our resultsareconsistentwith severalexperimentalstudiesdemonstratingthepresenceof curvedDNA up-

streamof genesin E. coli (for reviews see(Perez-Martinetal., 1994;Perez-Martin& deLorenzo,1997).They

arealsoin agreementwith investigationsinvolving randomcloningof curvedDNA from E. coli, whichdemon-

stratedthat mostof the curved DNA fragmentsare locatedimmediatelyupstreamof genesandfurthermore

containpromoters(Mizuno, 1987;Tanakaet al., 1991). The centerof curvaturefound in this study(around

� 40)andthepresenceof upstreamcurvaturealsoagreesquitewell with previoustheoreticalwork (Plaskon &

Wartell,1987;Wyeet al., 1991;Gabrielian& Bolshoy, 1999).Ourpredictionthat,on average,promoterDNA
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is lessstablethanDNA in mostotherregions, is consistentwith the fact that the DNA helix in promotersis

meltedduringinitiation of transcription,andis furthermorein accordancewith previouscomputationalresults

(Lisser& Margalit, 1994).However, in thesamestudyit wasfoundthatpromotersaregenerallymoreflexible

thanrandomDNA, whichis in contradictionwith ourobservations.(Wefind thatpromotersaremorerigid than

thegenomicaveragewhich is morerigid thanrandomDNA). Oneimportantreasonfor this apparentdiscrep-

ancy is thefact that theflexibility modelusedby LisserandMargalit (Saraiet al., 1989)dealswith flexibility

alongthe twist coordinate(correspondingto rotationof thedoublehelix aroundits center),while the typeof

flexibility discussedin this paperis morecloselyconnectedwith basepair roll (correspondingto bendingof

thehelix backbone—seeSindenet al. (1998)for definitionsof DNA helicalcharacteristics).Examinationof

theunderlyingmodelsfurthershows thatthediscrepancy is essentiallycausedby theflexibility valueassigned

to thedinucleotideAT (datanot shown). Specifically, thetwist-flexibility modelassignsthehighestflexibility

to thedinucleotidestepAT, while this is themostrigid stepaccordingto thedinucleotide-based roll-flexibility

modelsusedhere(Hassan& Calladine,1996;Olsonetal., 1998).AT is alsopredictedto bequiterigid by dinu-

cleotideversionsof thetriplet-basedmeasuresusedin thisstudy(Satchwelletal., 1986;Brukneretal., 1995b).

Sinceall four experimentally-basedmodelsusedhereagreeon this featurewe believe that our conclusionis

correctasfarasflexibility in theroll-direction(correspondingto backbonebending)is concerned.

In a recentstudy(Ozolineet al., 1999)it hasbeendemonstratedthatE. coli promoterscontainthehighly

deformabledinucleotideTA positionedwith a weakperiodicity of approximately5.6 basepairs. It wassug-

gestedthat this could indicatemacroscopicflexibility of thepromoterssince5.6 is approximatelyhalf of the

helicalrepeatof B-DNA. In thiscontext it wouldbeinterestingto know how strongtheperiodicpositioningof

TA is outsideof promotersrelative to within.

Thereis mountingevidencethatduringtranscriptionalinitiation in E.coli, DNA flankingthetranscriptional

startpoint is wrappednearlyonefull turnaroundtheRNA polymerase(Amouyal& Buc,1987;Schickor etal.,

1990; Craig et al., 1995; Nickerson& Achberger, 1995; Polyakov et al., 1995; Rivetti et al., 1999). The

highly curved region thatwe predictcouldeasilybe imaginedto be involved in this process.Furthermore,in

agreementwith our predictionwhich indicatesthat thestructuredregion extendsinto the transcribedDNA, it

hasbeenshown thataboutonethird of the90 bp of DNA involved in wrappingaroundRNAP aredownstream

of thetranscriptionalstartpoint (Craigetal., 1995;Rivetti etal., 1999).

Takinginto accountthatthesigma-32andsigma-38profilesarebasedonmuchfewersequencesandthere-

fore morenoisy, they look remarkablysimilar to thatof sigma-70(figure6). Thus,thereis anextendedregion

of non-averagestructurecenteredupstreamof thetranscriptionalstartpoint, andagaintheoverall trendis to-

wardsthepromotersbeingmorecurved,lessstableandmorerigid thanthegenomicaverage.Fromtheseplots,

it is not clearwhetherthesigma-38(sigma-S)promotersaresignificantlymorecurved thantheotherclasses,

asit haspreviously beenreported(Espinosa-Urgel & Tormo,1993;Espinosa-Urgel et al., 1996). It is, how-

ever, possiblethat thereis a qualitative differencein theexact locationof local curvaturemaximabetweenthe
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classes.

Thesigma-54profile,on theotherhand,is very differentfrom theotherprofilesin agreementwith thesta-

tistical analysisabove. Specifically, theentireregionupstreamof transcriptionstarthasapproximatelyaverage

structure,while theregion immediatelydownstreamdisplayscharacteristicsthataremoretypical of theother

promoterprofiles(curved,unstable,andrigid DNA). Again, it shouldbe emphasizedthat sincetheprofile is

basedon mostlypredictedsigma-54promoters,thecredibility of this resultdependsstronglyon thequality of

thosepredictions.Consistentwith this finding, andasmentionedabove, sigma-54is known to bestructurally

andfunctionallyunrelatedto sigma-70.Sigma-54promotersgenerallyrequireupstreamactivatorsfor full ac-

tivity (Grosset al., 1992;Merrick, 1993),andin many casesthe activator andRNA polymerasearebrought

into closecontactassistedby the protein IHF binding and bendingthe DNA betweenthem (Hoover et al.,

1990;Carmonaet al., 1997). In additionto helpingestablishthecorrectpromoterarchitecturewith activator

andRNA polymerasein direct contact,this alsoseemsto have theeffect of disfavoring interactionsbetween

the polymeraseandheterologousactivatorsboundto othersiteson the DNA or from solution(Perez-Martin

& de Lorenzo,1995;Perez-Martin& deLorenzo,1997). We speculatethat theputative lack of curvaturein

sigma-54promotersmayberelatedto anevolutionarypressurefor maintainingthis regulatorysystem,which

couldpotentiallybeshort-circuitedby a large,generallycurved,region.

Structural featuresin other prokaryotic genomes

In orderto investigatethe generalityof our findings,we wereinterestedin evaluatingthe structuralfeatures

in othergenomesbesidesthatof E. coli. For this purposewe collecteda setof 18 prokaryoticchromosomes

including both eubacterialand archaealexamples. However, althoughthereis a wealth of fully sequenced

genomes,many of thesearenot annotatedwith the samedegreeof detail asis the casefor E. coli. In order

to avoid this problemwe cameup with an indirect approachthat we believe canbe usedto find promoter-

containingregions,andthatat thesametime removestheproblemof unequivocally identifying regionswhich

do not containpromoteractivity. Specifically, we usethe directionof the two genesflanking an intergenic

region asanindicatorof whetherthereis a promoterpresentor not. Prokaryotesgenerallyhave very compact

genomeswith correspondinglyshort5’ untranslatedregions(5’ UTRs). It shouldthereforebepossibleto select

asetof intergenicregionsthatvery likely containpromotersby selectingregionswherethetwo flankinggenes

both point away from the intergenic DNA (henceforthdenoted�  ). Using a similar line of reasoning,

intergenicregionswith two genespointingtowardstheregion (  � ), probablydonotcontainapromoter. In

accordancewith this ideanoneof the306annotatedexperimentallyverifiedpromotersin theE. coli genome

(GenBankfile, versionM54) arepresentin regionsof type  � . Furthermore,basedontheannotationin the

GenBankfile, 96%of all regionsof type �  do containpromoters,while 99.6%of regionsof type  �
do not. It shouldbe notedthat this approachassumesthat genesarecorrectlyannotated.Furthermore,both

protein-encodinggenesandRNA-geneshave to beincludedfor themethodto work.
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Using this approachon our setof 18 prokaryoticgenomes,we selectedthreedifferenttypesof regionsin

eachchromosome:(1) proteinencodinggenes(CDSes),(2) Intergenicregionsthatprobablycontainapromoter

( �  ), and(3) intergenicregionsthatprobablydo not containa promoter(  � ). We thenperformedan

analysisof thedistribution of structuralvaluesin 30bpwindows,similarly to whatwasdonefor E. coli above.

Theresultsof this analysisaresummarizedin table3 in theform of box plots. Specifically, we have for each

of the threeclassesand for eachmeasure,indicatedthe location of the medianof the distribution (central,

fat, verticalbar in boxes),aswell asthelocationof the15’th and85’th percentiles(narrower, vertical linesat

the endsof boxes). The scaleof the x-axis in eachcolumnis indicatedin the legend. The percentileswere

chosenso that they correspondapproximatelyto plus/minusonestandarddeviation for normaldistributions.

Thereasonwhy we reportmediansandpercentilesis thatsomemeasures(especiallycurvature)follow skewed

distributions,andthustheaverageis notagoodindicator. As it canbeseen,theabsolutevaluesof thedifferent

measuresvary widely betweenthedifferentorganisms(cf., for instance,stackingenergy in M. tuberculosis—

Mtu—and B. burgdorferi—Bbu). Nevertheless,the generaltrendsthat we notedfor E. coli holds true for

practically all other organisms(both archaealand eubacterial)and for all measures.Thus, in both of the

eubacteriamentionedabove, it canbe seenthat promoter-containingregions( �  ) aremorecurved, less

stable,and lessflexible thanCDSes,while intergenic regionswithout promoters(  � ) have intermediate

values(table3). Furthermore,this is true even thoughthe mostcurved region in someorganisms(e.g., M.

tuberculosis) is lesscurvedthantheleastcurvedregion in others(e.g., B. burgdorferi). Theclearestexceptions

to this generalpictureareMethanobacteriumthermoautotrophicum (Mte, archaea),Synechosystissp. (Syn,

eubacterium),andTreponemapallidum(Tpa, eubacterium).Therelative curvaturelevelsin E. coli, B. subtilis,

H. influenzae, andM. genitaliumareconsistentwith apreviousanalysis(Gabrielian& Bolshoy, 1999).

General featuresof promoter DNA in prokaryotes

Thefact thatpromoter-containingDNA is predictedto bemorecurved andlessstablethanCDSesandinter-

genicDNA in practicallyall the investigatedorganisms(includingbothmembersof archaeaandeubacteria),

while theabsolutelevelsvarywidely betweendifferentorganisms,suggeststhatit is therelativelevel of struc-

turethatis important.Onebiologicalphenomenonthatis consistentwith thelower stability of promoterDNA

is the needfor openingup thedoublehelix during initiation of transcription.It is thereforepossiblethat the

observedstructuralcharacteristicshaveevolvedto ensurethepreferentialmeltingof DNA in promoterregions.

Anotherphenomenonthatpresumablyreliesmoreon relative structuralcharacteristicsthanon absolutevalues

is the organizationof plectonemicallysupercoiledDNA mentionedabove. It thusseemslikely that regions

with strongercurvaturewill belocatedat theapicesin plectonemicallysupercoiledDNA moreoftenthanless

curvedDNA, regardlessof theabsolutelevel of curvature.We thereforesuggestthatpromotersmaygenerally

be positionedat terminal loopsof interwoundsupercoiledDNA molecules.Consistentwith this hypothesis,

it wasfound in onestudythat around95% of boundRNA polymeraseswerein fact locatedat the apicesof
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plectonemicallysupercoiledDNA (tenHeggeler-Bordieret al., 1992).During transcription,theloop is shifted

alongtheDNA sothat theapicalpositionof thepolymeraseis maintained—aphenomenonwhich hasthead-

vantageousconsequencethatthenascentRNA-chaindoesnotbecomewrappedaroundtheDNA template(ten

Heggeler-Bordieretal., 1992).It is temptingto suggestthatsuchapicalpositioningof promotersmayhave an

influenceon promoter-recognition: sinceanapicalloop in supercoiledDNA alwayspointstowardstheoutside

of thecircularDNA moleculeit is presumablymoreaccessiblefor polymerasebinding(tenHeggeler-Bordier

etal., 1992).

Structural cluster analysis

In orderto investigatewhetherthereis a connectionbetweenthepredictedstructuralcharacteristicsof a gene

on onehandandits function on the otherhand,we performeda clusteranalysisbasedon the five structural

parameters.Briefly, we calculatedthe averageof eachmeasurefor all 5000-bpwindows centeredon RNA-

or protein-encodinggenes,normalizedthe valuesbasedon the genomicaverageandstandarddeviation, and

thenusedtheresultingfivevaluesto clusterthewindows. We thustreateachgene-centeredwindow asa point

in a five-dimensional“structurespace”,andusetheEuclideandistancebetweenthemasa simplemeasureof

structuralsimilarity (see“Methods” for moredetailson clustering).Figure7 is a distance-treethatsummarize

theoveralltopologyof thisspace.In thisplot,all geneshavebeendividedintoelevenclustersandthetreeshows

therelativepositionof themid-pointsof these(thefivecoordinatesof eachcentroid,in standard-deviationunits,

is givenin thelegendto figure7). At thebaseof eachbranch,thenumberof genesin thatclusteris indicated.

To analyzewhetherthereis a connectionbetweenthetree-structureandgenefunctionality, we usedword-

analysissoftwarethatwe have previously developedfor investigationof yeastpromoters(Jensen& Knudsen,

2000). Briefly, the approachwas as follows. From the GenBankfile we first collectedall the functional

annotationsfor eachgene.For eachclusterwe thendividedtheannotationinto two groups:onecontainingthe

annotationfor theinvestigatedcluster(thepositive set)andanothergroupcontainingtheannotationfor all the

remaininggenes(thenegative set). By countingword frequenciesin the two setsandusinghyper-geometric

statistics,it wasthenpossibleto find annotationkeywordsthataresignificantlyover-representedin thepositive

set(Jensen& Knudsen,2000).On figure7 we have indicatedthemostsignificantwordsfoundin thisway.

As it canbe seen,several groupsdid displaysignificantover-representationof keywords. In somecases

a clusteronly containsa few genes,mostof which belongto oneor moreoperonsof relatedfunction. For

example,amongthe twenty genesin cluster11, ten belongto the phn operon,giving the entire clusteran

over-representationof thekeywords“phosphonatemetabolism”.Anotherexampleis cluster4 which contains

a numberof genesfrom two differentgroupsof genesthateachareinvolved in lipopolysaccharidesynthesis

(the rfa and wbb genes). Cluster4 is characterizedby extremevaluesfor all five measures,and displays

veryhighcurvature,very low flexibility andextremelyhighstackingenergy (correspondingto unstableDNA).

Cluster5 is structurallysimilar to cluster4 andcontainsthreeadditionalrfa-genes.Interestingly, E. coli strains
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lacking the HU protein, display a phenotypethat resemblesthe deep-roughphenotypeseenin rfa mutants

(Painbeniet al., 1997). SinceHU is known to interactwith curved or kinked DNA, andsincemost of the

rfa-operondisplaysextremestructuralproperties(includingvery high curvature),it is temptingto suggestthat

theinteractionbetweenHU andthischromosomalregionplaysarole in expressionof thegenes,althoughit has

beenreportedthatapparentlytheHU-deficientmutantsdo not have a truncatedlipopolysaccharide (Painbeni

etal., 1997).

Cluster10 is adjacentto cluster4 and5, anddisplayssimilar (but lessextreme)structuralfeatures:high

curvature,low flexibility, andhigh stackingenergy. Consistently, tenof the twenty extreme1000-bpregions

discussedabove (andwhich displayedthesamestructuralfeatures;table1) areincludedin oneof thesethree

clusters.In agreementwith thegenome-widetrendfor highercurvatureneartheterminus,thegenesin cluster

10 show a weaktendency to be locatedin this region (datanot shown). This fact is alsoconsistentwith the

observation that the keyword “Phage” is over-representedin cluster10 (20 of the 104 geneshave the word

in their annotation),sincethe terminusregion is known to containmany phage-andtransposon-relatedgenes

(Hill, 1996).

Most of the previously mentionedrhs-elementsare in cluster9 consistentwith the generalfeaturesdis-

playedby this group(low curvature,andvery high flexibility). Theoneexceptionis rhsEwhich is in cluster

1. This is presumablyrelatedto the fact that in E. coli K-12, the rhsE geneis truncatedandis abouthalf the

lengthof theotherrhs elements.OtherE. coli strainshave full lengthrhsE (Hill, 1999). The two genesthat

encodethebetaandbeta-primesubunitsof RNA polymerase,togethermake upcluster7.

Clusters1, 2, and3 togethercontainthe bulk of the genes(about94%), andconsequentlyhave average

structuralvalues.Interestingly, thekeywords“hypotheticalprotein” and“unknown ORF” areoverrepresented

in cluster1 (657 of the 1659genes).In cluster2, the keyword “Enzyme” is overrepresented,indicatingthat

mostof thehouse-keepinggenesarein this structurallyaveragecluster. Cluster3 is interestingin that it only

contains344genes,but amongtheseareall the ribosomalRNAs, andthemajority of the ribosomalproteins.

Comparedto clusters1 and2, the most importantdifferencewith cluster3 is that it hashigherDNaseIand

lower positionpreference—bothindicative of moreflexible DNA. Sincethe ribosomalgenesareamongthe

mosthighly expressedin growing E. coli cells,it seemspossiblethatthecommonstructuralfeaturesmayplay

a role in this.

Methods

Data

From the GenBank(Bensonet al., 1999) databasewe downloaded18 sequencedeubacterialand archaeal

genomes.Specifically, the following archaeawere included: Archaeoglobus fulgidus (Klenk et al., 1997),

Methanococcusjannaschii (Bult et al., 1996),Methanobacteriumthermoautotrophicum(Smith et al., 1997),
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andPyrococcushorikoshii (Kawarabayasietal., 1998).

Theeubacterialgenomeswere:Aquifex aeolicus(Deckert et al., 1998),Borrelia burgdorferi (Fraseret al.,

1997),Bacillussubtilis(Kunstetal., 1997),Campylobacterjejuni (Parkhill etal., 2000),Chlamydiatrachoma-

tis (Stephensetal., 1998),Escherichia coli(Blattneretal., 1997),Haemophilusinfluenzae(Fleischmannet al.,

1995),Helicobacterpylori (Tomb et al., 1997), Mycoplasmagenitalium (Fraseret al., 1995),Mycoplasma

pneumoniae(Himmelreichetal., 1996),Mycobacteriumtuberculosis(Coleetal., 1998),Rickettsiaprowazekii

(Anderssonetal., 1998),Synechosystissp.(Kaneko etal., 1996),andTreponemapallidum(Fraseretal., 1998).

Structural parameters

We initially selecteda setof six differentstructuralmodels. Basedon investigationsof correlationbetween

measures(seebelow) we thenchosefive of thesefor the presentstudy. The six original modelsarebriefly

describedbelow. All six modelsconsistof tablesgiving structuralvaluesfor eachdi- or trinucleotide.For the

first five models,predictionof the structuralfeaturesof any given DNA sequenceis donesimply by reading

alongthesequence,andfor eachpositionlook upthevaluefor thedi- or trinucleotidethatthepresentnucleotide

is partof. For trinucleotidesthevaluewasassignedto thecentralnucleotide,while dinucleotidevalueswere

assignedto thesecondnucleotide.In thecaseof thesixth model(curvature)dinucleotideparametersarefirst

usedto predict3D coordinates,andthepathof thepredictedstructureis thenusedto calculatea measureof

local curvatureat eachnucleotide.

DNaseIsensitivity

DNaseIis known to preferablybindandcutDNA thatis bent,or bendable,towardsthemajorgroove (Lahm&

Suck,1991;Suck,1994).ThusDNaseIcuttingfrequencieson nakedDNA canbeinterpretedasa quantitative

measureof major groove compressibilityor anisotropicbendability. Suchdatahave beenusedto calculate

bendabilityparametersfor the32 complementarytrinucleotidepairs(Brukneret al., 1995a).

Nucleosomeposition preference

Fromexperimentalinvestigationsof thepositioningof DNA in nucleosomesit hasbeenfoundthatcertaintrin-

ucleotideshavestrongpreferencefor beingpositionedin phasewith thehelicalrepeat.Dependingon theexact

rotationalposition,suchtripletswill have minor groovesfacingeithertowardsor away from thenucleosome

core(Satchwellet al., 1986).Basedon thepremisethatflexible sequencescanoccupy any rotationalposition

on nucleosomalDNA, thesepreferencevaluescan be usedas measuresof DNA flexibility. Hence,in this

model,all triplets with closeto zeropreferenceareassumedto be flexible, while triplets with preferencefor

facingeitherin or outaretakento bemorerigid (Pedersenet al., 1998).
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Propeller twist

Basedon X-ray crystallographyof DNA oligomersit hasbeenfound that thereis a correlationbetweenthe

propellertwist angleof a basepair (i.e., the anglebetweenthe planesof the two aromaticbasesin the base

pair)andthestandarddeviationonbasepair “slide” (essentiallythedisplacementof abasepair in thedirection

perpendicularto the helix axis) as estimatedfrom averagingover dinucleotideparametersin a large set of

crystals(Hassan& Calladine,1996).Sincetheability of abasepair to adoptwidely differentsidewisepositions

(and thus to have a large standarddeviation in slide) probablycanbe taken as an indication of local DNA

flexibility, thesamemustthereforebetrueof thepropellertwist angles.Generally, dinucleotideswith a small

propellertwist angletendto be moreflexible thandinucleotideswith a high (morenegative) propellertwist

angle.

Protein-induceddeformability

Proteininduceddeformabilityis adinucleotidemodelfor how easilyDNA is deformedby proteins.Thevalues

havebeendeterminedby investigatingasetof crystalstructuresof DNA/proteincomplexes(Olsonetal., 1998).

Theproteininduceddeformabilityvalueusedin thiswork, is ameasureof thesizeof theconformationalspace

coveredby DNA dimersin proteincomplexes(specifically, we have usedtheV ������� parameter).

Stackingenergy

Stackingenergy canbethoughtof asthestrengthwith which theplanararomaticbasesin adjacentbasepairs

interact. All stackingenergiesarenegative sincebasestackingis an energetically favorableinteractionthat

stabilizesthe doublehelix. This meansthat regions with lower (i.e., more negative) stackingenergies are

stronglystabilizedandthereforelesslikely to destackor melt thanregionswith higher(lessnegative) stacking

energies. Herewe have useda setof dinucleotidevalues(in kcal/mole)determinedby quantummechanical

calculations(Ornsteinetal., 1978).

Curvature

Intrinsic curvatureis a propertyof DNA that is closelyrelatedto anomalousgel mobility, asDNA fragments

with high intrinsic curvaturemigrateslower on polyacrylamidegelsthannon-curved fragmentswith thesame

length.In thiswork wehave usedtheCURVATUREprogram(which is basedon adinucleotidemodelderived

from gel mobility data)for predictionof intrinsic curvature(Bolshoy et al., 1991;Shpigelmanet al., 1993).

Briefly, theprogramusesasetof valuesfor thetwist, wedge,anddirectionanglesof dinucleotidesto calculate

the three-dimensionalpathof the input sequence.The curvatureat any given nucleotidein the DNA is then

taken to be a valuereciprocalto the radiusof a 21 bp arc centeredat the referencepoint. Other theoretical

modelsfor DNA curvatureexist—however, thesegive very similar predictions(Haranet al., 1994;Gabrielian
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& Bolshoy, 1999).

Corr elation of structural parameters

In orderto understandwhetherthesix measuresmentionedabovegiveindependentinformationaboutstructural

features,weperformedathoroughanalysisof correlationbetweenthescales.To dothis,wefirst calculatedthe

six structuralparametersat all positionsin a pieceof “randomDNA” of thesamelengthastheE. coli genome

(approx.4.6 Mbp). We thendividedtheDNA into non-overlappingfragmentsof length31 bp andcalculated

theaveragevaluesin eachof thefragments.For eachof thefifteenpossiblepairsof parameters,we thenused

the setsof 31 bp-averagesto calculatePearsonlinear correlationcoefficients(table4). This approachis one

way to overcometheproblemof comparingdi- andtri-nucleotidebasedscales.

Theresultsshowedthatthreeof thesix structuralpropertiesandAT-contentdisplayedrelatively high levels

of correlation.Specifically, thepropellertwist- andproteininduceddeformability-scalesaredirectlycorrelated

(a fact which canalsobe seenfrom direct comparisonof the dinucleotidevalues(Baldi et al., 1999)),while

thestackingenergy-scaleis inverselycorrelatedto propellertwist andprotein-induceddeformability. All three

measuresalsoshow correlationto AT-content.We observedonly very little correlationbetweencurvatureand

any of theotherstructuralmeasures,andwe alsofoundvirtually no correlationbetweenthetwo trinucleotide-

basedflexibility measures(DNaseIsensitivity and position preference)in agreementwith previous studies

(Brukneret al., 1995b;Baldi et al., 1998).Thefactthatthereis a relatively high correlationbetweentheDNA

flexibility measuresderivedfrom pureoligonucleotidecrystalson onehandandfrom protein-DNA complexes

ontheotherhand,probablyindicatesthattheconformationadoptedby DNA boundto proteinto a largedegree

dependson the inherentstructuralfeaturesof the DNA. This is consistentwith several investigationsof the

interactionbetweenDNA-bendingproteinsandtheirbindingsites(Parvinetal., 1995;Starretal., 1995;Grove

et al., 1996). We generallyfound that the correlationsmeasuredon biological DNA werehigherthanthose

measuredonrandomsequence(table4, valuesin parenthesesareonbiologicalDNA). Again, this is consistent

with thenotionthatDNA structureis oneof thedriving forcesbehindtheevolution of nucleotidesequencein

theE. coli chromosome.

Onegoalwith usingmultiple modelswasto obtaina setof independentflexibility predictionsthat could

thenbecompared.This approachwasmotivatedby theobservation that thecorrelationbetweenmany of the

existingflexibility modelsis quitelow (Brukneretal., 1995b;Baldi etal., 1998;Pedersenetal., 1998)andwas

furthermorebasedon the rationalethat if several independentmodelsagreeon a predictedfeature,thenthat

featureis likely to betrue. In this context it shouldbenotedthat therearetwo differentaspectsof correlation

betweenmodels.Ononehand,if two measuresarehighly correlatedthenonewouldonly gainasmallamount

of extra informationby usingboth models.On theotherhand,if two widely differentapproacheshave been

usedto quantitatetherelationbetweenDNA sequenceandstructure,andtheseapproacheshaveresultedin two

highly correlatedscales,thenthis is in itself anindicationthat thescalesaremeasuringsomethingmeaningful
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andthatpredictionsbasedon themshouldthereforebetrusted.As a compromisebetweenthesetwo opposing

views, we choseto excludeoneof the threecorrelatedmeasuresmentionedabove. Specifically, we did not

usethepropellertwist-basedmodel,while retainingtheprotein-induceddeformabilitymodel,andthestacking

energy scalein our analysis.We thusendedup usingthreedifferentmodelsof DNA flexibility: the DNaseI

sensitivity model,theproteininduceddeformabilitymodelandthenucleosomepositionpreferencemodel. In

additionwe usedonemodelfor stackingenergy andonemodelfor curvature,giving a total of five structural

modelswhichwereincludedin theanalysis.

We have noticedthat thecorrelationbetweensomemeasuresis significantlyhigherwhenestimatedfrom

a longerstretchof DNA thanwhencalculatedfrom directcomparisonof thescalesthemselves. For instance,

direct comparisonof the dinucleotide-basedpropellertwist- andstackingenergy-scalesgivesa linear corre-

lation coefficient of � 0.29whencalculatedfrom the 16 possibledinucleotides.Whencalculatedfrom only

the10 independentdinucleotidesit is slightly higher: � 0.30. In previous work we estimatedthis correlation

on the “trinucleotidelevel”, by taking the sumof all overlappingdinucleotides,andcomparingthosevalues

(Baldi etal., 1998).Thisgavealinearcorrelationcoefficientof � 0.55,i.e., significantlyhigher. As canbeseen

from table4, thecorrelationcoefficient calculatedfrom 31 bp averagesin 4.6 Mbp of randomDNA is higher

still: � 0.74. We believe this phenomenonis connectedto thefact thatwhile thephysicalreality behindDNA

structureprobablyinvolvesinfluencesfrom many neighboringbasepairs,thentheseparametershave beencal-

culatedby fitting experimentaldatato di- or trinucleotidemodelsonly. This presumablymeansthatif thereis

anunderlyingcorrelationbetweendifferentmeasures,thenthis will in effect bedividedbetweenoverlapping

sequencefragments.Furthermore,thechoiceof “dinucleotideframe” whenfitting datais alsoarbitrary. For

example,if theflexibility at thecentralA in thesequenceCGATC hasbeenestimatedby someexperimental

procedure,thenit is possibleto tabulatethis valueasoriginatingfrom eitherthedinucleotideGA or thedinu-

cleotideAT. This will further leadto discrepancieswhencomparingdifferentscalesat thedinucleotidelevel,

while significantcorrelationmaybeobservedat trinucleotideor higherlevels.

Construction of the visualization software

We have constructeda computerprogram(“GeneWiz”), for visualizationof DNA structuralfeaturesof long

DNA sequences(e.g., entirechromosomes).GeneWiz displaysthe datausing variousfilters andgraphical

techniques.The plots show structuraldataaswell asannotationsfor any specifiedregion. The raw datais

calculatedbasedon dinucleotideandtrinucleotidemodels,while the annotationsoften comefrom GenBank

records.TheGeneWiz visualizationprogramallows accessto variousparametersfor manipulationof filtering

andoutput features.Output is in postscriptfor easycrossplatform viewing. The output is a wheelshaped

graphic,eitherof thewholegenomeor subsections.It allows both for large scaleandfiner detailedanalysis.

Herethe datais color-codeddependingon the value. The configurationallows for the displayof datafrom

several differentdatafilters (suchasbox filters, or filters detectingcontiguousregions of relatively high or
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low valuesin thedatasets).We candisplaythe annotationsusinga seriesof iconswith userdefinedcolors.

This allows for the identificationof shortor long annotatedregionsof interest.We designedthepackagefor

the specificpurposeof examiningstructuralparametersin genomicdata,but it is alsouseful for visualizing

otherparameters,suchasfor instanceDNA repeats,basecomposition,andGC-skew (Jensenetal., 1999).The

programwill bemadepublicly available.

Color scheme

Thefirst stepin color-codinga wheelplot, is to determinethedistribution of structuralvaluesin theanalyzed

pieceof DNA. This is doneusingoverlappingwindows of thesamesizeasthewheelplot resolution(which is

calculatedfrom thesizeof theanalyzedDNA andthesizeof theplot). Thecolor-schemeusedin this work,

wasconstructedsothataveragevaluesarerendereda light gray, while moreextremevaluesareprogressively

morebrightly coloredandcanbemoreclearlydistinguished.Theprogressionin color from theaverageto three

standarddeviationsabove or below averageis linear (in termsof RGB color codes)in threesteps.Thus,the

color increasesvery slowly betweenthe averageandonestandarddeviation. Betweenoneandtwo standard

deviations, the rateof increaseis five timeshigherthanthe above, while the rateis two-fold higherstill be-

tweentwo andthreestandarddeviationsfrom thegenomicaverage.Whena valueis morethanthreestandard

deviationsfrom thegenomicaverageit is renderedblack(or actually, averydarkversionof therelevantcolor).

Structurally extremeregions

In order to identify regions with extremestructure,we first neededto definea set of stringentthresholds

for whenany given measurecanbe consideredextreme. For this purposewe first constructedfive different

mono-nucleotideshuffled versionsof theE. coli chromosome.Wethendividedtheshuffled chromosomesinto

non-overlapping1000-bpregions,andfor eachof theseregionscalculatedthe averagesof the five structural

parameters.For eachof the five measuresandin eachof the five shuffled chromosomes,we thennotedthe

largestandsmallestvalues.Thus,in thecaseof for instanceDNaseI,we endedup with five differentlargest

randomvalues,andfive differentsmallestrandomvalues.Finally, we calculatedtheaveragesin eachendand

usedtheseasthresholdsfor whenanobservedvalueis significantlymoreextremethanwhatshouldbeexpected

from base-compositionalone.

Analysis of structural featuresin promoters,intergenicregions,and codingDNA

We first constructedfive differentsetsof DNA sequences,basedon annotationin theGenBankfile. Thefive

classesare: codingDNA (CDSes),entireintergenicregionswith promoters,entireintergenicregionsthatdo

notcontainpromoters,sigma-70promoters,andsigma-54promoters.In thethreesetscontainingonlypromoter

sequenceswe selected60 bp windows thatwereplacedwith thedownstreamendof thewindow alignedwith
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thedownstreamendof the � 10box.

For all classeswe thendivided the sequencesinto 30 bp long non-overlappingfragmentsandcalculated

the averagestructuralvaluesin eachof these.The purposeof usinga fixed-lengthwindow to determineall

distributions, was to avoid problemswith comparingclassesthat areof different lengths. (The varianceof

any distribution is inverselyproportionalto thelengthof thefragments,meaningthatshorterfragments—e.g.,

promoters—willadoptmoreextremevaluesby chance).If a region waslessthanhalf the window sizelong

(i.e., lessthan15bp) it wasnotusedfor theanalysis.

For eachmeasure,all pairwisecomparisonsof the distributions (for all the five classes)wereperformed

usingKolmogorov-Smirnov two-samplestatistics(Young,1977). The resultsfor stackingenergy areshown

in table2. Specifically, this tablelists theKolmogorov-Smirnov statistic(essentiallya measureof thedistance

betweenthedistributions)alongwith anindicationof whetherthisdifferenceis significantwith p ���������
	 . For

avisualizationof theactualdistributionsseefigure5.

Promoter profiles

Averagepromoterprofileswereconstructedessentiallyaspreviously described(Pedersenet al., 1998),except

that theprofileswerenormalizedsothatall measureswould fit on oneplot. Briefly, promotersequenceswere

first alignedat thetranscriptionalstartpoint, andfor eachsequencethecorrespondingstructuralprofileswere

thencalculated.Subsequentlythe averageof all theseprofileswasconstructedandsmoothedwith a 31 bp

window. Finally, theresultingfive averagestructuralprofiles(onefor eachmeasure)werenormalizedsothey

couldbeshown on thesameplot. This wasdoneby calculatingthegenomicaverageandstandarddeviation of

all measuresusing31 bp windows, andsubsequentlynormalizingtheactualvalueby subtractingtheaverage

anddividing with the standarddeviation. Sequenceswereselectedbasedon annotationin the GenBankfile,

and—inthe caseof sigma-38—alsobasedon original literature(Espinosa-Urgel et al., 1996;Loewen et al.,

1998;Hengge-Aronis,1996;Schellhornet al., 1998).

Cluster analysis

In order to analyzethe connectionbetweengenestructureand function, we performeda clusteranalysisof

all RNA and protein-encodinggenesin E. coli. The structuralfeaturesof eachgenewere summarizedby

calculatingthe averageof the five structuralmeasuresin a 5000-bpwindow centeredon the gene. Again,

fixed-sizewindows wereusedin orderto avoid problemswith length-dependenceof theaveragevalues.The

five averageswere then normalizedby, for eachmeasure,subtractingthe genomicaverage(of all 5000-bp

windows) anddividing with thegenomicstandarddeviation (usingthesamewindow size). This resultedin a

setof five normalizedcoordinatesfor eachwindow. From thesevalueswe calculatedall pairwiseEuclidean

distances,andthenperformedhierarchicalclusteringusingthe UPGMA-algorithmincludedin the PHYLIP
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package(Felsenstein,1989).The11-clusterlevel waschosenafterinspectionof severaldifferentcluster-levels

(usingsoftwarethatwe developedspecificallyfor thepurposeof interpretingtreesashierarchicalclusters).
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Captions

(Table1, caption):Regionsof extremestructurein theE. coli genome.Pos.:thepositionin theE. coli genome

of the1000bp window (numbersarekbp measuredfrom zerominutes).Nearbygenes:thetwo genesnearest

theextremeregion (mostupstreamgeneis mentionedfirst). Thesignindicateswhetherthegeneis transcribed

in theclockwise( , ) or counterclockwise( � ) direction.Class:thetypeof region coveredby theextremewin-

dow. CanbeeitherIg (mainly intergenic),CDS(mainly coding),or Ext (extended).Prom.: indicateswhether

theextremeregion is known to containapromoter

(Table1, footnotes):�
Most extremein intergenicregion, but structurehigh in 872–877kbp. # ymfDandymfEaresimilar to phage

genes.Therearethreepredictedsigma-54promotersoverlappingymfE. - Structuremainly in ydcD.The rhsE

genehas“opposite”structuralcharacteristics(figure4, upperpanel). � Most extremewheregenesoverlap,but

structurehigh in 2101–2108kbp. � fig. 4, lower panel. . High structurein 2985–2994kbp. � High structurein

3264–3267kbp,but curvatureis mostextremewithin thetdcRgene./ High structuremostlyin CDSesbetween

3579and3581kbp. Anotherhigh region between3582and3583kbp. In the low-structureinterval thereare

two IS-relatedgenes.0 High structurein 3795–3806kbp,mostlywithin CDSes,andcoveringmostof thetwo

oppositelyorientedrfa-operons(except for rfaD, rfaF, and rfaC). Thereis a shorterextremeregion further

upstreamcovering htrL. InterestinglyE. coli cells lacking the HU protein,known to interactwith extremely

structuredDNA, have a phenotypethatresemblesthatof rfa mutants(Painbeniet al., 1997).
� � Most structure

within yjcF, but extendinginto flankingintergenicregions.
�1�

High structurebetween4574and4579kbp. Ex-

tremestructurewithin hsdS

(Table2, caption): Summaryof Kolmogorov-Smirnov testsfor differencesbetweendistributionsof stacking

energy in differentclassesof DNA. CDS: proteinencodingDNA sequences.sigma-70:sigma-70promoters

(predictedanddocumented).sigma-54:sigma-54promoters(predictedanddocumented).IG with prom.: in-

tergenicregionsthatcontainpredictedor documentedpromoters.IG no prom: intergenicregion thatdoesnot

containpredictedor documentedpromoters.In theuppertriangletheKolmogorov-Smirnov statisticis given.

This is essentiallya measureof thedistancebetweenthedistributions. In thelower triangleis anindicationof

whetherthedifferenceis significantwith p �2�������
	 (“ , ”). Note that thesigma-54distribution wasfoundnot

to besignificantlydifferentfrom theCDS-distribution (p 3������54 , “ � ”).

34



(Table3): Box-plotof structuralfeaturesfor CDSes,intergenicregionswith promoters( �  ) andintergenic

regionswithout promoters(  � ), for 18 prokaryoticgenomes.For eachclassandfor eachmeasure,the

distribution of valuesis summarizedby indicatingthemedian(centralbarin box),aswell asthe15thand85th

percentiles(narrower barsatendof box). Thetablehasbeensortedaccordingto genomicAT-content,which is

alsoindicatedin thefirst column.Scaleof columnsis asfollows. Curvature:0.114to 0.329.Stackingenergy:

� 9.218to � 6.136kcal/mole.DNaseI: � 0.085to 0.003. Positionpreference:0.789to 0.886. Deformability:

3.661to 5.954.Abbreviations:Afu: Archaeoglobusfulgidus, Aqu: Aquifex aeolicus, Bbu: Borrelia burgdorferi,

Bsu: Bacillus subtilis, Cje: Campylobacterjejuni, Ctr: Chlamydiatrachomatis, Eco: Escherichia coli, Hin:

Haemophilusinfluenzae, Hpy: Helicobacterpylori, Mge: Mycoplasmagenitalium, Mja: Methanococcusjan-

naschii, Mpn: Mycoplasmapneumoniae, Mth: Methanobacteriumthermoautotrophicum, Mtu: Mycobacterium

tuberculosis, Pyr: Pyrococcushorikoshii, Rpr: Rickettsiaprowazekii, Syn: Synechosystissp.,Tpa: Treponema

pallidum. See“Methods” for bibliographicalreferencesto original sequencepublications.

(Table4): Linear correlationcoefficientsbetweenstructuralscalesmeasuredon 31 bp fragmentsin approxi-

mately4.6 Mbp of randomDNA. Valuesin parenthesesarethe coefficientsmeasuredon 31 bp fragmentsin

therealE. coli genome.Notethatgenerallythecorrelationobservedin thebiologicalDNA is higherthanthat

seenin randomDNA. Also indicatedis thecorrelationbetweenstructuralmeasuresandAT-content.
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(Figure 1): Structuralatlasfor the entireE. coli chromosome.The value of eachmeasurealong the DNA

sequenceis shown usingcoloredconcentricwheels(onefor eachmeasure)representingthecircularchromo-

some. The sequenceof measuresis indicatedin the legendat the right (curvaturevaluesareplotted in the

outermostcircle, while stackingenergy is in the innermost).“Up” on thewheelscorrespondsto zerominutes

on theE. coli linkagemap,with increasingminute-positionsin theclockwisedirection. Thenumberson the

insideof theinnermostwheelis thepositionrelative to zerominutesmeasuredin millions of basepairs(Mbp).

Resolutionof is 928 bp meaningthat the thinnestvisible line in the innermostcircle, correspondsto a DNA

region of length928bp,andthestructuralvalueshave beensmoothedusinga runningaveragewith a window

sizeof 9280bp. Also indicatedare the locationsof the origin of replication(oriC, upperleft part of circle,

around4 Mbp) andthe terminusregion (TerE-TerG, lower right partof circle, around1.5 Mbp). Finally, we

have indicatedcentralgenesin regionspossessingextremestructureon theedgeof theoutermostcircle. See

table1 for amorethoroughdescriptionof someof theseregions.

(Figure2): Curvatureprofiles.Theprofileshavebeensmoothedusingarunningaveragewith window size250

kilo basepairs(kbp),andvalueshave furthermorebeennormalizedandarein unitsof standarddeviationsfrom

genomicaverage.Upper panel: Curvatureprofileof theentireE. coli chromosome.Thelocationof theorigin

of replication(oriC) andthe terminusregion (with terminatorsitesTerA, TerB, TerC,TerD, TerE,TerF, and

TerG)is indicated.Notethebroadcurvaturepeakin theterminusregion, centeredon TerC(which is believed

to bethemostfrequentlyusedterminatorsite). Lower panel: Curvatureprofile of theentireB. subtilischro-

mosome.Theorigin of replicationis atpositionzerokbp. Thelocationof theterminusregion (with terminator

sitesTerI-TerVII) is indicated.

(Figure3): Distribution of structuralparametersin realandshuffled DNA. Thedistribution of valueswascal-

culatedfor all fivemeasuresin 1000bpnon-overlappingwindows in theentireE. coli genomeandin ashuffled

versionof the same.Note that in the caseof curvature,proteininduceddeformability, andstackingenergy,

theshuffled distributionsaremuchnarrower thantherealdistributions,meaningthat therealbiologicalDNA

displayssignificantlymoreextremevaluesin bothdirectionscomparedto theshuffled DNA. For DNaseIand

nucleosomepositionpreferencevalues,however, the bulk of the shuffled distribution is shifted to oneside,

so thatbiologicalDNA on averageis predictedto be lessflexible (morerigid) thanexpectedfrom themono-

nucleotidefrequencies(i.e., therangeof valuesin thebiologicalDNA is wider thanthatof shuffled DNA).
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(Figure4): Structuralatlas:thisplot representsashort,non-circularregionof thechromosome,asindicatedby

thegapatthetopof thecircles.Also shown arethepositionsof annotatedgenes(third tier of circles;CDSesare

shown ascoloredboxes;thedirectionof translationis indicatedby theshadeof thebox)(Upper panel:) close

up of rhsE region. (Lower panel:) closeup of regionnear2363kbpcontainingtypical intergenicstructure.

(Figure5): Distribution of stackingenergies in CDSes,intergenic regionswithout promoters,andintergenic

regionswith promoters.

(Figure6): Structuralprofilesof the four major sigma-classes.The sign of positionpreferencehasbeenre-

versed,sothatit is orientedin thesamedirectionastheotherflexibility measures.Theprofileswerecalculated

from promotersequencesalignedat thetranscriptionstart.Furthermore,theplotshave beensmoothedusinga

runningaveragewith window size31bpandnormalizedbasedonthegenomicaverageandstandarddeviation.

(Figure7): Structuralclusteranalysis.Distancetreeshowing therelative locationof 11 gene-clustersbasedon

averagestructuralmeasures.Thenumberof genesin eachclusteris indicatedat thebaseof thebranch.Signif-

icantly overrepresentedannotationkeywordsareindicatedat theendof branches.Namesof genesmentioned

in the text are indicatedin parenthesis.The centroidcoordinatesof the 11 clustersaregiven below (values

arenormalizedandarein unitsof standarddeviationsfrom genomicaverage.They arelistedin thefollowing

order: curvature,DNaseI,positionpreference,deformability, andstackingenergy). Cluster1: 0.7, -0.6, 0.3,

-0.6,0.6. Cluster2: -0.6,0.3,0.1,0.6, -0.6. Cluster3: -0.3,0.9, -1.6, -0.3,0.1. Cluster4: 3.3, -2.4,2.1, -4.4,

4.6. Cluster5: 3.0, -3.3,2.2, -2.8,3.1. Cluster6: -0.5,2.6, -3.3, -0.7,0.5. Cluster7: -1.6,1.1, -4.6,0.1, -0.8.

Cluster8: -1.7, 2.0, -1.7, 0.8, -0.9. Cluster9: -2.1, 3.9, -2.8, 0.7, -0.6. Cluster10: 2.3, -1.3, 0.7, -2.8, 2.8.

Cluster11: -2.9,2.2,1.1,2.7,-2.8.
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Table1:

Pos.(kbp) Nearbygenes Class Prom.
238–239 yafT ( 6 ) yafU ( 7 ) Ig 7
872–873 b0832 ( 6 ) b0833 ( 6 ) Ext 8 6

1102–1103 csgD ( 7 ) csgB ( 6 ) Ig 6
1196–1197 ymfD ( 7 ) ymfE ( 7 ) CDS9 6
1528-1529 rhsE ( 6 ) ydcD ( 6 ) CDS: 6
1622–1623 ydeI ( 7 ) ydeJ ( 6 ) Ig 6
1819–1820 celB ( 7 ) celA ( 7 ) Ig 7
2102–2103 wbbK ( 7 ) wbbj ( 7 ) Ext; 7
2363–2364 ais ( 7 ) b2253 ( 6 ) Ig < 6
2453–2454 b2339 ( 7 ) b2340 ( 7 ) Ig 6
2993–2994 b2856 ( 7 ) b2857 ( 7 ) Ext= 6
3265–3266 tdcR ( 6 ) yhaB ( 6 ) Ext> 6
3580-3581 yhhZ ( 6 ) yrhA ( 6 ) Ext? 7
3797-3798 rfaZ ( 7 ) rfaY ( 7 ) Ext@ 7
3798-3799 rfaY ( 7 ) rfaJ ( 7 ) Ext 7
3802-3803 rfaS ( 7 ) rfaP ( 7 ) Ext 7
3920-3921 atpI ( 7 ) gidB ( 7 ) Ig 6
4266-4267 tyrB ( 6 ) aphA ( 6 ) Ig 6
4280-4281 yjcF ( 7 ) yjcG ( 7 ) CDS8BA 6
4578-4579 hsdS ( 7 ) Ext 8C8 7
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Table2:

CDS sigma-70 sigma-54 IG with prom. IG noprom.
CDS 0.33 0.06 0.42 0.29
sigma-70 6 0.30 0.09 0.05
sigma-54 7 6 0.38 0.25
IG with prom. 6 6 6 0.13
IG no prom. 6 6 6 6
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Table3:

Curvature Stackingenergy DnaseI Locationpref. Deformability
Mtu CDS
34% D EE D
Tpa CDS
47% D EE D
Eco CDS
49% D EE D
Mth CDS
50% D EE D
Afu CDS
51% D EE D
Syn CDS
52% D EE D
Bsu CDS
56% D EE D
Aqu CDS
57% D EE D
Pyr CDS
58% D EE D
Ctr CDS
59% D EE D
Mpn CDS
60% D EE D
Hpy CDS
61% D EE D
Hin CDS
62% D EE D
Mge CDS
68% D EE D
Cje CDS
69% D EE D
Mja CDS
69% D EE D
Bbu CDS
71% D EE D
Rpr CDS
71% D EE D
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Table4:

DNaseI Curvature Prop.twist Deformability Stacking Positionpref. AT %
DNaseI 7 0.27 0.37 0.11 7 0.18 7 0.21 7 0.15

(-0.33) (0.47) (0.25) (-0.30) (-0.33) ( 7 0.28)
Curvature 7 0.27 7 0.33 7 0.24 0.25 0.15 0.26

(-0.33) (-0.42) (-0.34) (0.36) (0.21) (0.36)
Prop.twist 0.37 7 0.33 0.80 7 0.74 7 0.15 7 0.88

(0.47) (-0.42) (0.87) (-0.82) (-0.22) ( 7 0.91)
Deformability 0.11 7 0.24 0.80 7 0.80 0.06 7 0.78

(0.25) (-0.34) (0.87) (-0.86) (0.00) ( 7 0.85)
Stacking 7 0.18 0.25 7 0.74 7 0.80 7 0.03 0.90

(-0.30) (0.36) (-0.82) (-0.86) (0.04) (0.94)
Positionpref. 7 0.21 0.15 7 0.15 0.06 7 0.03 0.02

(-0.33) (0.21) (-0.22) (0.00) (0.04) (0.09)
AT % 7 0.15 0.26 7 0.88 7 0.78 0.90 0.02

( 7 0.28) (0.36) ( 7 0.91) ( 7 0.85) (0.94) (0.09)
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