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Resumen. 
La curvatura del DNA ha sido estudiada por más de 20 años, y se ha 

relacionado con un amplio espectro de funciones biológicas, tales como la 
replicación, la regulación transcripcional, el empacamiento del DNA, la 
integración de virus y transposones, y la recombinación ( 1, 7, 14, 24 ). Estos 
estudios fueron realizados principalmente en regiones discretas y loci 
específicos. No fue sino hasta que el avance en la tecnología de 
secuenciación permitió obtener Ja secuencia de genomas bacterianos 
completos que los determinantes globales de Ja curvatura de un genoma 
pudieron ser analizados. En esta tesis se presenta una de las primeras 
caracterizaciones de los determinantes globales de los perfiles de curvatura 
de genomas totales, incluyendo la relación que tiene la curvatura del DNA 
con las preferencias de uso de codones y la composición del proteoma. 

Estudios de la relación que hay entre la curvatura del DNA y la regulación 
transcripcional han sido realizados para un número relativamente pequeño 
de genes, tales como Jos genes dependientes de sigma 54 glnA y glnH en E. 
coli ( 12), el regulador transcripcional H-NS (23), sigma S ( 13 ), y CRP e IHF 
( 14). Recientemente se han publicado estudios de carácter global, en donde 
se ha reportado la curvatura promedio de las regiones promotoras de E. coli 
y de H. sapiens (l 6), posteriormente se ha publicado una comparación entre 
Jos perfiles genómicos promedio de regiones reguladoras de genomas de 
bacterias mesófilas e hipertermófilas (17), así como las características de la 
curvatura de promotores de genes de micobacterias (18). 

En el presente trabajo extendemos estas nociones previas sobre la 
trascendencia de la curvatura del DNA como elemento de la regulación 
transcripcional dentro de un contexto genómico, mediante la evaluación de 
la conservación de señales de curvatura en regiones de regulación de genes 
ortólogos en más de 90 genomas. Hemos identificado varios grupos de 
proteínas ortólogas que presentan señales de curvatura significativamente 
conservadas, indicando un posible mecanismo común de regulación. Estos 
grupos son examinados y discutidos en este trabajo. 

Nuestros datos nos han permitido identificar grupos de genes 
corregulados en E. coli que presentan señales de curvatura conservadas, en 
varios casos no hay una descripción previa que relacione a la proteína 
reguladora con la curvatura del DNA. Este análisis sienta las bases de la 
caracterización experimental del mecanismo de regulación de varios genes 
tales como los dependientes de TyrR, en el cual la curvatura del DNA 
pudiera jugar un papel importante. 
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Abstract. 
DNA curvature has been studied for more than 20 years and has been 

related to a broad spectrum of biological functions such as DNA replication, 
transcriptional regulation, DNA packaging, transposon and virus integration, 
and recombination (reviewed by 24, 7, 1, 14); It was not until the advent of 
powerful sequencing techniques and the subsequent growth on the DNA 
sequence databases, along with the determination of severa! complete 
genomic sequences, that DNA curvatu~e was able to be studied in a genoiúic 
context. . 

This work describes one of the earliest characterizations of the global 
determinants of a genome's curvatuí·e profile, including its relationship with 
the codon usage preferences and the proteome composition. Studies on the 
relationship of DNA curvature with transcriptional regulation have been 
conducted for a relatively small number of genes and discrete loci, such as 
Sigma-54 dependent g/11Ap2 and glnHp2 genes (12), H-NS histone-like 
protein (23), Sigma-s (13), IHF and CRP regulatory proteins (14), and 
artificial constructs using the T7 virus promoter (25). 

Within a more global scope analysis Gabrielian and co-workers ( 16) 
found that the promoter regions of E. coli tend to be significantly more 
curved than coding regions or randomly permuted sequences. Bolshoy and 
Nevo ( 17) reported high average curvature values in the upstream regions of 
mesophilic bacteria, as opposed to the case of hyperthermophilic bacteria 
and Archaea. Here we extend the previous notions about the transcendence 
of DNA curvature in the transcriptional regulation of genes within a 
genomic scope. 

In this study we evaluate the conservation of DNA static curvature as a 
regulatory element in the transcription initiation of eubacterial and archaeal 
genes from 90 complete genomes. Significant curvature signals were 
collected and conserved curvature profiles were identified in orthologous 
gene sets, as defined in the Cluster of Orthologous Groups (COGs) (26) 
database and additional homology data for the genomes not yet included. 
Severa! orthologous gene sets present significantly conserved curvature 
signals, indicating a possible common regulato1y mechanism. Relevant 
examples of 011hologous groups with conserved curvature signals are 
cxamined and discussed. 

Our data allowed us to idcntify severa! genes corregulated in the E. coli 
genome, with conserved curvature signals. This givcs a mainframe for the 
experimental charactcrization of regulatory mechanisms related to DNA 
curvature previously unknown, such as the case ofthc PurR regulator. 
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Introducción. 
La estructura del DNA. 

La estructura de la molécula de DNA, carn~Jf:rtz:acla jnic.ia)mente. por 

Watson y Crick en 1952, fue representada como una doble hélice, si~uiendo 
una trayectoria recta. Estudios posteriore~ d~inostr~tc)p91Je,'ías inter~cciOnes 
electromagnéticas entre los diferentes niicleótidoi·'c;aüsan'}a;iaciones a lo 

. _'. __ ,_:..:. - _:,._-· ·~~~~-~_.;_~:-·.'"'·-~=·=';~o..o-o=-'-' 

largo de Ia-fr~yecic)l:ia de la hebra de(PNA.-. 1gst~s han sido descritas 
· -· · ~ .- -r ·; - . -r .': ... < , • - . ·· . .~ . . _ , , ,.. . ,_ . ,,.~ .. , .. . , . 

mediante un ~onj~nto de variables geotriétri~~s '(l}(fig '¡ ). 

a) 

'l'hb. fiHUH· is 11Urt'IY 
11ial(r:unmnLiC'. ThP. two 
l'ibbOn$ syrnbolizr.~ thc 
two phOStlhatc-sugnr 
rhaiJrn, anti thc ltorl· 
7,ont:LI rod~ thc palrs of 
bnsea holding thc ch:,io~ 
tos;clhcr. 'J'hc vcrtieal 
linc mark3 tl1c llbre ,.,,,;, 

b} 

z 

lilt 

Roll 

z 

Figura 1. a) Imagen original del artículo de Watson y Críck (Nature, 1953) b) Algunas de las variables 

geométricas que pueden desviar al trayectoria de la molécula de DNA, la variable twist presenta un valor 

constante de 36 grados, las otras variables pueden generar cambios en la trayectoria. 

TESIS CON 
FALLA DE ORIO.EN 
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Las variables tilt y roll, nos permiten reconstruir la trayectoria de la 

molécula de DNA en el espacio. Esta trayectoria depende intrínsicamente de 

la secuencia, y la representación gráfica de la misma nos permite identificar 

y visualizar regiones curvas en la molécula del DNA (fig 2). 

)l'o'. ,., 

Figura 2. Mapeo de la trayectoria de un fragmento de DNA curvo. 

El DNA curvo. 

Las primeras nociones acerca del DNA curvo provienen de la observación 

de patrones de corrimiento anómalo de fragmentos de DNA en procesos de 

electroforesis en geles de agarosa (2). La caracterización de estos fragmentos 

de DNA reveló qlle las restricciones estructurales impuestas por una región 

curva en Iª· mqlécula no permite el libre flujo a través de la retícula del gel, 

causando u11~4i~minución en la velocidad de migración de la misma. 

Originaiinente fueron propuestos dos modelos para explicar el fenómeno 

del DNA c;urvo: El modelo del vecino cercano (3) propone que las regiones 

curvas en el DNA son producto de la acumulación de muchas pequeñas 

IT.SIS CON 
FALLA DE ORIGEN 
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deformaciones locales en la •molécuJa. El .modelo deunión.{4)propone que 

los sitios curvos oéufr~n •en:lf interfas~ eritre d6s: variantes estructurales 

diferentes·de•1a···dob1~:1~é1i¿e~&e;l3~ÓNA::Po~te'rior1iiei'ité,esfosn1odel.oshan 

derivado en .. diferentes.sub~n~Ód~bs··~u~irii{!nfallprédecir la curvawra de. una 

molécula de DN~ ·,·:~º;~'> I~ J{a9br·~pi~ci~·ió{ posi~le. Alg~nos de los más 

i mportamescªPn: ___ ~. =·· ,;:. 

• ~odelo déb~é ~anHs Q) .. L()S \lal(frcis 9e las variables geométric~s d~I 
DNA, ~~. ;o6d,et1'en( .~~ ('c;áicJJos de minimización . de la .. energía 

¡. '--." .. ·;•'· ,,,.· ·\ .. :·c.·.:-,·.;· .... :~;~···-~·:,",·:·~.·::_ .,';-.,.···:·• ' ' ·.·:·, . . :·-' 

confo1;111adoria1 del~:rrio1écuí'ácie DNÁ,· verificados n1edia~·te~~1 ·~ná1isis 
: . ·(_ :::·::>·-- , __ ;~-;-~· ~-~~:~:>, :::. ~::·,.-_"r::-::-:_:,.·/\) .. :-~:_~::<. ~:;:::.· :- ::.;; .. ,·<_·. ·"· .. ~ -__ -:. .· .. - . : ·~- -_- ~:~_, --.: _: ... :::_ .. ,.>··~'- ,-;" :_- --:-

de cristC1les'dé!'oligqfiü{;le§ticlqs,cy1~ ~()r~éctª .predicción· p1f)a!)novilidad 

. ~:::::::t:1t1ill lil~lf~1111:~~t[J~~~:iif :°':~::'. 
especialmente.coiffqrfriado~.P~ts§;,i\yif9iis:q~:poliainii1a·•tlat1queadas.pór 

otros nuclecStid¿Jt · iñ·;·~~1é·iWóci~füü:e1:;·aÍHuó1eóÜdo a-a es considerado 
. ;· «, ·. ~" ··'· ' .. ;_. ~-· 1; . ,, :-;:'.····, ·.'.·< ~,._. :" 
'. ,,,.._,: -_:/ '":'';_ .. -.'.'- .· :·· ·.-· ' .... _·. '.·:' .. '.:_-~,~-·::.;· -: :"" - ·' 

recto (con valores angµla'1;es'.d~~Ok ef dinucleótido a-t curvo, con un 

ángulo de> ron \ie·'·,6 gr~do~ y ·~)\esto de los dinucleótidos son 
. , .. - -· .. ·.· . " . : 

consideradoi; ''J]gera'~ente.doblácfos" con un ángulo de roll constante de 

3 grados. 

• Modelo de Bo.!shoi (5). Este modelo es generado a partir del análisis de 

54 oligonueleótidos sintéticos, da una contribución importante a la 

variable tilt, y permite un gran intervalo de variación en la variable twist, 

que otros modelos consideran constante. 

• Posicionamiento de nucleosomas (6). Las contribuciones angulares de 

este modelo son derivadas exclusivamente de observaciones 

experimentales sobre la preferencia de la ubicación de trímeros en 

círculos pequeños de DNA y regiones enrolladas en nucleosomas. A 
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pai1ir de estas secuencias fueron obtenidas las frecuencias de ocurre11cia 

de cada trílneró en ellado clmcavo (el surco mayor) del DNA. VaJores de 
,\. ''·· . - . . . ' , 

roll · fueron:·,a~ign~do~c;en:'baséa estas: frecuencias.· Este n1odelO'ha · 

demostra9o~e~eJ'1~~~ exact6 e~c~anto a su capacidad de precliccion de 

la estructura de oligómeros y su compo11amiento en geles de agaroSa, y 

es el modelo utilizado en el presente estudio. 

El papel de la curvatura del DNA en la biología. 

La relevancia biológica de la curvatura del DNA ha sido estudiada por 

más de 20 años, y se ha relacionado con una gran variedad de procesos 

biológicos, tales como la replicación del DNA, recori1bin?ción, 

transposición, empaquetamiento de la cromatina y regulación transc'ripcional 

(7). Estos estudios ha~. s~(jo :;J~~li2:~dos, 4nicamen.te en locf e~p~cíficos y 

regiones discretas de DNA.~~)~:Jgl\1füs ofgai1is1nos mocielo, 
• . • ~ .• ~ -,, ' . .-. ¡: . :• - ,,- • • ' '( '. - ' '' .. ' •• , • • ' 

El desarrollo en. la;tec11qlogÍ.ri'.~e·~~cu·e11ciaciÓh de:DNA ha generado un 
.: . •:;l':X;\'/, .•i\; . \ ·.·;.•· ',: ·:' .. : • : •;. . ::/' .. .:; ;; . :. : ·•.. . . 

crecimiento exponencial :e_ri'.:.e,t·füupaQ.o déJ{ls :bases;;.§e~.datos de secuencia, y 

se ha determinado Ja s<@~.~Kd,f~ ~orl}~l,~~~{~e·,~~g d~ .1.00 genomas arqueo

bacterianos, y al r~~·@.~?f;.{4~~·~tq ·~~fi~l{ffis el.Jéariontes. Este caudal de 

información ha abierto la oportunidad derealizar estudios que contemplan al 

genoma como unidad fundamental, y pem1iten comparaciones globales entre 

diferentes genomas. 

Determinantes globales de curvatura. 

El perfil de curvatura de un genoma completo fue descrito por primera 

vez en 1997 (8) y se demostró que cada genoma posee un perfil de curvatura 

característico. Nuestro trabajo extendió este análisis caracterizando los 

determinantes biológicos de la curvatura del DNA de genomas totales, 
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mediante la manipulación in si/ico de la secuencia nucleotídica. 

Curvatura del DNA y regulación transcripcional. 

El papel de la curvatura del DNA como elemento regulador de la 

transcripción ha sido confirmado para numerosos genes en donde se ha 

demostrado que las regiones curvas favorecen la interaccióp entre.:eI~DNAy 

la RNA.polimerasa,así. como la formaciónd~lc9m1)1ajp~~~J~rtoI(J2~--l3). 

~~~,;:;~~1I1f ~!:~:~:~::::i~~~:::~~l¡~~ll~liilltl:il11. 
las regiones ·promotoras en genomas .;icorriplét.os,• ;o::tj\íé· han~; ideritificado 

· . . _ . . . .: , ;- ____ : .. : · . · ::~· '.? - -~-~- ;;. ~:< J;-S/.~ ::;·~~'·;:~~~~t;f?.~~4i{3:·~·~~.~:~-; ~~~~~{:_>(;(y~~, \'~i~;~_.:· .. :.>/rt: ·;·?Y;·;º_:. Y/~-~; ... ·. ¡:?\i <'.-_'.-·: -

tendencias a valores·altos·.decur.ya~,úrfi\e!ifa~Nq~~ªq,~ct~ri,ªpO.'~y~~de'..fagos, 

~::::,d:: ::: c~;-~r.:~~f ~lrYl~1~~U~JJ~~~dr~~'.'J:ºtf t~1!~1;~~ 
promedio en genomas de ba~teri~~-:i1i~§ofi1él~·cl1ry s~ñales de DNA curvo 

en algunos promotores de micobactériás (18): .· 

Desarrollo. 

La metodología seguida .. ~n .. este·. proyecto,· así como los principales 

resultados, fueron publicados · en 2 artículos en revistas de arbitraje 

internacional (Micrnl:>iªI ~riel Comparative Genomics), los cuales se 

presentan aquí. La•uiÚni~ parte del desarrollo de este proyecto, que involucra 
.... - . - -~ -·-.:::·' .~;·:;-··_ .' 

el análisis de regidnes de regulación, fue reportada en un manuscrito, 

sometido pa;a ~~ :puBli~ación (Nucleic Acids Research). El manuscrito en su 

totalidad compone la ultima parte del desarrollo. 
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RUY,JÁUlrnGUl, 1 FEDIW.ICOO'REILLY,2 FR¡\NCISCO HOIJV/\R,·' 
andENRlQUE MERIN03 

i\HSTR/\CT 

Slalic DN/\ cur\'alure dislribulions of' f'ull-sequenced genomcs and largc DN/\ conligs f'rom 
clilTcrenl organisms wcrc calculalcd. Vcry clislincli\'e differcnccs among hislogram prolilcs 
coming from archaebaclcria, cubaclcria, ancl cukaryolcs wcrc ohscr\'ccl. Eubaclerial pro
lilcs wcre, on a\'erage, more cur\'ccl !han wcre archaeal and cukaryolic prolilcs. ¡\ compar
ali\'c :umlysis belwcen real ancl ranclomizecl ON/\ sequenccs rc\'calccl lhal cubaclcrial 
genomcs prcsentecl, o\'crall, higher cur\'alure values !han ranclom sequenccs. i\n opposile 
porlrait was exhihited by archacal ancl cukaryolic genomes. They clisplayccl a lowcr fre
qucncy of' cur\'ecl regions than lhcir corrcsponding randomizccl scqucnccs. Thc conlrihu
lions of' cocling ancl intergcnic regions lo lhc curvalure prolile werc also analyzccl. lnlergcnic 
regions, on average, were f'ound lo he more curved !han lhe ovcrall genomic sequenccs, es
pccially in prokaryolic organisms. Ne\'crthcless, hecausc of' lheir small size wilh rcspcct lo 
coding rcgions, the conlrihulion of inlergenic sequcnces lo the overall curvature prolile 
tended lo be minor. ¡\ clear relalinnship helween codon usage ancl DN/\ curvature was 
clcmonstratcd, and a proposal of the possible coevolulion of' bolh syslcms is discussed. Fi
nally, we prcsent a procedure lo <1uanlil"y !he devialion of' a curvalure prolile from n111-
clo111ncss lhrough a formal statislical analysis. 

INTRODUCTION 

T hc relcvance of DNA curvalllrc as a rcgulalory componcnl in lranscriplion, rcplicalion, rccoml>inalion, 
and chromatin slruclure has l>ecn proposcd for more lhan 15 years (reviewed by Hagennan, 1990; lfar

ringlon, 1992; Travers, 1990; Kathlccn, 1992; Pérez-Martín et al., 1994). The increasing evidencc in favor 
of DNA scquence-depcndcnl conformalions has encouraged lhc sludy of lhe l>cnding propcnsily par.une
lers of dinuclcolidcs and lrinucleolides. Bending conlril>ulion matrices have l>ecn deduced from analysis of 
differenl scquences l>y eleclrophoresis gel relardalion (Calladine el al., 1988; Bolshoy el al., 1991), x-ray 
diffraclion (Koo and Crolhcrs, 1988; Nelson el al., 1987), NMR analysis (Clorc and Groncnlmm, 1985; 
Sarma el al., 1988), DNAse prolcctinn cxpcrimcnls (Satchwell et al., 1986), and, thcorelically, cncrgy cal
culalions (Cacchionc el al., 1989; De Sanlis el al., 1986). Thcsc data, in conjunctinn with computer algo-

1 L'lhoratorio de Biología Computacional. Centro de Investigación sobre Fijación de Nitrógeno. 2tnstituto de In ves· 
ligaciones en Malcm:íticas Aplicadas y en Sistemas, and 3Dcpartamento de Microbiología Molecular, lnstinuo de Biotec
nología. Universidad N:1cional Aut6noma de México. Cucnmvaca, Morclos, México. 
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rilhms, havc hccn uscd mainly lo sllldy thc curvaturc of short DNA frag111cn1s al specific and Jisnclc lm:i. 
Thc dcvclopmcnt of ncw and bcllcr nuclcotidc sc4ucncing lcchniques offers lhc possihilily of cxtcnding 
these studics from reslricted and vcry sltorl DNA regions into a novel field tltat could provide dilTcrcnl in
sighls inlo lhe biologic role of DNA curvature by analysis and comparison of complete genomcs oral lcasl 
of very largc DNA contigs. l'ioncer rcscarclt in litis ncw ficld is lite work of Gahriclian el al. ( 1997), who 
sludied lhe dislrihution of scquence-depcndenl curvature in prokaryote ami cukaryolc ge110111es, sltowing 
lhat prokaryotic genomes prcscnl a ltigher contenl of curved DNA than eukaryote genomcs. 

l lcrc, we extcnd this insighl by analysis of recently sequenccd gcnomcs, including !hose frmn lhc ar
chacal domain, taking inlo account ncw variables lhal 111ay affccl DNA curvalurc, such as lhc prcscncc of 
coding or inlergcnic sequences and tite codon usage hias. The effecl of lhis hias was a11aly1.ed hy gcnera
lion of sequcnccs in which h~l'<:lieridtia co/i, Mc1/1wwcon·11.\· jm111t1.\'<'itii, ami Arc1/Jido¡1.\·i.,· tlllllit11tc1 DNA 
coding regions were set up hascd on the codon usage of dilTerenl organis111s. Local curva1ure values al evcry 
nucleotidc wcrc grnuped inlo histogram prnf'ilcs. Significan! changes in thc DNA curvature profilcs wcrc 
found, depcnding on lhe codon usage applied. Our resulls also suggest lhal lite DNA curvalurc of genomic 
se4uences is a nonfortuitous phenomenon. Co111parison of DNA curvature profiles showcd imponanl dif
fercnees belwcen real and shufíled sequenees. Euhactcrial chromosomes showed a higher contcnt of curvcd 
regions !han random scquences, and arcltaeal and eukaryolic gc110111es cxhibiled a lowcr frequency of curved 
regions. A formal 111elhod to evaluate thc st:llistical significance of lhe sequcncc-dcpcndenl curvature of 
chro111osornal DNA is presenled, and lhe resuhs obtaincd and lheir i111plic:1tions are discussed. 

MATERIALS AND METllODS 

The BEND program ofGoodscll and Dickerson (1994) was lranslatcd inlo Pcrl language and adaplcd to 
makc thc unalysis of wholc genomcs or largc conlig scqucnccs. Thc BEND program is hascd on thc near
cst-ncighbor model, which assumcs lhal curvalurc of DNA is lhe resull of successivc accumulalion of ro
lational and spalial displaccment bctwccn base pairs. Thc program reads lhc DNA sequcncc, evaluatcs lhc 
normal veclor of each base pair, and avcrages lhesc valucs o ver a 1 O hp inlcrval. Curvature is titen calcu
lated as lhc angle bclwecn avcraged normal veclors 31 bp away. To havc a standard unil of curvaiurc, we 
exprcss lhe curvalurc value as lhc dcvialion anglc per onc hclical ium (10.5 nt). Among differcnt bcnding 
contribulion matrices published, wc chosc lhc lrimcr malrix of lhe nucleosome pos ilion model of Satchwell 
el al. ( 1986) because il has becn uscd to accuralcly predicl lhe curvalurc of wcll-characlcrized curvcd DNA 
scqucnccs. 

Randomization of the sequcnccs was made by lhc random reposilioning of evcry hase or set of bases 
along lhc enlire nucleolide sequcnce. When thc randomizalion window was larger lhan 1 nl, wc dividcd lhe 
wholc sequencc into N windows (wherc N = sequcncc length/window sizc). Thcn, cvery window was ran
domly rcpositioned along lhc sequcncc. Programs wcre cxeculed in Sun Ultra and Silicon Graphics Pow
erChallcnge compulers under UNIX platform. The program sources and cxamples are availablc at our web
site, http://www.ib1.una111.mx/cgi-bi11/servcr/PRG.base?clasc:iap. 

The scqucnce files of lhc gcnomes of A. 1/wlia11a, Arc/ieoglobus f11/gid11s, /Jorrclia b11rgdorfcri, Bacil/us 
s11/J1ilis, Cltlamydia 1rac/w111a1is, E. coli, //aemophilus i11j111e11zae //elicobac/er pylori, Me1/la110/abac1eriu111 
thcrmoa111otropltic11m, Mycop/asma ge11ilali11111, M. jm111asc/1ii, Mycop/asma ¡me11111011iac, Sacc/1aro111yccs 
cerel'isiac, and Sy11eclwcystis sp. were rctrieved from The lnslilule for Genomic Rcsearch {TIGR) world
widc wcbservcr (http://www.tigr.org/tdb/mdb/mdb.hlml). l'las111odiu111falciparu111, Cae11orlwbidi1is elega11s, 
and líomo sapie11s werc rctrieved from Thc Sanger Center (http://www.sangcr.ac.uk). 

RESULTS 

Curvmurc pro.files of real and randomizcd seq11e11ces 

To analyzc the cU1vaturc of gcnomic DNA sequcnces, wc have implcmcnled a program based 011 thc 
BEND algorithm dcvelopcd by Goodscll and Diekcrson (1994) lhal calculalcs thc inlrinsic local curvature 
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of B-DNA tracts. Wc usc<l a sel of paramctcrs thal havc bccn shown lo prc<lict accuratcly thc curvalurc of 
wcll-clmractcrize<l curvc<l DNA scquences (Goodscll and Dickcrson, 1994). Evalualion of local DNA cur
valure was <letcnnincd al cach nuclcotidc for the following full-scquence<l gcnomcs: A. f11/¡:id1t.\", //. lmr¡:dor
feri, B. co/i, 11 .. mbtilis, 11. i11Jlue11z<1<'. 11. f'Ylori, M. ther111oautotro(1hic11111, M. ¡:e11itali11111, M. ja111w.w:hii, 
M. f"w11111011iae, S. cere1•isiae, an<l Sy11edwcys1is sp. Largc DNA contigs from C. efo¡:a11s, C. 1racfw111a1is, 
A. tlw/imw, Drosoplii/a 11wla11o¡:asrer, /'. falci(1t11W11, and //, .m(1ie11s werc also inclu<lc<l in our analysis. 

Lcnglh and GC contcnl of lhc scqucnccs analy7.c<l, as wcll as lhe mean oí thc curvaturc valucs, are lisled 
in Table 1. Local curvaturc valucs al cvcry nuclcotidc wcrc groupcd into histogram prolilcs with a hin wi<lth 
of 0.33 <lcgrccs pcr hclical tum. Frcqucncics are normalizc<l an<l cxprcssc<l as a pcrccntagc oí thc sizc of 
thc analyzed DNA. \Vilh fcw spccial cxccplions, cuhactcrial gcnomcs hada highcr contcnl of curvc<l DNA 
sequcnces than archacal or eukaryotic gcnomcs. This rcsull is in good agn:cmcnl wilh lhc <lata obtaincd by 
Gabrielian el al. ( 1997). C. traclum111tis was lhc mosl imporlanl exccplion lo this rule (Fig. 1 ). lls DNA 
showcd the lowest curvalllrc valuc among thc cubaclcrial scqucnccs slll<lic<l an<l <lisplayc<l a curvalllrc pro
filc lcss curvcd !han thal of C. ele¡:t111s. D. melwwgaster, an<l S. cerel'isiae DNA. Mosl of thc cubactcrial 
gcnomcs analyzc<l showcd a rcmarkablc similarity in thcir curvaturc profilcs (rcprcscntcd as a single cur
vaturc profilc in Fig. 1, thick linc), with lhc distinctivc cxccplions of thc //. i11Jlue11zae and /l. (1ylori 
gcnomcs, which prcscntcd thc highcst curvaturc valucs, and thc C. 1rac/w111atis DNA jusi dcscribcd. A widcr 
sprcad was ohscrvcd bctwccn thc archacal or cukaryotic gcnomcs. M. ja111wsc/1ii an<l M. 1hermoawo1rop/1-
ic11111 wcrc thc organisms from thc Archaca <lomain thal displayc<l thc highcsl and lowcst DNA curvalurc 
distrihutions, rcspcctivcly, whcrcas in thc Eukarya <lomain, C. e/ega11s and //. Stlf'Íl'lls <lisplayc<l thc high
cst and lowcst DNA curvaturc <listrihutions, rcspcctivcly (Fig. 1 ). 

'l'A111.1-: l. CoM1•11.AT1<>N <w Cu11vATu1m ANn STAT1sncA1. VALUI~~ oF G..:No~u.~-; ANI> LA1t<:i: DNA CoNTIGS 

Organisrn Domain S1zc GC"lo Curvalurc Curvaturc DSDZL DSDZ"'° 
(Kbp) ol real ot random mean 

scqucnccs . scqucnccs b valuc d 

CJacilttJs subtilis Eubaclcria 4.215 43.52 3.94 3.61 66.42 23.64 
f3orrct1a btJrgdortcri Eubaclcria 812 29.85 3.96 3.78 19.67 11.59 
Ctrlarnydw tracl1on1.1t1s Eubactcria 1,042 41.31 3.74 3.67 14.61 7.15 
Escl1cncl1ia col1 Eubaclcria 4.G39 50.79 3.92 3.46 101.11 33.74 
1 tacmoptritus mlluc11zae Eubac1cria 1,830 38.15 4.37 3.70 88.62 46.09 
l lol1cob.1ctcr pytori Eubaclcria l ,GG8 38.87 4.80 3.70 132.81 77.22 
Mycoptasma genilatium Eubaclcria 581 31.69 4.00 3.77 17.70 16.58 
Mycoplasma p11cumon1ac Eubaclcrm 816 40.01 3.98 3.77 25.48 16.13 
Svnccltocvstis sn. Eubactcroa 3.574 47.72 4.05 3.52 97.09 37.04 
Arcl1acoglobus lulgidus Archaoa 1.974 48.12 3.70 3.50 27.45 13.34 
Mctlwnococcus /3f1fJ.1SCllÚ Archaca 1,665 31.43 3.93 3.78 20.76 11.46 
Mctlwnobactcrium Archaca 1,594 49.08 3.23 3.49 37.97 22.13 
tl10rmoautotro11/i1cum 
Arab1dops1s tlraliao.1 Eucaryolc 1,036 36.26 3.60 3.89 13.93 10.54 
Cacnorl1al11d1t1s clcga11s Eucaryolc 31,888 35.39 4.06 3.74 221.82 22.13 
Drosopltila mclanog.1stcr Eucaryolc 7,978 42.4G 3.88 3.63 70.82 18.06 
#-lomo sapwns Eucaryolc 2,583 44.70 3.:Í3 3.60 43.38 19.55 
Plasmod1um lalciparum Eucaryolc 1l,137 22.82 3.42 3.73 115.63 25.53 
S.1cclwro111vces cercvisíac Eucarvolc 12.069 38.30 3.78 3.70 27.98 6.94 

"Mean ol'lhc curva1urc valuc ofthc nuclco1idcs in lhc original scc¡ucncc. Thc curv:iturc valuc al cvcry base is cxprcsscd 
as lhc <lcviation anglc pcr 10.5 nt. 
~Mean of lhc curvalurc value of lhe nucleotides in the rnndomizcd scqucnccs. 
cDistancc, in standard dcvialions, bctwecn zcro (DSDZ) and the mean of the arca valucs. Scc text for complete 

dcscriplion. 
"Thc scqucncc is dividcd in blocks of 500 kbp, nnd thc mean of lheir DSDZ values (DSDZsoo) is exprcsscd. 
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To suppor1 thc nonfortuitous nalurc of lhc curvaturc prolilcs, wc gcneralcd ncw nucleotide sequenccs by 
random shuríling of the original genomic sequences. Randomized sequences have the smne size ami GC 
conlcnt as lhe original genomes hut differ in the relative positions of thcir nucleotides. Curva111re prolilcs 
of ali randomized sequences wcre almos! identical regardlcss of their cubacterial, archacal, or eukaryotic 
origin. The curvalure prnlilcs of these randomized genomes can he relrievcd from our wehserver 
(hllp://www.iht.una111.mx/cgi-bin/server/PRG.lmse'!clase:iap). \Ve found thal mosl of lhe cuhacterial se
quences ha ve a highcr conlenl of curved regions than their randomized sequenccs. //. ¡1y/11ri curvaturc pro
liles are illustrated in Figure 2A asan example. Gabrielian et al. ( 1997) found similar results in a study of 
thc E.. co/i geno111c. As this increased conlent uf curved regions in real sequencc was a common outcome, 
an importan! linding was thc exislcnce of some archaeal and cukaryotic gcnomes thal displaycd a lowcr 
conlcnl of curvcd DNA than those exhihiled hy rando111i1.cd scquences. Figure 2B ami 2C show thc pro
filcs of thc archacbaclerium M. 1/icr111oa11totrop/1ic11111 ami lhc eukaryolc // . . mpie11.\·, rcspcctivcly. Table 1 
lists thc rnean of lhe curvalllre valucs of each gcnome analyzcd, as wcll as lhe values oblaincd fro111 lheir 
corresponding randomized scquences. 

In an allempl lo scarch for the minimal contrihulion unil of curvalure, we expandcd the randomizing win
dow from 1 nl 10 2, 3, 5, 10, 20, ¡111<.I so on up lo 100 nl (see Malerials and Methods). Wc looked far the 
mínimum window size thal generales no diffcrcnces belwecn real and randomizcd genomcs. \Ve found tlrnl 
shuflling scquenccs wilh a window size of 100 base creales almost lhe sarne prolile as lhe original genomc. 
Window sizes helwccn 1 and 100 bp produecd randomizcd prolilcs lhal gradually appmaehed lhc profilc 
of lhc real genome in a fairly gcomelric fashion. The DNA curvaturc profilcs of lhis study can he rclricved 
from our wehserver (hllp://www.ibl.unam.mx/cgi-bin/servcr/l'RG.basc?cl:1se:iap). 
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FIG. 2. Comparison or DNA curvnturc profilcs from real and randomizcd scqucnccs. (A) Eubactcrial, (11) nrchacal, 
and (C) cukaryotic DNA curvaturc profilcs, rcspcclivcty, whcrc wc found lhc majar diffcrcnccs in thc curvaturc val
ucs bctwccn real and randmnizcd scqucnccs. 

Co11trilnaio11 of codi11g a/Uf i11terge11ic seq11e11ces to tlie overol/ c11n1at11re projile 

Whcn coding information was availablc. wc pcrfonncd a comparativc analysis of lhc curvalurc profilc 
uf coding ami intcrgcnic rcgions (Fig. 3). Allhough curvalllrc profilcs cxhihitcd similar ovcrall shapcs, cur
vaturc pro!ilcs of intcrgcnic rcgions showcd a dcviation al thcir righl cnd lails. Such a dcviation corrcsponds 
to an incrcasc in thc high curvaturc valuc frcqucncics (Fig. 3A, insct). In ali cases, thc curvaturc profilcs 
of intcrgcnic scqucnccs showcd highcr curvalurc valucs than tite pro!ilcs of coding rcgions or thc cntirc 
gcnomcs. Thc cxtcnl of thcsc diffcrcnccs varicd importantly dcpcnding 011 thc organism analyzcd. Ncvcr-
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thdcss, i11 ali lhc organisms sludicd, thc curvatun: profilcs uf thc coding rcgions wcrc slightly smallcr !han 
lhuscof cnlirc gcnumcs. Curvaturc prolilcs of rcprcscnHllivc cxamplcs of culmctcrial (R. co/i), ardmcal (A. 
f."11/gid11s), ami cukaryolic (S. cerel'isiat•) organisms are slmwn in Figure 3. 

l!.f/ect of r:ot!m1 usage bias m1 DNA c111w1111re 

/\ possiblc bias on DN/\ curvalurc duc lu codon usagc was also cxarnincd. Thc E. coli, M. jt1111wsc/1ii, 
and A. 1/udia11a gcnomcs wcrc choscn as cxamplcs of cuhnctcrial, archcal, and cukaryolc gcnomes. Thc 
codon usagc tables of !hcsc organisms, as well as !hose 11.pylori and M. 1/wr111om1101rophic11111, werc cal
culalcd hased on lhcir annolalcd gcnomic scqucnccs. //. py/ori and M. 1/iernwawmro¡1/iic11111 represen! thc 
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organisms with tite highest aml lowcst content, rcspcctivdy, or curvcd DNA, as prcviously dcscrihcd (Fig. 
1 and Table 1 ). Wc gencrntcd thrcc dirfcrenl E. coli datalmscs in which the lriplcls of cvcry coding rcgion 
wcre rcplaccd with a synnnym triplct according In thc cndon usagc bias of cithcr /~. «oli, //. ¡1y/ori, or A-1. 
tliern111a111111ro¡1'1irn111. Signilicanl diffcrences in thc curvaturc prolilcs were displayed. Thc profiles with 
the highcsl ami lowcsl curvaturc valucs corresponded to thc E. «olí artilicial gcnomcs gencralcd wilh //. 
py/ori and M. tliemwa111otmpliic11111 codon usagc tables, rcspcctivcly (Fig. 4A). Similar rcsulls wcrc oh-

A 

B 

e 

~ z • 
a 
o 5 

~· 
>. 3 o 
e 
Ql 2 
:J g, 
U: 

~7 
z 
a• 
o 5 

>!! 
~. 
>. g 3 

Ql 
:J 2 
rr 

.t ' 

~7 z 
a • 
o 
>!! 
~. 
>. 
g 3 
Ql 
:J 2 g 
U: , 

E coli 

Heal 
-.- Random 
---- E co/1 codon usayo 
-o-11. pylori codon usago 
--o--M I harmoau lot roplucum 

codonusago 

Curvature (Oegree/ Helical turn) 

M. jannaschii 

--Real 
-6- Random 
-- M jann.1scllii codon us.a.go 
--o-H pylori codon u:-..ago 
--o--M t flcrmo.1u tot rophicum 

codon05ago 

Curvature (Oegree/Helical turn) 

A. thaliana 

--Real 
--....- Random 
-- A tfl.1IJan.1 codon usago 
--o-H pylon cedan usago 
--o-M thormoautotrophicum 

codonusago 

Curvature (Degree/Helical turn) 

FIG. 4. Effccl uf codun usagc bias on DNA curvaturc. Anilicial E. co/i, M. ja1111asd1ii. ami A. 1/wlicma DNA sc
qucnccs wcrc crcatcd hascd on tite codon usagc of organisms wilh cithcr thc highcsl (//. py/ori) or lowcst (M. 1her-
11w1111101ro¡1/1ic11111) contcnt of curvcd DNA, and thcir curvaturc prolilcs wcrc calculatcd. As intcmal controls, thc arti
ficial E. co/i, /l.f. j11111111sc/1ii, and A. tlwlicma DNA scqucnccs gcncratcd on thc hasis of thcir own codon usagc hias wcrc 
analyzcd. Thc curvaiurc prolilcs of thc original and r:mdomizcd gcnomcs are also prcscnlcd. 
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tained with the genu111e sequen<:es of M.ja1111t1sc/1ii and A. 1/w/ic111a (Fig. 411 a11114C, res(lectivcly). Our in· 
tcrnal conlrols wcrc thc /:;, coli, M. jw11wsc/1ii, :uul A. tl1t1/ia11a dalabascs gcnerntcd wilh thcir own codon 
usagc bias. Thc curvaturc profilcs of thcsc ncw gcno111cs wcrc 111uch closcr to lhe (lmlilcs oblaincd with the 
real /:;, coli, M. ja1111a.w:llii. and A. tl1t1lia11a sequcnccs lhan those ohtained wilh thcir corrcs(londcnl ran
domizcd geno111cs. Thcsc resulls indicalc th:H lhcrc is, in facl, a rclationship hclwccn codon usgc and DNA 
curvature. Neverthclcss, other faclors also might he rclated. Si111ilar resulls wcre ohlained with thc codon 
usagc tables of //. i11j111e11zat•, M. ,i:<'11italiu111, M ¡mcu11umiac, and S. ccrc1•i.viac• ami are availahlc al our 
WW\V sile (hlt(l://www.ih1.11na111.mx/cgi-hin/servcr/PRG.hase'!cl:1se:ia(l). 

Stati.1·1ica/ sig11(/ica11ce '!{ IJNA c11r1•a111n• 

\Ve developcd a (lr<>ccdure lo cstimatc the slalislical significam:c of the eurva1ure (lrolilc ni' cntirn genomcs 
or largc conlig DNA scquenccs. In this (lrnccdurc, wc gcncralcd, hy shuflling, a large nu111hcr of random
izcd vcrsions of thc original genome and calculatcd thc curva1ure (lrofiles of each rando111ized scqucncc. 
Diffcrcnccs hclween lhc curvalurc histogram of cach rando111ized vcrsion and the original scquencc wcre 
evaluated hin hy hin in ordcr lo ohtain lhc arca valucs bclwccn lhe real prolile and each of thc rando111ized 
pro files. From analysis of 1000 randomizcd scqucnccs, valucs closcly following a normal dislribution wcrc 
ohtaincd, and lhcir mean and SD werc calculalcd. ílascd cm lhc fact Lhal lhc arca hc1wccn lwo idcntieal pro
filcs is zcro, lhc prohabilily of a random scqucncc having thc samc curvaturc prolile as lhc original can be 
co111putcd fro111 the distancc, in standard dcviations (SD), betwccn zcro (DSDZ) and thc 111can of thc arca 
valucs. A DSDZ >4 is highly unlikcly to occur in a nor111al distrihution. All gcnomcs pruvcd to havc vcry 
significan! DSDZ valucs, rcgardlcss if thcy wcrc dcviatcd toward a more curvcd (cubactcria, in general) or 
lcss curvcd (most of thc arcltacbactcria and cukaryotcs studicd) profilc, than thnsc ohtaincd by thcir corrc
sponding random seqncnccs (Fig. 2 ancl Table 1 ). A signilicant inllucncc towanl high DSDZ valucs wcrc 
obscrved as a rcsult of thc sizc of thc scqucnccs analyzcd. To make fair com(larisons, wc citase 500 kbp 
as our standard lcngth of analysis. This sizc approximatcly corrcsponds to thc s111allcst sizc of thc gcnomcs 
studicd (M. fi<'llifllli11111, 580,820 bp). \Ve callcd thc DSDZ valuc ohtaincd fro111 thc analysis ora 500 kbp 
window DSDZ~cki· In general, all of Lhc 500 kbp fragmcnts coming from onc gcnomc or DNA contig prc
scntcd almost idcnlical curvaturc (lrolilcs and DSDZ51k1 valucs. lt is imprn1anl to note Lhat cubactcrial 
gcnomcs sltowccl thc most signilicanl DSDZscx> valucs. In our study, 11. py/ori, M. t/1cr111oa11totmp/1ic11111, 
and /'. falci¡ull'1t111 wcrc tite cubactcria, arehacbaclcria, and cukaryote witlt thc ltighcst DSDZ500 valucs (77, 
22, and 25 DSDZ500, rcspcctivcly) (Table 1 ). 

DISCUSSION 

\Vltat kind of ncw biologic infonnation can be obtaincd from systcmalic analysis of tite DNA scqucnccs 
rcportcd in Lhc rapidly growing databascs? Can old qucstions, rcstrictcd to discrctc DNA rcgions, be 
rc(lhrascd Lo largc DNA contigs or cvcn cnlirc gcnomcs? Scqucncc-dcpcndcnl DNA curvaturc is onc cx
amplc of a fundamental issuc thal can be rcanalyzcd in Litis era of massivc nuclcotidc scqucnce acquisition. 
In this study. wc showcd that thc intrinsic curvaturc of chromosomal DNA prcscllls distinclivc profilcs thal 
may he rclatcd lo lhcir cubaclcrial, archacal, or cukaryotic origin. l111portan1 common propcrtics are sharcd 
hy Archaca ancl Eukarya, such as thcir tcndcncy to havc a low contcnl of curvcd DNA scqucnccs and thc 
grcat variation hctwccn thcir DNA curvaturc prolilcs. On lhc othcr hand, cubactcrial gcnomcs tcnd to be 
more curvcd and show an cxccptional similarity in thcir DNA curvalÜrc prolilcs. Thcse rcsulls are in good 
agrccmcnt with tite work of Gabriclian el al. ( 1997), whiclt showcd that somc prokaryolic gcnomcs (H. i11-
fl11cmac, M. jm11w.1·cldi, and M. fit!11itali11111) appcar lo havc a higltcr frcqucncy of curvcd DNA Limo cu
karyotic genomic DNA scqucnccs (/l. sapic11s and S. ccrcl'isia<'). Allhough hoth studics rcacltcd thc samc 
cnnclusion, tltcy diffcr in tite cxtcnt of DNA curvature observcd hccausc of tite charactcristics of thc gco
mctric matrices used in cach analysis. Wc applicd lhc trimcr matrix of thc nucleosomc position modcl 
(Satchwcll et al., 1986), wltcrcas Gabriclian el al. { 1997) uscd thc gcomctric paramctcrs of thc NMR modcl 
(Ulyanov and James, 1995). 

From our rcsults, it is infcrrcd that lite ovcrall curvaturc of gcnomic DNA is a nonfortuitous phcnomc-
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non ami possesses spccial charactcristics that are not found in randmn sequcnccs. Elucidation uf the dri
ving forces that determine the DNi\ curvaturc is one oí thc main goals oí our study. In this reganl, we con
sider the constn1ints encountered hy DNi\ to he organizcd :111d packed in the chro111osnmc as an i111pmta111 
clemcnt lo study. Evidencc sup1mrting thc relationship betwcen DNi\ curvalurc and chron1oso111al structure 
is hascd on thc pcriodicilics of sorne dinuclcotidcs prcsent in thc DNi\ nucleosomc corc al cvcry 10.5 hp 
(lhc size of a DNi\ hclical turn) (Satchwell el al., 1986; Trifonov and Sussman, 1980). lt is importan! to 
note that thc archac:1I chromosomal DNi\ is histonc assnciatcd and organized into nuclcoso111c-like slruc
tures. Such characteristics suggcsl an organization similar to that found in cukaryotcs (Takayanagi el al.. 
1992). In that rcspccl, it is possible that the nuclcosome organizations in i\rchaca ami Eukarya are closcly 
rclatcd to thcir lmv contcnt or curvcd scquenccs in thcir gcnomcs, whcrcas Euhactcria havc evolvcd a lcss 
structurcd hui n1orc curvcd gcno111c. 

To providc additional support to this hypolhcsis, wc havc analy1.ed lhc curvaturc prnlilc of thc cubac
lcriu111 C. trac/10111atü, an ohligatc intracytnplasmic parasilc oí cukaryotic cclls lhal has a condensed nu
cleoid ami a eukaryotic 111-like protcin (Costerton et al., 1976). Wc ohservcd that the curvaturc prolilc of 
C. tmclw111atis DNi\ is notably diffcrcnl from thc rcst of thc cuhacterial curvaturc profiles and rescmbles 
arehaeal and eukaryotic proliles, supporting the idea oí a relationship betwcen chromosomal structure and 
slatic DNi\ curvaturc. lntcrestingly. Miramontcs el al. ( 1995) were also ahle to distinguish prokaryotic from 
cukaryotic DNi\ hase on local stacking and structural propcrtics of DNi\ as a J"unetion of thc binary dis
lributions or GC/i\T and purinc/pyrimidinc hase pairing. Supported on thesc paramelcrs, these authors also 
rcached thc conclusion th:ll the rcq11irc111ents or chromosomal DNi\ lo he packcd imposc spccific conslraints 
in DNi\ scquences that C(JUld rcvcal differcnl evolutionary DNi\ histories. 

The iníluenee oí curved DNi\ rcgions on gene transcription regulation in proknryotic ancl eukaryotic or
ganisms has heen well cstahlishcd (llagcrman, 1990; Párcz-Martín el al., 1994; Schatz and Langowski. 
1997). Wc expcctcd to lind a higher contenl of curved DNi\ sequenccs in the intcrgenic regions hecause 
of thcir rcgulatory nature ancl conesponding iníluence on thc overall DNi\ curvaturc. Thcrcfore, wc arrn
lyzed the contrihutions of coding ami intergcnic regions in the curvaturc of thc genomic DNi\. i\ctually, 
the anticipaled cnh:111ccd frcquency or curvcd DNi\ scquenccs in thc intcrgcnic rcgions was found, hut this 
e11rich111cnt had only a minor i111pacl on thc ovcrall chromosomal DNA curvaturc. as thcir size is compar
alively small with rcspcct to thc si7.e of thc coding scqucnccs. 

An intercsting obscrvation is the rcmarkablc similarity between the curvaturc profiles of the coding and 
the ovcrall genomic scquences, implying that the DNi\ constraints inllucncing DNA curvature are notably 
prescnt in coding rcgions. In agrccment with this conclusion and considering that codon usage is an im
porlant featurc of thc coding regions, wc cnvisioncd a possiblc rclationship between the codon usage bias 
and thc curvaturc of gcnomic DNi\ sequences. To test this prcmise, we gcnen1ted hypothetical E. coli, 

M. jm11wsc/1ii, ami A. tlwlimw genomes that presented the codon usage pallern of othcr organisms. lnter
cstingly, wc found that :irtilicial gcnomes with the codon usage of organisms with cither a high (11. fl)'lori) 

ora low (M. 1/wn11oa11totrof1/tic11111) contcnt of curved DNi\ exhibited a corrcspondingly high or low frc
quency of curved DNi\ sequenees. Similar results were obtained with the codon usage oí different organ
isms. Thcse data clcarly demonstrale a signilicant intcrdcpcndcncc bctwcen codon usagc and DNA curva
turc. lt has becn rcportcd that prcfcrential codon usage could be a consequence of the relative abundance 
of isoacccpting tRNi\ (Bulmer, 1987; lkemura, 1985), translational selcction (Xia, 1996), or mutational 
pressure in DNi\ (Sharp et al., 1993). l lcrc, wc prcscnt cvidcnce to consider that DNi\ curvaturc is another 
clemcnl rclated to codon usagc. Ncvcrthelcss, fro111 our results, it is not possible to detennine whether or
ganisms adoptcd a particular codon usage during evolution in arder to obtain a spccific DNA curvature or, 
convcrsely, a sclcction prcssurc far a spccific codon usage had an indirect effccl on DNA curvature. Ile
cause hoth thc prcíercnce of codon usagc and the eurvature in chromosomal DNi\ scem to be import:mt re
quiremcnts for thc hiology of evcry organis111. a plausible sccnario could havc included a coevolution or 
hoth systc111s. l lowevcr. validation of this novel proposal will require additional analysis. 

We dcvclopcd a simple proccdure to cvaluale how far thc genomic DNi\ curvaturc is from random. For 
tlmt purpose, we gcnerated IOOO randomized vcrsions of thc original genomic sequenee, and for caeh of 
the111, we evaluatcd the arca betwecn the eurvaturc profilcs or the real and rando111ized sequenccs. Wc ob
tained data clcarly following a normal dislribution of thcsc IOOO arca valucs ami calculated the distance, in 
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SD, hctwecn 7.cro m1d the mean of thc arca valucs. Fnr ali the organisms analyzcd, this distancc was shown 
lo he clcarly differcnl from zcrn. . 

\Ve found our slalistical proccdurc lo he a uscful too) to corroborate our gniphic ohservations and to as
scss their slalislical significancc as to lhc nonrandom naturc of lhe DNA curvature. Allhough lhe proccdurc 
dcscrihcd was specilically dcsigncd to analyzc the nonrandrnn nature of DNA curvalure, il can also he uscd 
10 sludy somc olhcr glohal variables of gcnomic DNA, such as GC conlenl, codon usagc, ami dinucleolidc 
dislrihution. The high signilicant values ohlained in our statisilical analysis evidcnce the importance of DNA 
curva1ure nnl only for discrclc and rcslricled rcgions hut also for ovcrnll DNA gcnomic scqucnces. 
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Relationship between Whole Proteon1e An1inoacid 
Composition and Static DNA Curvature 

RUY .JÁUREGUI, FRANCISCO BOLIV AR, ancl ENIUQUE MERINO 

ABSTRACT 

To study 1)()ssiblc rclationships bctwccn an organism 's ge110111ic /JNA Clll'l'alure and thc 
ami11oacid compositio11 of its proteome, cvcry pcpticlic sequcncc from fully clctcrmincd 
genomes was retrotranslatcd using thc E. coli codon prel'ercnces, and the curvaturc profilcs 
of' the resulting DNA sequenccs were calculatcd and comparcd. A clear interdependcncc be
twecn thcsc two variables was ohscrvecl, as cach rctrotranslatecl protcome prcscntccl a dis
tinctivc, slatislically significan! DNA curvaturc profilc hiascd loward its natural DNA cur
valurc prolilc. In addition, by comparing thc 1noliles arising from real and randomly 
perm utcd protcomes, we also found a position-dcpcnclcnt contrihution of' thc pcpticlic se
quen ce to DNA curvature. The implications of' thcsc rcsults support the idea of' a possihlc 
scleclion lowarcl a specilic global curvalurc of' gcnomes. 

INTRODUCTION 

T lll' EARl.IEST STRUCTURAI. CllARACTERIZATIONS OF TllE DNA MOl.ECUl.E described itas a double helix fol
lowing an essentially linear trajectory, supposing that lhe base pairs were parallel to each other (Wat

son and Crick. 1953). Further studies revealcd thc existcnce of electromagnetic inleractions that modify thc 
position of a base pair with rcspect to its neighbors in a sequence-depcndent way. Several topological vari
ables havc bcen defined to describe thc dcviations in the base pair staeking due to these interactions, such 
as twist, slidc, till and roll variables (for a review see Diekmann, 1989). The overall effect of these inter
actions is to deviate thc trajectory of the DNA molecule from an ideal straight line, and depending on the 
sequcnce, in sorne cases produce a curved trajeetory. 

Biological roles for static DNA curvature havc been well docume111ed for a number of discretc loci that 
include a broad spectrum of biological functions, such as transcription regulation, replication, recombina
tion ancl chromatin structure (Pércz-Martin et al., 1994; Hagennan, 1990; Harrington, 1992; Travers, 1990). 
ll was not until thc advent of more powerful DNA sequencing technologies, and the following exponential 
growth on sequence databases, that it became possible to make whole-genome characterizations of DNA 
curvature. The pionecri ng work of Gabrielian et al. ( 1997) demonstrated that every organism pos ses ses a 
characteristic DNA curvature profile. Further work of our group demonstrated a statistically significan! re
lationship between DNA curvature and codon usage, by lhe analysis of DNA curvature profiles coming 
from the retrotranslation of a single proteome using codon preferences from different organisms (Jáuregui 
etal., 1998). 

Dcpar1a111cnto de Microbiología Molecular, Instituto de Biotecnología, Universidad Nacional Autónoma de México. 
Cucrnavaca, Morclos, México. 
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On the other hand, biases on aminoacid composition of proteomes ha ve been related to GC content (Cole 
et al.. 1998), dinucleotide frequencies (Karlin et al., 1997),and the position of the genes at the lending or 
lagging strand (Mnízek and Karlin, 1998). 

1-lere we describe the relationship between aminoacidcomposition of proteomcs and genomic DNA cur
vature, and discuss its possihle implications. 

MATEIUALS AND METHODS 

Artificial DNA sequences were generated by retrotranslating the complete proteomes obtained from the 
annotations of the GenBank files of the following organisms: Aq11{fex aeolic11s, Aeropymm perni.r, 
Arclweog/obus .f11/gid11s, Borrelia b11rgdo1:feri. Baci/111s .wbtilis. Ch/amydia pne11111011iae, Chlamydia tra
c/10111<1/i.1·, Esc/wrichia co/i, Caenorlwbditi.1' e/ega11s (chromosome 5), Haemophi/11.1· il¡f/11enzae, /1elicobac-
1er pylori, Mycop/asma ge11ita/i11111, Me1/u111ococc11.1· jannaschii. Mycop/asma p1w11111011iae, Metlu111obac
teri11111 1her111oa11101rophic11111, Mycobacteri11111 tuberculosis, Pyrococcus abyssi, Rickettsia prml'ffi'.ekii, 
Sy11ec/10cystis sp .. 711er11101oga 111ari1i111a, Treponema pallid11111, & Sacc/1<1ro111yces cerel'isiae (chromosome 
4), which were retrieved from the National Center of Bioinformatics World Wide Web server 
(http://nchi.nlm.11ih.gov/). To avoid a bias due to cach particular codon usage preference, thc rctrotransla
tion proccss was done using a uniquc codon usagc table (from E. coli). rctrieved from the Codon Usage 
Daiahase (http//www.kazusa.org.jp/codon). Thc codon usage data was rewritten as a weighed probability 
matrix ancl used to assign codons to each amino acid residue coming from the proteomc scqucnces. The 
curvaturc profi les of the rcsulting DNA scquences were calculated using the algorithm of Goodsell and 
Dickerson (1994). Far each nucelotide of the sequence, a curvaturc value is assigned, exprcssed as a devi
ation angle from the helical axis per hclix turn. This value is bascd in the contribution mntrix for rotational 
and spatial displaccmcnts reported by Satchwe 11 et al. ( 1986), be cause it has bcen u sed to predict accurately 
the curvature of well-charncterizcd curved DNA segments. This matrix assigns each triplet a value of twist, 
roll, ancl tilt; thesc topological variables describe thc position of a base pair with respect to its neighbors. 
The twist value is assumed constan! (34.3 dcgrees) and the tilt value is assumed as O; thercfore. the roll an
gle valucs are thc only source of variation of thc curvaturc patterns. Average values from a 31 bp sliding 
window are collected at each nuclcotide position and presented as normalized cumulative-frequency his
tograms (Fig. 1 ). This window size has becn proved to be the most accurate to reproduce experimental re
sults (Goodsell and Dickerson, 1994). 

The di fferencc bctwcen profiles coming from real and pcrmuted proteomcs was evaluated as follows. 
Permuted proteomes were generatcd by reposilioning each residuc at random within the scquence. The retro
translation process was repeatcd 1000 times for both natural and permuted versions, and the means of the 
curvature values wcre collected to obtain nomrnl distributions. Thc distancc, in slandard deviation unils, 
betwcen the avcragcs of the normal distributions of real and pcrmutcd protcomes, pcrmitled us lo assess 
the slatistical significance of the differcnccs betwcen the curvature average values from nalural retrotrans
latcd proteomcs and thcir pcrmuted versions, as described in Jáuregui et al. ( 1998). A similar procedure 
was uscd to evaluate the statistical signilicance of thc differcnces arising from the comparison of individ
ual proteins. Ali programs were written in Peri and C programming languagcs. (The source code is avail
able at http://www.ibt.unam.mx/~ruy/programs/). 

A databank of the orthologous elements common to H. pylori. M. 111berculosis, and E. coli was obtained 
using the Smith and Waternian global alignment algorithm ( 1981 ), provided by the Fasta Package (Pear
son, 1991), using an arbilrary cutoff valuc of p < I0-6 • 

RESULTS 

C111va111re of DNA obtained from retrotranslated proteomes 

Far every available proteomc, an artificial DNA sequencc was genemted by retrotranslation and the cor
responding curvature proliles wcre obtained. Differcnces bctween proliles were evident, each retrotranslated 
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protcomc following the lendencies of their natural genomes, indicaling a relutionship bctween thc gcnomic 
DNA curvature of an organism and its proteome sequence. Representalive cases are shown in Figure 1. 

To discard lhc possihilily lhat lhe differences in the curvature prolilcs could be originated by a particu
lar sel of prolcins, we made a databank of orthologous elcmellls common lo thc organisms thnt presented 
lhc highesl (!f. pylori), lowcst (M. 111/Jerc11/osis), and mediurn E. coli) DNA curvalure averagcs. According 
lo lhc critcria mentioned in Malcrials and Methods, 423 proteins werc selected, and the previous analysis 
was rcpcatcd with this data set. Thc profi les obtained using this ortologous databank were almost identical 
to thc oncs obtaincd from thc whole-protcome analysis, indicating that the contribution to the curvaturc ob
scrvcd in the analysis of wholc proteomes is no! due to a specific group of proteins, but is rathcr a general 
charnctcristic of thcm (data not shown). 

To dctcnninc whcthcr thc hchavior obscrved for proteomes was evidcnt even in a single protcin, we re
pcatcd a similar rctrotranslation unalysis using thc pcptidic sequences of the DNA Poi. III enzyme from /-/. 
py/ori (ID g2314638) and M. 111hl'/"c11/osis (ID gl403495), which share 30% of idcntical residues. We oblained 
thc average curvalurc values of IOCX> rctrotnmslation cycles, and grouped lhem into cumulative frequency his
lograms. Nor111al distributions were evidenl and their mean and standard deviation werc calculated. Slatisti
cally i111por1ant differcnces were observed, as the means of these two profiles werc more than 5 standard de
viations (SDs) apa11. This analysis was extended to every /-/. pylori and M. 111/Jerculosis 011hologous pair. In 
97% of lhe cases lhe mcans of the nonnal distributions were more than 3 SDs aparl (data nol shown). 

A comparison bctween the normalizcd frequencics of arninoacid usage for evcry full-sequenccd organism 
was made (Table 1 ). In lhis table wc also includcd !he values co!l'esponding lo curvature avemges from syn
thetic DNA coming from the rctrouunslation of the proteomcs. These values wcrc used to sort the organisms 
in thc table and to tind a possible coll'elation with aminoacid frequencies. To makc fair comparisons, we 
uscd a standard codon table, from E. co/i. Clear cases of high corrclation and anticorrelation werc found, 
su ch as Lysine (O. 95) and Pral ine (-0.86), respcctively. The i mplications of these results are discussed la ter. 

Curvature <?/' DNA obtained .fi·om permuted allll retrotrans/ated proteomes 

To determine whether the behaviour dcscribed above is rclated only to !he overall aminoacid composi
tion of the proteome or could be also a position-dependent effect, we cornpared the curvature profiles from 
the retrotranslated scquences of a natural proteome and its perrnuted version. The overall curvaturc profiles 
werc very similar; thc average curvature differcnces were under 0.1 degrees pcr helix tum, indicating that 
lhe differcnces observcd between curvature profiles of retrotranslated proteomes are mainly rclated to 
aminoacid composition. 

Considering lhat the wholc proteome univcrse is bcing sampled, and a curvature valuc is assigned to each 
nucleotide of the sequence, even the small differences observed in curvature averages coming from natural 
and pcrmuted proleomes might prove to be significant. To evaluate the position-clepcndent contribution, we 
compared !he nomial distributions of curvature avemges arising from natural and pcrmuted sequences after 
ICXX> retrotranslation cycles of E. coli and /-/. py/ori proteomes. The resulting distributions demonstmted asta
tistically signiticant position-related contribution bccause their mean valucs were 5 and 8.4 SO apart, respcc
lively (Fig. 2). To test the extent of this phenomenon, for cach individual protein of every fully sequenced or
ganism, we comparcd the average curvature values arising frorn real and pcrmuted peptidic sequenccs. For 
the majority of the proteins, in almos! every organism, the pennutation has a negative effect on the curvalure 
values of the rctrotranslated sequence (Fig. 3). Thc most extreme case was /-/. pylori, where 75% of the retro
translated proteins prcsented a higher curvature average than their pcrmuted scquences. lt is worth noting thal 
lhis organism also presented the highest natural DNA curvature average. On the other hand, exceptions to this 
tcndcncy are ohscrved in /Jacillus .mbti/is and Chlamidia ¡me11111011iae, wherc in the majority of their proteins, 
thc pcrmuled vcrsion induces a higher average DNA curvature than its original pcptide sequcnce. · 

DISCUSSION 

Although the function of /oci-specific DNA curvature in small regions has been well understood and ex
amined (reviewed by Travers, 1990; Hagerman 1990; Harrington, 1992; Kathleen, 1992), the biological im-
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He/icobacrer py/ori 
Methanococcus jannaschi 
Borella burgdoiferi 
Mycop/asma geniralium 
Rickettsia pro1mzekii 
Aquifex aeo/icus 
Archeoglobus fulgidus 
Pyrococcus abyssi 
Pyrococcus horikoslrii 
Thennotoga maritima 
Mycop/asma pnewnoniae 
Haemophilus influen:a 
Bacil/us subrilis 
Saccharomyces cerel'Ísiae 
Caenor/rabditis elegans 
Chlamydia rraclwmaris 
Chlamydia p11e11111011iae 
Esc/1erichia co/i 
M. rlrennoautorroplricum 
Syneclrosisitis sp. 
Treponema pallidum 
Aerophyrzrm pemix 
Mycobacreriwn tuberculosis 

Correlation index 

TABLE l. NOR.\IALIZED A.\lr.>OACID FREQUESCIES ASD CURVATURE A\'ERAGES OF RETROTRASSLATED PROTEO~IES 

A e 
6.83 1.09 
5.51 1.28 
4.49 0.66 
5.57 0.83 
6.04 1.09 
5.89 0.79 
7.85 1.17 
6.67 0.55 
6.37 0.63 
5.85 0.7 
6.66 0.74 
8.21 1.03 
7.67 0.8 
5.38 13 
6.19 1.99 
6.98 I.59 
7.52 1.62 
9.48 1.17 
7.33 1.2 
8.49 1 

10.1 1.91 
9.51 0.94 

13.2 0.88 

D E F G 

4.77 6.88 5.41 5.76 
5.5 8.63 414 6.39 
5.19 6.77 631 5.2 
4.9 5.64 6.12 4.63 
4.83 5. 78 4.88 5.41 
4.31 9.63 5.14 6.75 
4.89 8.9 4.59 7.24 
4.6 8.84 4.35 7.26 
4.26 8.29 4.6 6.97 
4.96 8.92 5.19 6.9 
4.97 5.68 5.59 5.52 
4.97 6.48 4.47 6.64 
5.17 7.23 4.49 6.9 
5.94 6.71 437 4.88 
5.39 6.56 4.8 5.27 
4.51 6.61 4.74 6.23 
4.52 6.6 4.83 6.34 
5.13 5. 74 3.89 7.36 
5.91 8.14 3.64 7.97 
5.02 6.04 4.01 7.37 
4.52 5.97 4.45 6.96 
3.87 6.61 2.74 8.55 
5.8 4.67 2.95 9.98 

H 

2.12 
1.43 
1.22 
1.57 
1.9 
1.54 
1.51 
1.5 
1.49 
1.58 
1.8 
2.05 
2.27 
2.17 
2.33 
2.38 
2.3 
2 .. 27 
1.87 
1.86 
2.75 
1.92 
2.23 

I K L 

71 8.94 11.1 
10.5 10.3 9.41 
10.7 10.2 10.3 
8.25 9.47 10.6 

10.8 8.37 10 
7.33 9.4 10.5 
7.22 6.86 9.5 
8.49 7.8 10.2 
8.78 7.74 10.3 
7.18 7.61 10 
6.6 8.56 10.3 
7.1 6.31 10.5 
7.36 7.05 9.64 
6.58 7.48 9.57 
6.11 6.46 8.7 
6.92 6.14 11.3 
6.6 5.75 11.2 
6 4.4 10.6 
7.7 4.56 9.42 
6.28 4.18 11.4 
4.9 3.97 10.1 
5.19 3.54 11.3 
4.26 2.03 9.74 

M N 

2.28 5.83 
2.32 5.25 
1.9 7.27 
1.53 7.52 
2.17 6.65 
1.93 3.59 
2.62 3.21 
2.4 3.33 
2.4 3.53 
2.4 3.61 
1.58 6.22 
2.44 4.87 
2.78 3.94 
2.05 6.26 
2.58 4.93 
1.93 3.81 
2.05 3.5 
2.85 3.95 
3.07 3.31 
2.01 4.04 
2.09 2.48 
2.21 2.03 
1.95 2.53 

p Q 

3.28 3.71 
3.37 1.43 
2.52 2.26 
3 4.73 
3.14 3.14 
4.07 2.0-i 
3.86 1.78 
4.25 1.66 
4.5 1.63 
3.99 2.01 
3.49 5.37 
3.71 4.64 
3.68 3.83 
4.26 3.84 
4.82 4.09 
4.48 4.03 
4.36 4.18 
4.42 4.42 
4.3 1.9 
5.14 5.55 
4.2 3.84 
6.45 1.9 
5.8 3.09 

R 

3.46 
3.84 
3.22 
3.09 
3.39 
4.92 
5.77 
5.72 
5.45 
5.53 
3.48 
4.47 
4.12 
4.49 
5.29 
4.56 
4.84 
5.53 
6.79 
5.05 
7.43 
7.72 
7.32 

s 

6.82 
4.48 
7.47 
6.65 
6.75 
4.79 
5.51 
4.97 
5.85 
5.65 
6.46 
5.84 
6.29 
9.05 
8.11 
8.02 
8.12 
5.82 
6.14 
5.81 
6.62 
7.52 
5.48 

T 

437 
4.06 
3.94 
5.4 
5.21 
4.21 
4.16 
41 
4.51 
4.52 
5.96 
5.2 
5.42 
5.8 
5.87 
5.27 
5.11 
5.4 
4.96 
5.5 
5.3 
4.68 
5.92 

V 

5.59 
6.84 
5.36 
6.11 
5.59 
7.93 
8.61 
8.07 
7.55 
8.61 
6.47 
6.67 
6.74 
5.47 
6.23 
6.12 
6.42 
7.05 
7.66 
6.69 
8.25 
8.5 
8.46 

\V Y · Cun·arure 

0.7 3.68 
0.71 4.35 
0.5 4.23 
0.97 3.24 
0.71 3.88 
0.93 4.13 
1.03 3.64 
1.17 3.82 
1.17 3.84 
1.1 3.57 
1.18 3.22 
1.13 3.14 
1.03 3.48 
0.98 3.33 
1.1 3.09 
1.01 3.26 
0.95 3.06 
1.52 2.84 
0.84 3.22 
1.55 2.91 
0.97 3.03 
1.31 3.35 
1.47 2.08 

4.07 
4.06 
4.05 
4.01 
3.09 
3.95 
3.95 
3.94 
3.94 
3.91 
3.91 
3.89 
3.82 
3.81 
3.8 
3.8 
3.77 
3.76 
3.74 
3.7 
3.65 
3.55 
3.48 

-0.82 -0.3 -0.07 0.45 0.77 -0.68 -0.62 0.81 0.95 -0.09 -0.09 0.66 -0.86 -0.2 -0.78 -0.2 -0.56 -0.43 -0.66 0.8 

For each fully sequenced organism, the relative abundance of each aminoacid was evaluated and expressed as a norrnalized frequency. Curvature averages of the retrotranslated proteome using the E. coli 
codon preferences are included and used to order the organisms. The correlation values between aminoacid frequency and DNA curvature are indicated at the bottom of !he table. and the most significant 
columns are shaded. 
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Fig. 2. Normal distributions of DNA curvaturc avcrugcs from naturnl (solió bars) ami pcrmutcd (hatchcd bars) retro
translatcd prolcnmcs. Thc aminoacid sequcnces of organisms with {A) mcdium (E. coli) and (8) high (/f. pylori) DNA 
curvaturc valucs werc analyzcd. Curvaturc avcrages wcrc obtaincd by rcpcating IO<XJ times thc proccsscs of rctro
translation ami DNA curvaturc calculation. Distanccs bctwecn the normal distribution mcans are indicated in standard 
dcviation units {SD). 
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Fig. 3. Comparisons of DNA curvature averages from retrotranslated aminoacid sequences. natural and pemrnted. Every single protein was retrotranslated 1000 times and the 
curvature of its corresponding DNA sequences was evaluated. The average of these curvature values were obtained and compared with the corresponding average derived from its 
pennuted aminoacid sequence. Bars indicate the percentage of the cases where the natural aminoacid version presented a higher (black) or lower (dashed) curvature average than 
its pennuted version. TI1e organisms are soned according to its natural genome curvature average, indicated next to the organisms' names. The distribution of a synthetic proteome 
with an equimolar composition of aminoacids in random order. and retrotranslated with an equiprobable codon table. is also included as a reference. 
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plications of DNA curvature considering the complete genome of an organism ha ve nol been addressed un
til recently. The nonfortuitous nature of whole-genome curvaturc profiles has been demonstrated, ancl char
aeteristic organism-specilic curvalure protiles have bcen described (Gabrielian et al., 1997; Jiíuregui et al., 
1998). In our previous study, lhc lirst 9 full-sequenced bacteria) genomcs available (al the TIGR database 
www.tigr.org) presented higher curvature values than the ones obtained from random sequences, leading 
us to the hypothesis that the DNA curvaturc could he an important factor in bacterial chromosome con
densation due to the lack of efficient DNA packing proteins, such as histoncs. The analysis of recently se
quenced bacterial genomes has invalidated this hypothesis, as many new organisms prcsented lower DNA 
curvawre values llmn their rnndomizcd genomic sequences. 

Even whcn the hiological meaning of whole genome DNA curvalure is still in debate, we have found nn 
importan! relationship between the organism's DNA curvature prolile and its codon usage (Jáuregui et al., 
1998). In addition, the influence of dinucleotide frequencies of genomes in DNA cuvature is under study 
(Merino and Garciamrbio, 2000). 

Genomic sequence analysis has revealed biases in the aminoacid composition of proteomes in different 
organisms (see Table 1 ). The biological implications of these biases are not well understood, ancl only a 
few cases provide a clear explanation for them, as in the M. t11berc11/osis proteome; that is, binsed due to 
the high OC content of its genome (Cole et al., 1998). 

Hcr"C we address the qucstion of whether lhe bias in the aminoacid composition of proteornes could have 
an impact on genomic DNA curvaturc. To discrirninale the particular contributions of the proteome from other 
sources of variation, such as the codon usage preferences, we devised a progrmn that rctrotranslated the 
aminoacid sequence of different proteomes inlo DNA, using a unique codon prefcrcnce table for ali of them. 

The retrotrnnslation process yielded in si/ico DNA sequences that are biased toward its natural genome 
curvature, demonstrating a relationship between the aminoacid composition of a proteome and the DNA 
curvature of its genome. ll is importan! to stress that the differences in the curvature profiles of the artifi
cial DNA sequences are an exclusive proteome-encoded contribulion. ll is remarkable that this phenome
non can be observed even in the cornparison of a single homologous protein pair. Differences in homo
logue protein sequences can originate changes in the protein stnrcturc and/or function, or can be regarded 
as neutral (Jukes and Kimura, 1984); nevertheless, here we have presented evidence that these changes, 
though neutral in lhe polypeptide sequence, can influcnce the DNA curvature prof'ile. 

The retrotranslation analysis of natural and randomly permuted proteomes showed that the main deter
minan! of protcome-encoded DNA curvature is thc aminoacid composition. Althoug.h this result, in princi
pie, could be taken as a straightforward infcrcnce, because the aminoacids with high curvnture triplets might 
be thought to be Lhe principal contributors to overall curvature proliles, il was found that it was not the 
case. The inspection of the aminoacid frequencies of proteomes and the corresponding curvature values of 
thcir derived DNA sequcnces revealed that lhe most importan! contribution came from Lys, Pro, Ala, lle, 
Arg, and Phe residues, as indicnted by lhe correlation index of Table 1. In the case of Lysine, lhe aminoacid 
with the highest correlation index (0.95), its lriplcts AAA and AAG have small roll angles of O and 4.2 de
grees, respectively. In the same trend, the triplet with the greatest roll angle (8.1) is GCC, coding for Ala, 
which is strongly anticorrclated with curvature (its corrclation index is -0.82). A detailed examination of 
the Goodsell and Dickerson algorithm ( 1994) used in our study revealed that the magnitude of the DNA 
curvature depends on the variations and phase of the roll values. A single triplet with a constan! roll value, 
as high as it mighl be, in a repetitive sequence would produce no curvature because the contribution would 
annihilate itself in each complete helix tum, due to the fact that in an ~s nt segment the rolation of thc 
bases places the roll angle in the opposile side of the helix, which amounts lo add the negative value of it
self, giving an average contribution of zero. In the other hnnd, a triple! with a relatively small roll value 
occurring. in phasc (every - JO nt.J within a noncurved sequence, would add to the roll values and produce 
a hig.h curvature contribution. 

Thc comparison bctween curvnturc profiles arising from the retrotranslmion of natuml and pemrnted pro
teomes revealed a slatistically signilicant contribution of the aminoacid order within the pcptide sequence to 
the overall genomic DNA curvature. Even when thc absolute curvaturc avemges difference is small, the largc 
size of the universe examined allowed us to determine lhat this difference is indeed signilicant and must be 
taken into consideration. It is clear that the main contribution of the proteome to DNA curvature is due to 
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ils aminoacid conlcnl. Ncvcnhclcss, lhc rclativc arder of thc aminoacids is also importan!, bccausc thc oul
of-phasc triplcls sturting at the second and third base of a codon also iníluencc DNA curvaturc. In this rc
gard, thc comparisons of curvaturc avcrages arising from the rctrotmnslation of natural and permuted pro
teins givc us a rcmarkable rcsult: the aminoacid position-depcndent curvaturc contribution in almost all the 
organisrns is positivc (20 out of 23). This data points toward thc existence of a natural sclection of genomie 
DNA curvature. Furthcr investigation might shcd light on the relevancc of global curvature of genomes. 
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Abstract 

DNA curvaturc plays a well-charactcrized role in numy tnmscription:al regulation 
n1eclrnnisms. In this woa·k we present evidenee for tite conservation of curvaturc 
signals in putativc regulatory regions of several genomes. Genes with highly curved 
upstream regions were collected into orthologous groups, hased 011 tite annotations 
of the Cluster of Orthologous Groups (COGs) database. COGs with a significant 
numher of genes with curvature signals were analyzed an<I conserved properties 
werc identified in scveral cases. \Ve found curvature-mediated regulatory sites, 
previously descrihed in single organisms, in a broad spectn11n of hacterial genomes, 
stressing the fact tlrnt structural paramcters of the DNA molccule, heyond the 
sequcnce, are conserved clements in the process of tnmscriptional regulation. 

lntroduction 

Studics or the rclationship bctween DNA curvature and transcription rcgulation havc 
becn conductcd mostly for spccific sets of genes and diserctc loci. Experimental evidcnce 
has dcmonstratcd a contribution of DNA curvaturc in rcgulating thc transcription of 
severa) genes, such as H-NS histonc-likc protcin (30), Sigma-S (12), IHF and HU 
rcgulatory proteins (7), Sigma-54 dcpcndent glnAp2 and glnflp2 (32), and artificial 
constructs using thc T7 virus promoter ( 1 1 ), among othcrs. 

Thc first genomc-widc analysis of promotcr scquenccs in E coli, found thcsc rcgions to 
be significantly more curved than coding regions or randomly pennutcd scquences. ( 1 O) 
This data is consisten! with our prcvious obscrvations in whole-gcnome non-coding 
regions (8). Morcovcr, binding sitcs for known rcgulatory protcins wcrc found to present 
cvcn highcr curvaturc valucs ( 1 O). lt was also proposed that mcsophilic bacteria, as 
opposcd to hypcrthennophilic bacteria and archaea, prcsent a bias to a high DNA 
eurvature contcnt due to a temperature depcndcnt transcription rcgulation (43). In these 
prcvious studics, only average curvaturc valucs wcrc considcred, therefore individual 
genes with significant curvaturc signals werc not idcntificd. 

As far as wc know, no attempt has becn made to establish if discretc DNA curvature 
signals are conscrved regulation fcatures in differcnt organisms. Herc we cxtend these 
previous studies and address the question ofwhethcr static DNA curvature is a conserved 
featurc of thc transcriptional regulation mcchanisms within the broad context of 98 
available microbial gcnomes (see Materials and Methods). Using thc data compiled in the 
COG (Cluster ofOrthologous Genes) database (!), and additional orthology data far the 
gcnomcs not includcd in it (see Materials and Mcthods), we clemonstrate a significant 
conscrvation of curvalurc signals within thc rcgulatory regions of severa) orthologous 
gene clustcrs spanning a broad spcctrum of biological functions,. Among thcse set of 
orthologous genes, DNA-binding protcins werc found to prescnt curvaturc signals in a 
largc numbcr of genomcs. A clctailecl cxamination of thc most relevan! cases is presentcd. 
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Matcrials and Mcthods 

DNA scqucncc data. 

DNA scqucncc was derived from the complete bacteria( gcnomes availablc in thc Entrcz 
Gcnome Database, (ftp://ncbi.nlm.nih.gov/genomes/Bactcria/). Different strains of the 
samc organism were eliminated, leaving the one with the largest genomc. Thus, the 
analysis contemplated 98 complete archaeal and bacteria( genomes. A list of these 
genomcs can be found at (www.ibt.unam.mx/bioinfo/curvature-genomes) 

Dclimitation of rcgulatory rcgions. 

A 250 nt. window eontaining 200 bases upstream and 50 bases downstream of the start 
codon of each coding sequence (CDS) was chosen as our analysis window, since more 
than 90% of thc regulatory signa Is are found within this range in E. coli K 12 (58). Thc set 
of upstrcam rcgions for each organism was obtained taking into account the operan 
organization of its genes. Operan prediction was based on inter-genic distances as 
dcscribcd by Salgado and Moreno-Hagclsieb (2, 45). The upstream region associated to a 
gene is the region upstrcam of the first gene in its operan and is defined as the Minimal 
Upstream Region (MUR). 

Cu rvaturc calculations. 

DNA curvature was calculated using the eomputcr algorithm BEND (6) and the rotational 
and translational eontribution matrix derived from nucleosome positioning sequence data 
(46). A curvature profile is obtained by assigning eaeh nueleotide of the sequence a 
curvature value, exprcssed as a deviation anglc from the helical axis per helical turn. 
Signal-to-noise ratio was minimizcd by taking thc average valuc of a sliding window of 
3 1 nuclcotides (approx. 3 helical turns), and assigning it to the central nucleotide. 

Since each genome presents a distinctive curvature prafile ( 14, 8), curvature average and 
standard deviation (SD) values were obtained for every genome considered in this study. 
A cutoff valuc of 3 SD from the genomic eurvature mean was used to identify 
statistically significant signals in thc set of MURs, and thcir genes were eolleeted and 
sorted into their corresponding orthologous groups. 

Clustcring of m·thologs. 

Our orthologous gene sets were mainly thosc found in the COGs database ( 1 ). Genomes 
not included in this database werc compared to annotated gcnomes using gapped-BLAST 
(35). Orthologs were identified and added to the corresponding COG using the bi
directional best hit critcrion, adding the requirement that at least 50% of the smallcst 
scquencc was included in the alignment. 
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ldcntification of COGs with statistically significant numbcr of curvaturc signals. 

To cvaluatc the statistical significancc of thc numbcr of genes with curved DNA signals 
in their regulatory rcgions in a given coa, wc used thc following proccdurc: a) we 
gencratcd a databasc of Montccarlo pennutations of thc MURs within cach complete 
genomc. b) wc countcd thc numbcr of genes within each coa that prescntcd a curvaturc 
signa) in its MUR. e) Stcps a) and b) wcrc rcpcatcd 1000 times to find thc mean and 
standard dcviation of thc numbcr of signals for cach coa. d) Wc cstimatcd thc statistical 
significancc of thc numbcr of signals in the COGs from the real genomcs by mcasuring 
its distancc, in standard dcviations, to thc mean of thc values obtained from thc 
Montecarlo pcnnutations. (tables 1 and 2). coas with less than 5 organisms rcpresentcd 
wcrc cxcludcd from our analysis. 

Promotcr prcdiction. 

Promotcr scqucnces for the genes in significant coas were predictcd using the algorithm 
of Mulligan et al., (47). Weight matrices werc dcrivcd from alignmcnts of cxperimcntally 
charactcrized promoters for sigma 70 (47) and sigma 54 (48) promoter sequcnces. 
Regions containing the best scoring promoters plotted using the DIAMOD DNA 
curvature display software (49). 

Rcsults. 

Analysis of COGs with conscrvcd curvaturc signals. 

Sixty coas presentcd a statistically significant number of curvature signals (above 3 SD 
from the mean obtained in the randomization procedure). These coas were classified 
accordingly to its given global functional characterization ( 1) (Table 1 ). Experimental 
data to support DNA curvature rclatcd to transcriptional regulation for these cases was 
scarched for in the litcrature. Biologically relevan! coas with lower seores (ovcr 2 OS) 
wcre also included (table 2) and considcred in our analysis. Rcpresentativc cases of the 
bcst scoring coas are: 

i. Proteins HU and IHF from COa0776. 64 genes from 43 different organisms were 
found to have curvature signals in their regulatory regions. Both IHF and HU proteins 
are known to be key regulators in a broad spectrum of genes in several organisms. 
These proteins bind to curved DNA regions and further bend the DNA molecule (23). 
Autonomous transcriptional regulation for thc hupA and hupB genes in E. coli has 
been dcmonstrated ( 41) . Besidcs this auto-regulation, the transcription of thcse genes 
has bcen found to be dependcnt on CRP (Catabolite Repression Protein) and FIS 
(Factor for Inversion Stimulation) regulators, both ofwhich bind to curvcd DNA (24). 
In thc case of the genes coding for the IHF dimmcr, himA and him/J, auto regulation 
has also been demonstratcd along with dcpcndence of rpoS and ppapp levcls (25, 26, 
50). 
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ii. DNA gyrase subunits A and 8 from COGOl88 and COGOl87, respectively. 45 genes 
for subunit A were found in 37 organisms, and 45 genes for subunit B in 38 
organisms. DNA gyrase is responsible for negatively supereoiling the DNA moleeule, 
und its own transeription has becn demonstrated to be regulated by the modulation of 
the supercoiling state of the DNA molecule (51, 52). A bent DNA regían between the 
-35 and -1 O elements of the GyrA promoter in S. pne11111oniae, has been described, 
and it has been proposed that this region makes the promoter very sensitive to 
clrnnges in supercoiling, allowing the expression of GyrA to act as a regulator of 
DNA supereoiling in the ecll (42). Signilicant curvature signals have also been 
predicted in severa! micobaeterial gyrase promoters (44). 

iii. Aspartyl tRNA synthetase from COGO 173, with 25 genes in 25 organisms. The 
presence of conserved Upstream Activating Sequences (UAS), regulating bi
directional promoters of glutamyl-tRNA synthetase and the va/U and ala W tRNA 
operan in E. coli has been demonstrated ( 17). The DNA in the UAS is known to be 
bcnt ( 19, 20) and also be a target for the FIS regulatory protein (21 ). 

iv. Transposase from COG3385, with 38 genes in 6 organisms. Transpositional 
modulation has been found to be dcpendent on global regulatory proteins such as HU, 
IHF and H-N8 (37, 38, 39) ali of them known to bind to curved DNA. Interestingly, 
thc role of DNA curvature involved in transposition has been confinned for the 
insertion sequence 18231 A in Baci//us tli11ri11giensis, where one of the tenninal 
rcpeats of the transposon Tn4430 was found to be an insertional hot spot, due to the 
llanking curved DNA regions ( 15). Even though this evidence is not direetly in volved 
in transcriptional regulation, our data support thc idea of a conserved curvaturc 
profile related to transposition, and confirm a general role of DNA curvature in 
transposition evcnts. The presence of curvaturc signals in the transposasc rcgulatory 
rcgion suggcsts a role of DNA curvature in transcriptional rcgulation; neverthcless, 
this has still to be verified. 

v. 308 ribosomal protein 820 from COG0268. 23 genes from 23 organisms prcsented 
eurvature signals. Although no direct evidenee has been reported for the relevance of 
DNA curvature in the transeription of the gene that corles for this protein, the role of 
FI8 regulatcd UAS has bcen documented for several ribosomal operons (40, 54). 

vi.Cell division rclated genes from COG3 l l 6 with 11 genes from 11 organisms (11 /1 1 ), 
COG0552 with 29 genes from 29 organisms (29/29), COG3096 (5/5), COG3006 
(515), COG0849 (21/21), and COG3095 (5/5). In this case we found different COGs 
involved with the genome replication and cell division process. The time coordination 
rcquirements for such process impose a highly regulated transcription schedule. This 
transcription is in many cases mediated by general DNA curvature dependent 
regulators such as IHF, FIS and HU (55, 56). 

vii.Glutamine synthetase from COGO 174, with 46 genes from 31 organisms. This gene, 
with a sigma 54-depcndent promoter, has bcen found to be also dependent on a bent 
region between the promoter and the enhancer site to initiate transcription in E. coli. 
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(32, 43). Our finding of a conserved curvature signa! in the regulatory regions of 
these genes in 31 genomcs indicates that this mechanism is widely conserved. In an 
attempt to furthcr charactcrize the rcgulatory rcgions of thcsc genes we predicted 
sigma 54 dependen! promoters, using a wcight matrix derived from the eompilation 
of 186 sequences reported in the literature (44) and are prescntcd in Figure 3). 

Visualization ancl analysis of conscrvcd curvatm·c signals. 

A detailed examination of the DNA curvature pro files of the MURs from the signifieant 
COGs wus conducted in order lo identi fy common and conservcd properties. 
Reprcsentative examplcs of COGs 

COGs grouping HU and IHF 01thologs, DNA gyrase and FIS were plotted using the 
DIAMOD DNA curvature display software (49), promoter predietion showed severa( 
cases were the maximal curvature value was less lhan 30 bp from the -35 element of the 
promoter sequence. Fig 1 presents the curvaturc profiles of predicted promotcr regions 
f'or thcse. COGs. 

The curvature profiles of regulatory regions of ribosomal RNA genes, known to be 
regulated by FIS and whcre promoter sequcnccs had been cxperimentally detem1ined, 
demonstrated conscrvcd curvaturc signals contiguous to the promoter, even among 
scqucnecs with low scqucnec homology, curvature profiles of ribosomal protein S20 
from severa! organisms, also dependen! on FIS, demonstratcd eonscrvcd eurvature 
signals near the prcdieted promoter region (fig2). 

The sigma 54 dependent glutamine synthctase gene g/nA, whose promoter region. is 
known to be bent in E. coli (57), was found grouped with orthologs frOín !31 ofüer 
gcnomes with eurvaturc signals, a detailed analysis demonstratéd eorise'rv'ed cürvritúrc 
signals near predictcd sigma 54 prcm1oters (fig3); -.-. ··· , · . 

There are other ribosomal genes who are also re~ÜJat~d!tt~L~~tJil\~12). 
Discussion. 

The strueture of the DNA molecule, in this case DNA curvature, has been found to play 
impottant roles in severa! biological processes, ineluding DNA replication and 
packaging, chromosomc scgregation, reeombination, transposition, virus intebiration and 
transeriptional regulation. Until reeently, DNA curvature had been studied in the context 
of discrete DNA fragments and particular loci in single organisms, and no atternpt had 
bcen made to find how general this meehanism was among different genomcs. In this 
work we presenta first attempt to study the conservation of DNA eurvature as an element 
or transeriptional regulation, by identifying curvature signals present in groups of 
orthologous genes. 

Our finding of a significant number of curvature signals in the upstream regions in 
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severa! clusters of orthologous genes, added to the previous experimental eharaeterization 
of a DNA eurvature mediated regulatory meehanism in at least. one of its mémbers, 
provides evidenee that eurvature-mediated transeriptional regulation is widely conserved 
among spve.rál organisms. · 

The fact that global regulators such as HU and IHF present conserved curvature signals in 
thcir regulatory regions is cxpectcd, since they are known to bind to curved DNA, and to 
be autoregulatcd in at least one organism, the discovery of 40 bacteria! gcnomcs sharing a 
curvature moti f suggests a highly conserved regulation mechanism. 

Severa! gene groups relatcd to cell division werc an unexpected finding, since there is no 
experimental evidence of DNA curvature involvcd in their transeriptional rcgulation, but 
the prcsencc of conservcd curvature signals suggests a common regulatory protein or 
mcchanism. Global morphological changes are known to occur to the chromosome 
during ccll division and the idea of a conserved DNA structure playing a role in this 
proccss is not far-fctched. 

Some previously unknown transcriptional regulators such as the araC family COG~977 
were also found to be dcpcndant on curvature, the detailed cháractcrizátioíi of the 
structure of its binding sites might be hclpful for the future dctection:ofgencs u~der thc 
control ofthese proteins. · ·. . . · , 

Ali these facts point towards a central role of the structure of the. DNA mOleci.Jle in 
transcriptional regulation. An integrated sequence and structure prediction approach for 
regulatory rcgions might result in more sensitive and efficient detectión of Í'C?gulatory 
motifs and a widcr and clearer comprehension of regulation paradigms, sillce strudural 
conscrvation is not necessarily sequcnce dependent. 
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Fig111·c lcgcnds. 

Figure 1: DNA curvature plots of predicted promoter regions for DNA gyrase, HU and 
FIS 01ihologous genes. Promotcr position is indicated by a black arrow. 

. . 

Figure 2: Curvature profilcs for experimentally characterizecl- promoters for ribosomal 
RNAs in E. coli and prcdicted promoters for ribosomal •protein.· S.20 orthologous genes. 
Pro111-0tcrs are indicatcd by a black an·ow. - - e-.-,,-"- --o-ó=,-º----'°,---º--~=- ·---- - · -

Figure 3: Curvaturc profiles of promoter regions for glllt~rtiri'esinthetasc orthologs. The 
prcdicted promoter is indicatcd by a black arrow;.; '· e;:: ~:e · ·', ·.·•· • .·. ·· 

, : )<,:.··: .>_:~.~-.:~::_'.· - <~~~,·~· 

Table 1: Top significant COQs, the colynms in~iea1c·the.~ist~nddi11Standard Deviation 
Units, the coa number, thc,nm;¡,ber 'of geflés/orga1.1isÍ11s/élnd the function acc;orqing to 
the COG databasc classifi,c.:ation. •·· · · · · · ·. · 

Table 2: Biologically relcvaht coas, whieh might prcscnt regulatory meehanisms 
mcdiated by DNA curvaturc are prescnted as an cxpansion of table 1, The columns 
inclicate the Standard deviation distance units, the coa number, thc number of 
gencs/organisms and the associated funetion, as dcscribed in the coa database .( 1 ). 
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Signal transduction mechanisms 
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3.09 COG3275 10/9 

Cellmotilit 
3.21 COG1344 
3.08 COG1360 

Transcription 
4.19 COG4977 
3.81 COG0085 
3.28 COG0553 
3.16 COG1522 

38/20 
22/19 
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32/31 
32/24 
98/36 

Amino acld transport and metabolism 
4.66 COG4992 38/29 
3.36 COG0253 24/24 
3.30 COG0703 25/25 
3.03 COG0174 46/31 

Defensa mechanisms 
3.67 COG2746 8/6 

Cell wall/membrane/envelope biogenesis 
5.37 COG3637 29/12 
5.30 COG0275 31/31 
4.24 COG0768 52/36 
4.10 COG2821 14/14 
3.86 COG0472 42/37 
3.33 COG0797 20/17 
3.04 COG1212 15/15 
3.01 COG0770 23/23 

Aeplication, recombination and repair 
6.81 COG0776 64/43 
4.57 COG0188 45/37 
4.23 COG0187 45/38 
4.15 COG3385 38/6 
4.08 COG 1604 5/5 
3.13 COG0468 30/30 
3.04 COG3611 7/7 

Functlon 

phosphoribosylglycinam ide form yltransferase 
adenylate cyclase 

GTP·binding protein TypA/BipA 
Autolysin sensor kinase 

flagellar hook-filament junction protein 3 FlgL 
Flagellar motor protein MotB 

transcriptional regulator araC family 
ANA polymerase beta subunit 
ATP-dependent ANA helicase HepA 
transcriptional regulator asnC/lrp family 

PLP-dependent am inotransferases 
Diaminopimelate epimerase 
shikimate kinase 
glutamine synthetase 

aminoglycoslde N3·acetyltransferase 
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SAM·dependent methyltransferase 
penicillin-binding protein 2 
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membrane-bound lytic murein transglycosylase A 
phospho-N -acetylm uramoyl-pentapeptide·transf erase 
rare lipoprotein A 
3-deoxy-manno-octulosonate cytidylyltransferase 
UDP·N-acetylmuramoylalanyl-D-glutamyl-2,6· 
diaminopimelate--D-alanyl-D·alanyl ligase 

DNA·binding proteins HU and IHF 
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DNA gyrase subunit B 
transposase 
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chromosome replication initiation / membrana 
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attachment protein DnaB 

Translation, ribosomal structure and blogenesls 
3.55 COG0268 23/23 308 ribosomal protein 820 
3.50 COG0173· 25/25 aspartyl-tRNA synthetase 
3.28 COG0012 29/29 GTP-binding protein 
3.22 COG4108 18/18 peptide chain release factor 3 
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Posttranslational modification, protein turnover, chaperones 
3.27 COG0719· 37/24 lron-regulated ABC-type transporter rnembrane 
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lnorganic ion transport and metabolism 
4.19 COG1392 19/18 conservad hypothetical proteiri 
3.47 COG1553 12/9 putativa ACR involved in intracellular sulfur reduction 

Cell cycle control, cell divlsion, chromosome partitioning 
4.9 COG3116 11/11 cell division protein (Ftsl) 

3.56 COG0849 21/21 cell division protein (ftsA) 
3.48 COG0552 29/29 cell division protein (ftsY) 
3.20 COG3096 5/5 cell division protein (mukB) 
3.11 COG3006 5/5 killing factor protein (KICB) 
3.02 COG3095 5/5 killing protein supressor (kicA, mukE) 

Carbohydrate transport and metabolism 
3.36 COG0205 25/23 
3.01 COG0166 26/26 

General function prediction only 
3.82 COG4572 5/5 
3.82 COG1084 8/8 
3.70 COG1075 14/12 
3.33 COG0795 27/14 
3.18 COG2071 16/16 
3.12 COG3081 7/7 
3.03 COG2607 9/9 
3.02 COG1823 8/8 

Function unknown 
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4.18 COG3870 
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3.85 COG1799 
3.73 COG3025 
3. 70 COG 1945 
3.65 COG2302 
3.47 COG0779 
3.41 COG4095 
3.32 COG2976 

23/23 
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5/5 

14/14 
10/10 
9/8 
9/9 

21/21 
6/5 

10/10 

6-phosphofructokinase 
glucose-6-phosphate isomerase 

cation transport regulator ChaB 
GTP-binding protein, GTP1/0BG-family 
triacylglycerol lipase precursor 
putativa membrane protein 
glutamine amidotransferase, class 1 
Nucleoid-associated protein 
conservad hypothetical protein 
sodium-glutamate symporter 

conservad hypothetical protein 
hypothetical nitrogen regulatory protein P-11 (GLNB) 
predected metal-binding protein 
hypothetical protein 
conservad hypothetical protein 
hypothetical protein 
conservad hypothetical protein 
conservad hypothetical protein 
conservad hypothetical protein 
hypothetical protein 
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5/5 

SDD COG genes/organisms 
Replication, recombination and repair 

2.84 COG4644 9/6 
2.76 COG1943 4S/13 
2.S6 COG131S 5/S 
2.41 COG3464 30/6 
2.37 COG0582 113/S1 
2.29 COG3666 23/8 

conserved hypothetical protein 
conserved hypothetical proteln 
hypothetical protein 
conserved hypothetical proteln 

Function 

Tn5044transposase 
transposase 
hypothetical protein 
181167, transposase 
Integrase/recombinase 
transposase-181 S62 

Translation, ribosomal structure and biogenesis 
2.76 COG0124 27/26 histidyl-!RNA synthetase 
2.75 COG0806 21/21 16S rRNA processing protein 
2.24 COG0689 18/18 ribonuclease PH 
2.1 O COG0228 20/20 30S ribosomal protein S 16 
2.03 COG1544 19/19 Ribosome-associated protein Y 
2.03 COG0060 24/23 isoleucyl-IRNA synthetase 
2.01 COG0023 9/9 Translation initiation factor (SUl1 related) 
2.00 COG0198 23/23 SOS ribosomal protein L24 
1.97 COG0081 24/24 SOS ribosomal protein L 1 

Posttranslational modification, protein turnover, chaperones 
2.83 COG0326 17/17 heat shock protein (HtpG) 
2.25 COG0484 25/24 DnaJ protein 

Cell motilit 
2.35 COG4787 
2.30 COG1291 
2.26 COG1377 
2.25 COG1S58 
2.00 COG1261 

Transcription 
2.84 COG2901 
2.46 COG1758 
2.18 COG2002 
2.13 COG1508 
2.05 COG0202 

717 
16/15 
15/14 
13/13 
10/10 

9/9 
22/22 
16/12 
1S/14 
23/23 

Amino acid transport and metabolism 
2.16 COG0159 21/21 
2.08 COG0133 20/20 

flagellar basal-body rod protein (flgF) 
Flagellar motor componen! (MotA) 
polar flagellar assembly protein (FlhB) 
flagellar basal-body rod protein (FlgC) 
flagella basal body P-ring formation protein 

DNA-binding protein (Fis) 
ANA polymerase omega subunit 
transcription regulator (spoVT) 
ANA polymerase sigma-S4 factor 
ANA polymerase alpha subunit 

tryptophan synthase alpha chain 
tryptophan synthase beta chain 
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Cell wall/mambrane/envalope biogenesis 
2.24 COG0357 19/19 
2.11 COG3951 7/7 
2.11 COG1589 16/16 

glucosa inhibitad division protein B 
putativa flagellar protain 
cell division proteln (ftsQ) 

Cell cycle control, call division, chromosome partitlonlng 
2.87 COG0772 40/31 cell division proteln (ftsw) 
2. 77 COG3115 7/7 cell divislon protain (ZipA) 
2.54 COG4839 5/5 call divislon proteln (FtsL) 
2.17 COG0445 19/19 glucose lnhibited division protein A 
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Fig. 2 
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Fig.3 
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Conclusiones. 

Determinantes globales. 

Nuestros principales resultados sobre el análisis de determinantes globales 

de la curvatura del DNA genómico pé1}1ostrar6J1 que: 

• 

• 

. 

:,~:(/ .. ''. 

curvatura muy diferc;:ntes. • _,, .•... . 

Las regiones intergé~icas son, en proníedio; 1ná~ curvas que las 

regiones codi ficantes .. 

• Existen genomas l}ii?~rcurvos, cuyo perfil es más cur,vo que lo 

esperado al. azar;•yg~~olTlaslüpocurvos, cuyo caso es etcontrario. 
,,,_. -··.·, -,···.'"r'-'" - .'' :--· . - , , . :... : -···'.-,,;· "·"-'· ·, 

• El uso de tod6ri~~-,~e1'.hafíá iniihiamehte. rel~CÍon~dó'.~~n fa cu..V~tura 
del ge11óJ1:iri?}}br~:;~is1T108 con genom'ªs.. ~ipefcJivo~ utilizan 

preferenci~)ajell,t~6~ctÓl1és qúe·favorec:eii v~Iore10(~JtÓs de curvatura. 

• La fracbié>k~~ aminoáCidos del proteom~)affibiért se haya relacionada 
- ·.·. .• ... ·. •". '•I 

con la curvatura; organismos con ge'noinas hipercurvos utilizan 

prioritariamente aminoácidos cuyos codcmes favorecen la ocurrencia 

de DNA curvo. 
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Señales conservadas en regiones de regulación. 

Dentro del análisis de la curvatura del DNA en relación con la regulación 

transcripcional, las principales conclusiones obtenidas son: 

• Existen grupos de genes ortólogos en diferentes genomas que · 

presentan seftales}le curvatura estadísticamente significativas .~n. sus 
-·~: - '::-":;> ." ·-:·.' ~. 

regiones~Jegula~gyas,. indicando un posible mécarlisrho1.cómún ~de 
"''~, ;·f.~~,_;·~-" ~¿,~: .. <>. ,.~r~~-- \::.··: :. _L· ·:··---

regulaciÓll; ¡'\ {'; ·· · .. ···· ·•-·: ;.; ·.< · 

• Varios. cf.t$co~, d~·~·~,1~sh.·eglilado~' pgr. curyatura, ·~~p~~~irttk!t~a.~n;1ente 

. ::::;,~r1~:~r~111~f t€::Jil::::p::c•111s•TI¿s'~imilares 
evidencia:'.·~~~€fÍ,tft~fü-~I-.!>pf~viá, que· .. también pre~ent~nésejiáles de 

cguurvi··a• .... r~ .. t····.·."e}l~ •• -.;.·.-.. ··.·e·.fs·.? .• t-.;.·n.:u .. '. .••. ~.sd•··.~ .•• ·1···~º.[V··~ '.~~.~¡.r_~r1·:i~t~s ·dceas.o
1
. 
0
ss•. n u

11
e
1 
... estcraans

1
. spmr~ .. ·º:·d···s•.•.ic······. cdiep. nes pueden 

. . . ... . _· ;:~x~bd!}1~i1th,,( regulación 

traii~C,1·:t?q¡'o!}:~1(: _ ·.· ·. · · ' ·· 

El estudie{ de la estrucfüra de 1i ~to1écllla 1 d~ )DNX! eg· lás regiones de 

regulación esfundániental para•·coiri~d~~~f l~~.1pe~~~-i-s1T1osde regulación, 

que en muchos casos poseen información i~dependienté de la secuencia. 

Este trabajo ha culminado en la elaboración de un manuscrito a ser 

sometido para sU publicación en una revista de arbitraje internacional 

(Nucleic Acids Research). 
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Resultados adicionales. 

Actualmente estamos desarrollando una metodología experimental para 

verificar si la curvatura del DNA juega un papel en la regulación de genes 

que presentan señales significativas de c:urvatura y cuya expresión depende 

de la misma proteína reguladora,'tal esel c~so de los genes dependientes del 
' ,_. . - .. 

regulador TyrR. N() . e~i~tt'!•i. ~!} ]a .Jiteratura. dªtos .. que relacionen el 

mecanismo de acción cieTyrR ccm la p1:ese~cia de fegfcmes curvas en el 

DNA. 

Estudios previos héinpropuesto que el iniciq>de Ia;~t[a118:cripción de los 

genes deperidientes clel factor sigma 54 depende a su ~~i deÚa;~róteína IHF 
-;.. - . ' , ~- r· ,,.,_ ,-,- ;,, -·~.·. 

o bie1i deup !)iti<:)·c~..Vo en el DNA para.pep11fffri·~1.AC>t?ia{~?rn~:,1a;región 
"enhancer" · coi1{eiJpr6hiótor( 12}. Con el fib de :Ve;riflé~rf~i ~%i~t~ ·üfi 'rriotivo 

_,.. ··.· ·.:'-"· , ::::;, ·':-;:.-~ :r .. ·-, '.~ > 

de curvatura. cofiseryad.o\en •1éls ·•·.'~egiolles'}pf9n~OtO:réis'.q~<~stos genes, 
' .'; ( • • ';' ._e,• :.,~_ - ., ~ 

exa111i namos lo.~. 1:[Jeff¡ 1~:5:.:9e •. '.c:uryatur~::·dé .lps' pr§p1QtC>fos.i.c~ta·C,tefizados 

conservación de e~tas'séft~les ~1131· ÓrgariisriiÓs. ·· 
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Pcrs pcctivas. 

La capacidad de identificar estructuras conservadas de forma 
- . .- _. . -

independiente de ,la secuencia nos abre varias· posibi 1 ida des de estudio muy 

prometedoras. Una primera propuesta de continuación de este proyecto 
. -·. ·'-· . -

podría i11volu.crar la identificación de s~ñales de curvatura conservadas 

dentro de.,: un _sale>, g~noínª, cY~~ reiacipnarlas _con reguladores especí f1cos de 

pro~esos celulares. Los,prl1i1~~os estucliÓs ~11·· .6sta. direcci.ón.;nbs 'han 

permitido identific~r siÚos de integración de transposones en ~I genoma de 
.. . - -·.~ . .- ' - ., -. ' . . . -. . - . - ... ' . - - - -·· -. 

E. coli. 

Otra posible. línea de investigación podría adaptar; . las metodologías 

desarrolladas para investigar señales conservadas en genonias virales. Los 
·-,. •. . ' - ~ . 

genomas virales.poseen características geométric:as muy particulares debido . - ,- . . . -.. 

a su tamaño pequeño, y se han identificado §éñ~Ies de . DNA curvo 

relacionadas con varios procesos del metabolismo virrll (19). Ha~ta ahora no 

se ha realizado;hingtín'.estudio global· •.• en~.esfo .•.. senÚdcY, a.~~sa~ de•que···se 

hallan disp_onibl~~·~~~·~de?.OOge11on~as ~ii·aiesco1nJJ,Ietos'.en~;~¡ ~e~karik: . 
. ··-o··. <'~~-.::2~~~--:';1>·:.· "_ ~¡.- é·. - - - ".' " .. •. ::::::.~~ -'.~-~; 

::i·~.~ -, ·' -' ~:·~·:.·.: ·.i~_·_·:'· ..... :·~ ./~:'-'.> : .-·:· ; . ·'. ~ : ' -~ - '__, . ' . 

u 11a 1 írlea:ct·~. interé~;· tjue··tambi~n2.~iehe·• a}g~_Pº.~···•.ªXªi}cé{ell,jd~sos_ .. ~.islados, 
implica la caracterización de las ci.str~ct~~as·d~:PNA:clep~~mot6res de genes 

eucariontes. Reportes previos •han·id,§ntiWcá~~'.111dti.vosde .. regulaci6n;curvos 

en algunos genes en H. sapiei1s .(7Ói;J"~J)>fo estÜdio de la curvatura podría 
. . - ,. - _, -.;;·~. ·--;;;.;·~ :'·:· 1?1{.-·.'. ".;:<··--. '-'' i . . : .. _ 

aportar avances significatiyo~;_.~h},WiicoiT1pr6í1slpncle los mecanismos ele 

regu Iaci ón transcri pciom11·· y'~At~'Jirt6IK~;'~p:,:w&~~ri~n~~s: 
·-;=· -·-, -. ·.-·'·\\'./ ., -_(;:~ -;~-;\\'~-"?:;'. ,-

-v:;.;: -".1::;'>-. _;_:}.:;: e·; .. ~··· 
,···,:· .... ;· ::;7 .. 

ba~·;º ª::'.::CWu~li~~!J1~~~;~¡r¡J~~~f ~ll~1F~.;;~Ji:;!:~:i:,::::: 
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del DNA en relación con rutas metabólicas o datos de regulación 

transcripcional. 

Una vertiente más de este, trabajo sería caracterizar los sitios de alta 

flexibilidad ~riei'bÑA, estudiar sJ:dist~ibúciórí6n-:e1 ~en:Oma,y s~ relación 
.··" ·-- .· .' ·.,' .. ' . ·.. ''.. . . ("" .. . .. ; ... :: .. :.. ' : 
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