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Resumen. , o -

La curvatura del DNA ha sido estudiada por mas de 20 afios, y se ha
relacionado con un amplio espectro de funciones bioldgicas, tales como la
replicacion, la regulacion ‘transcripcional, el empacamiento-del DNA, la
integracion de virus y transposones, y la recombinacién (1, 7, 14, 24). Estos
estudios fueron realizados principalmente en regiones discretas y /loci
especificos. No fue sino hasta que el avance en la tecnologia de
secuenciacion permitio obtener la secuencia de genomas bacterianos
completos que los determinantes globales de la 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 relacion que tiene la curvatura del DNA
con las preferencias de uso de codones y la composicion del proteoma.

Estudios de la relacién que hay entre la curvatura del DNA vy la regulacion
transcripcional han sido realizados para un nimero relativamente pequefio
de genes, tales como los genes dependientes de sigma 54 gind y ginH en E.
coli (12), el regulador transcripcional H-NS (23), sigma S (13), y CRP ¢ IHF
(14). Recientemente se han publicado estudios de caracter global, en donde
se ha reportado la curvatura promedio de las regiones promotoras de £. coli
y de H. sapiens (16), posteriormente se ha publicado una comparacion entre
los perfiles gendmicos promedio de regiones reguladoras de genomas de
bacterias meso6filas e hipertermofilas (17), asi como las caracteristicas 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 regulacion
transcripcional dentro de un contexto genémico, mediante la evaluacion de
la conservacion de sefiales de curvatura en regiones de regulacion de genes
ortélogos en mas de 90 genomas. Hemos identificado varios grupos de
proteinas ortologas que presentan sefiales de curvatura significativamente
conservadas, indicando un posible mecanismo comun de regulacién. Estos
grupos son examinados y discutidos en este trabajo.

Nuestros datos nos han permitido identificar grupos de genes
corregulados en E. coli que presentan seiiales de curvatura conservadas, en
varios casos no hay una descripcion previa que relacione a la proteina
reguladora con la curvatura del DNA. Este analisis sienta las bases de la
caracterizacion experimental del mecanismo de regulacion de varios genes
tales como los dependientes de TyrR, en el cual la curvatura del DNA
pudiera jugar un papel importante.




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, tmnspoSon 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 several complete
genomic sequences, that DNA cuwature was able to be studied in'a genomlcV
context. ‘

This work describes one of the earllest characterizations of the global ,
determinants of a genome's curvature ploﬁle 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 /oci, such as
Sigma-54 dependent glnAp2 and ginHp2 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.
Several orthologous gene sets present significantly conserved curvature
signals, indicating a possible common regulatory mechanism. Relevant
examples of orthologous groups with conserved curvature signals are
examined and discussed.

Our data allowed us to identify several genes corregulated in the £. coli
genome, with conserved curvature signals. This gives a mainframe for the
experimental characterization of regulatory mechanisms related to DNA
curvature previously unknown, such as the case of the PurR regulator.




Introduccion.
La estructura del DNA.

La estructura de la molécula de DNA, caracterizada mlcnalmente por

Watson y Crick en 1952, fue representada como una’ doble'hellce‘ sxgmendo ‘

una traycclorla recta. Estudlos postenores demostra n.qt S ntﬂera_c,c,l_ones,
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‘Ihis  figure is purely
tHagrammatie, The two
ribbons symbolize! the Twist
two  phosphate—sugar 4

chaing, and the hori-
zoatal rods the pairs of
basea holding the chiaing
together. ‘Fhe vertieal
line marks the fibre axis

Figura 1. a) Imagen original del articulo de Watson y Crick (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.
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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 intrinsicamente de
la secuencia, y la representacion grafica de la misma nos permite identificar

y visualizar regiones curvas en la molécula del DNA (fig 2).
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Figura 2. Mapco de la trayectoria de un {fragmento de DNA curvo.

El DNA curvo. ‘

Las primeras noc1ones acerca del DNA'curvo provienen de la observacion
de patrones de corrlmxento anomalo de fragmentos de DNA en procesos de
electroforesns en geles de agarosa (2). La caracterizacién de estos fragmentos

de DNA: revelo que las restricciones estructurales impuestas por una region

curva en -molecula no permite el libre flujo a través de la reticula del gel,

causando’luna-’d;smmucmn en [a velocidad de migracién de la misma.

Originalgne':nte fueron propuestos dos modelos para explicar el fenémeno

del DNA C urvo El modelo del vecino cercano (3) propone que las regiones

curvas-en el DNA son producto de la acumulacién de muchas pequeifias
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consndelados “llgeramente doblados con un angulo de roll constante de

3 grados

Modelo de'Bolyshon (5) Este modelo es generado a partir de] analisis de

54 olygonucleotldos sintéticos, da una contribucién importante a la

variabfé tlll, y permite un gran intervalo de variacién en la variable twist,
que Oti;QS' modelos consideran constante.

Posicionamiento de nucleosomas (6). Las contribuciones angulares de
este modelo son derivadas exclusivamente de observaciones
experimentales sobre la preferencia de la ubicacion de trimeros en

circulos pequeiios de DNA y regiones enrolladas en nucleosomas. A



stasr frecuencnas. Este
demostrado ser el vmas exacto’ en cuanto a su ‘capacidad de predlccmn de
la estructura de ollgomeros y-su comportamlento en geles de agarosa, y

es el modelo utilizado en el presente estudio.

El papel de la curvatura del DNA e¢n la biologia.
La relevancia biolégica de la curvatura del DNA ha sido estudiada por

mas de 20 afios, y se ha relacionado con una gran variedad de plocesos

blO]OglCOS tales como la rephcacxon del DNA, recombmacmn

bacterianos, 'y - al 7 eucarlontes. Este caudal de

informacion ha ablerto la ooportunidad'de reallzar estudios que contemplan al
genoma como unidad fundamental, y permiten comparaciones globales entre

diferentes genomas.

Decterminantes globales de curvatura.

El perfil de curvatura de un genoma completo fue descrito por primera
vez en 1997 (8) y se demostré que cada genoma posee un perfil de curvatura
caracteristico. Nuestro trabajo extendié este andlisis caracterizando los

determinantes biolégicos de la curvatura del DNA de genomas totales,




mediante la manipulacién in silico de la secuencia nucleotidica.

Curvatura del DNA y regulacién transcripcional.
El papel de la curvatura del DNA como elemento regulador de Ia

transcripcion ha sido confirmado para numerosos genes en donde se ha

en algunos promotores de micobacterias (18). =

Desarrollo.

La metodologia seguida en este proyecto, asi como los principales

resultados, fueron publicadosen* 2 -articulos en revistas de arbitraje

internacional (Microbial ‘and Comparative Genomics), los cuales se

‘a.p:rtfé del desarrollo de este proyecto, que involucra

presentan aqui. L.a

el anélisis de' regio ‘d‘e regulacion, fue reportada en un manuscrito,

sometido para su v cacién (Nucleic Acids Research). El manuscrito en su

lotalldad com.pone‘ la ultima parte del desarrollo.
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ABSTRACT

Static DNA curvature distributions of full-sequenced genomes and large DNA contigs from
different organisms were calculated. Very distinctive differences among histogram profiles
coming from archacbacteria, eubacteria, and cukaryotes were observed. Eubacterial pro-
files were, on average, more curved than were archacal and eukaryotic profiles. A compar-
ative analysis between real and randomized DNA sequences revealed that cubacterial
genomes presented, overall, higher curvature values than random sequences. An opposite
portrait was exhibited by archaeal and eukaryotic genomes. They displayed a lower fre-
quency of curved regions than their corresponding randomized sequences. The contribu-
tions of coding and intergenic regions to the curvature profile were also analyzed. Intergenic
regions, on average, were found to be more curved than the overall genomic sequences, es-
pecially in prokaryotic organisms. Nevertheless, because of their small size with respect (o
coding regions, the contribution of intergenic sequences to the overall curvature profile
tended to be minor. A clear relationship between codon usage and DNA curvature was
demonstrated, and a proposal of the possible coevolution of both systems is discussed. Fi-
nally, we present a procedure to quantify the deviation of a curvature profile from ran-
domness through a formal statistical analysis.

INTRODUCTION

lie refevance of DNA curvature as a regulatory component in transcription, replication, recombination,

and chromatin structure has been proposed (or more than 15 years (reviewed by Hagerman, 1990; Har-
rington, 1992; Travers, 1990; Kathleen, 1992; Pérez-Martin et al., 1994). The increasing evidence in favor
of DNA sequence-dependent conformations has encouraged the study of the bending propensity parame-
ters of dinucleotides and trinucleotides. Bending contribution matrices have been deduced (rom analysis of
different sequences by clectrophoresis gel retardation (Calladine et al., 1988; Bolshoy et al., 1991), x-ray
diffraction (Koo and Crothers, 1988; Nelson et al., 1987), NMR analysis (Clore and Gronenborn, 1985;
Sarma ct al., 1988), DNAsc protection experiments (Satchwell et al.,

1986), and, theoretically, energy cal-
culations (Cacchione et al., 1989; D¢ Santis et al.,

1986). These data, in conjunction with computer algo-

!Laboratorio de Biologia Computacional. Centro de Investigacion sobre Fijacion de Nitrdgeno, Anstituto de Inves-
tigaciones en Matemdticas Aplicadas y en Sistemas, and Pepartamento de Microbiologia Molecular, Instituto de Biotec-
nologfa, Universidad Nacional Auténoma de México, Cuemavaca, Morelos, México.
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rithms, have been used muinly to study the curvature of short DNA fragments at specific and discrete oci.
The development of new and better nucleotide sequencing techniques offers the possibility of extending
these studies from restricted and very short DNA regions into a novel ficld that could provide different in-
sights into the biologic role of DNA curvature by analysis and comparison of complete genomes or at least
of very large DNA contigs. Pioacer rescarch in this new field is the work of Gabriclian et al. (1997), who
studied the distribution of sequence-dependent curvature in prokaryote and cukaryote genomes, showing
that prokaryotic genomes present a higher content of curved DNA than cukaryote genomes.

Here, we extend this insight by analysis of recently sequenced genomes, including those from the ar-
chaecal domain, taking into account new variables that may affect DNA curvature, such as the presence of
coding or intergenic sequences and the codon usage bias. The effect of this bias was analyzed by genera-
tion of sequences in which Escherichia coli, Methanococcus jannaschii, and Arabidopsis thaliana DNA
coding regions were set up based on the codon usage of different organisms. Local curvature values at every
nucleotide were grouped into histogram profiles. Significant changes in the DNA curvature proliles were
found, depending on the codon usage applied. Our results also suggest that the DNA curvature of genomic
sequences is a nonfortuitous phenomenon. Comparison of DNA curvature profiles showed important dif-
ferences between real and shuffled sequences. Bubacterial chromosomes showed a higher content of curved
regions than random sequences, and archacal and cukaryotic genomes exhibited a lower frequency of curved
regions. A formal method to evaluate the statistical significance of the sequence-dependent curvature of
chromosomal DNA is presented, and the results obtained and their implications are discussed.

MATERIALS AND METHODS

The BEND program of Goodsell and Dickerson (1994) was translated into Perl language and adapted to
make the analysis of whole genomes or large contig sequences. The BEND program is based on the near-
est-neighbor model, which assumes that curvature of DNA is the result of successive accumulation of ro-
tational and spatial displacement between base pairs. The program reads the DNA scquence, evaluates the
normal vector of cach base pair, and averages these values over a 10 bp interval. Curvature is then caleu-
lated as the angle between averaged normal vectors 31 bp away. To have a standard unit of curvature, we
express the curvature value as the deviation angle per one helical wrm (10.5 nt). Among different bending
contribution matrices published, we chose the trimer matrix of the nucleosome position model of Satchwell
ct al. (1986) because it has been used to accurately predict the curvature of well-characterized curved DNA
sequences.

Randomization of the sequences was made by the random repositioning of every base or set of bases
along the entire nucleotide sequence. When the randomization window was larger than | nt, we divided the
whole sequence into N windows (where N = sequence length/window size). Then, every window was ran-
domly repositioned along the sequence. Programs were executed in Sun Ultra and Silicon Graphics Pow-
erChallenge computers under UNIX platform. The program sources and examples are available at our web-
site, hup://www.ibt.unam.mx/cgi-bin/server/PRG.basc?clasc:iap.

The sequence files of the genomes of A. thaliana, Archeoglobus fulgidus, Borrelia burgdorferi, Bacillus
subtilis, Chlamydia trachomatis, E. coli, Haemophilus influenzae Helicobacter pylori, Methanolabacterium
thermoautotrophicum, Mycoplasma genitalium, M. jannaschii, Mycoplasma pnewmoniae, Saccharomyces
cerevisiae, and Synechocystis sp. were retricved from The Institute for Genomic Research (TIGR) world-
wide webserver (hup://www . tigr.org/tdb/mdb/mdb.btmi). Plasmodium falciparum, Caenorhabiditis elegans,
and Homo sapiens were retricved from The Sanger Center (http://www.sanger.ac.uk).

RESULTS

Curvairure profiles of real and randomized sequences

To analyze the curvature of genomic DNA scquences, we have implemented. a program based on the
BEND algorithm developed by Goodsell and Dickerson (1994) that calculates the intrinsic local curvature
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CODON USAGE AND SEQUENCE-DEPENDENT CURVATURE

of B-DNA tracts. We used a set of parameters that have been shown to predict accurately the curvature of
well-characterized curved DNA sequences (Goadsell and Dickerson, 1994), Evaluation of local DNA cur-
valure was determined at each nucleotide for the following full-sequenced genomes: A. fulgidus, B. burgdor-
Jeri, B, coli, B, subiilis, H. influenzae, 1. pylori, M. thermoautotrophicum, M. genitalivm, M. jannaschii,
M. pneumoniae, S. cerevisiae, and Synechocystis sp. Large DNA contigs from C. elegans, C. trachomatis,
A. thaliana, Drosophila melanogasier, P. falciparum, and H, sapiens were also included in our analysis.
Length and GC content of the sequences analyzed, as well as the mean of the curvature values, are listed
in Table 1. Local curvature values at every nucleotide were grouped into histogram profiles with a bin width
of 0.33 degrees per helical tumn. Frequencies are normalized and expressed as a percentage of the size of
the analyzed DNA. With few special exceptions, cubacterial genomes had a higher content of curved DNA
sequences than archaeal or cukaryotic genomes, This result is in good agreement with the data obtained by
Gabriclian et al. (1997). C. trachomatis was the most important exception to this rule (Fig. 1), Its DNA
showed the lowest curvature value among the cubacterial sequences studied and displayed a curvature pro-
file less curved than that of C. elegans, D. melanogaster, and S. cerevisiae DNA. Most of the cubacterial
genomes analyzed showed a remarkable similarity in their curvature profiles (represented as a single cur-
vature profile in Fig. 1, thick line), with the distinctive exceptions of the /. influenzac and H. pylori
genomes, which presented the highest curvature values, and the C. trachomatis DNA just described. A wider
spread was observed between the archacal or cukaryotic genomes. M. jannaschii and M. thermoauiotroph-
icum were the organisms from the Archaca domain that displayed the highest and lowest DNA curvature
distributions, respectively, whereas in the Eukarya domain, C. elegans and I, sapicus displayed the high-
est and lowest DNA curvature distributions, respectively (Fig. 1).

Tanr: 1. COMMLATION OF CURVATURE AND STATISTICAL VALUES O GENoMES AND LarGt DNA Contics

Organism Domain Size GC% Curvature Curvature  pgpz* DSDZy,
{Kbp) of real ol random mean
sequences *  sequences” value ¢
Bacillus  sublilis Eubacteria 4,215 43.52 3.94 3.61 66.42 23.64
Borrelia  burgdorteri Eubacteria 812 29.85 3.96 3.78 19.67 11.59
Chlamydia trachomalis Eubacteria 1,042 4131 3.74 3.67 14.61 7.15
Cscherichia coli Eubacteria 4,639 50.79 3.92 3.46 101.11¢ 33.74
Haemophilus inlluenzae Eubacteria 1,830 38.15 4.37 3.70 88.62 46.09
Helicobacter pylori Lubacteria 1,668 38.87 4.80 3.70 132.81 77.22
Mycoplasma genitalium Eubacteria 581 31.69 4.00 3.77 17.70 16.58
Mycoplasma pneumoniac Eubactena 816 40.01 3.98 3.77 25.48 16.13
Synechocyslis _sp. Eubacteria 3,574 47.72 4.08 3.52 97.09 37.04
Archacoglobus  lulgidus Archaea 1,874 48.12 3.70 3.50 27.45 13.34
Methanococcus  jannaschii Archaeca 1,665 31.43 3.93 3.78 20.76 11.46
Methanobacterium Archaea 1,594 43.08 3.23 3.49 37.97 22.13
thermoautotrophicum
Arabidopsis thatiana Eucaryote 1,036 36.26 3.60 3.89 13.93 10.54
Caenarhatuditis elegans Eucaryote 31,888 35.39 4.06 3.74 221.82 22.13
Drosophila melanogaster Eucaryote 7.978 42.46 3.88 3.63 70.82 18.06
Homo sapens Eucaryote 2,583 44.70 3.33 3.60 43.38 19.55
Plasmodium lalciparum Eucaryote 11,137 22.82 3.42 3.73 115.63 25.53
Saccharomyces cerevisiae Fucaryote 12,069 38.30 3.78 3.70 27.98 6.94

*Mean of the curvature value of the nucleotides in the original sequence. The curvature value at every base is expressed
as the deviation angle per 10.5 ot

bMean of the curvature value of the nucleotides in the randomized sequences.

“Distance, in standard deviations, between zero (DSDZ) and the mean of the area values. Sec text for complete
description.

YThe sequence is divided in blocks of 500 kbp, and the meaa of their DSDZ values (DSDZsqo) is expressed.
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To support the nonfortuitous nature of the curvature profiles, we generated new nucleotide sequences by
random shuffling of the original genomic sequences. Randomized sequences have the same size and GC
content as the original genomes but differ in the relative positions of their nucleotides. Curvature profiles
of all randomized sequences were almost identical regardless of their eubacterial, archacal, or cukaryotic
arigin. ‘The curvature profiles of these randomized genomes can be retrieved from our webserver
(hup/rwww.ibtunam.mx/cgi-binfserver/PRG.base?clasc:iap). We found that most of the cubucterial se-
quences have @ higher content of curved regions than their randomized sequences. 1. pylori curvature pro-
files are illustrated in Figure 2A as an example. Gabriclian et al. (1997) found similar results in a study of
the E. coli genome. As this increased content of curved regions in real sequence was a common outcome,
an important finding was the existence of some archacal and cukaryotic genomes that displayed a lower
content of curved DNA than those exhibited by randomized sequences. Figure 23 and 2C show the pro-
files of the archacbacterium M. thermoantotropliicum and the cukaryote /1. sapiens, respectively. Table |
lists the mean of the curvature values of cach genomie analyzed, as well as the values obtained (rom their
corresponding randomized sequences.

[n an attempt to scarch for the minimal contribution unit of curvature, we expanded the randomizing win-
dow from 1 nt 1o 2, 3, 5, 10, 20, and so on up to 100 nt (see Malcrials and Mecthods). We looked for the
minimum window size that generates no differences between real and randomized genomes. We found that
shulfling sequences with a window size of 100 basc creates almost the same profile as the original genome,
Window sizes between 1 and 100 bp produced randomized profiles that gradually approached the profile
of the real genome in a fairly gcometric fashion. The DNA curvature profiles of this study can be retrieved
from our webserver (http://www.ibt.unam.mx/cgi-bin/server/PRG.baseclase:iap).
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FIG. 1. DNA curvature profile of representative genomes and birpe contig, sequences. ‘The curvature values at every
nucleotide of a DNA sequence are grouped into bins of a width that corresponds to (.33 degreces per helical wrn. Fre-
quencies are normalized and expressed as a percentage of the DNA analyzed. The thick line includes the profiles of 5.
burgdorferi, E. coli, B. subtilis, M. genitalitun, M. jannaschii, M. pneumoniae, and Synechocystis sp. For clarity, only
representative examples of the sequences analyzed are included. Full color graphics, including the results of all the or-
ganisms analyzed, are accessible from htip://www.http://www.ibLunam.mx/cgi-bin/server/PRG . base?clase:iap.
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FIG. 2. Comparison of DNA curvature profiles from real and randomized sequences. (A) Eubacterial, (B) archaeal,
and (C) cukaryotic DNA curvature profiles, respectively, where we found the major differences in the curvature val-

ues between real and randomized sequences.

Contribution of coding and intergenic sequences to the overall curvature praofile

When coding information was available, we performed a comparative analysis of the curvature profile
of coding and intergenic regions (Fig. 3). Although curvature profiles exhibited similar overall shapes, cur-
vature profiles of intergenic regions showed a deviation at their right end tails. Such a deviation corresponds
to an increase in the high curvature value frequencies (Fig. 3A, inset). In all cascs, the curvature profiles
of intergenic sequences showed higher curvature values than the profiles of coding regions or the entire
genomes. The extent of these differences varied importantly depending on the organism analyzed. Never-
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theless, in all the organisms studied, the curvature profiles of the cading regions were slightly snaller than
those of entire genomies. Curvature profiles:of representative.examples of cubacterial (£. coli), archacal (A.
FFulgidus), and cukaryotic (S, cercevisiae) organisms are shown in Figure 3.

lffect of codon-usage bias on DNA curvature

A possible bias on DNA curvature due to cadon usage was also examined, The £, coli, M. jannaschii,
and A, thaliana genomes were chosen as examples ol cubacterial, archeal; and cukaryote genomes. The
codon usage tables of these organisms, as well as those .pylori and M. thermoautotrophicum, were cal-
culated based on their annotated genomic sequences. /. pylori and M. thernnaawatrophicum represent the
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organisms with the highest and lowest content, respectively, ol curved DNA, as previously described (Fig.
1 and "Table 1). We generated three different £. coli databases in which the triplets of every coding region
were replaced with a synonym triplet according to the codon usage bias of cither £. coli, 1. pylori, ov M.
thermoawtotrophicum. Significant differences in the curvature profiles were displayed. The profiles with
the highest and lowest curvature values corresponded to the E. coli artificial genomes generated with 7/,
pylori and M. thermoawotrophictan codon usage tables, respectively (Fig. 4A). Similar results were ob-
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Effect of codon usage bias on DNA curvature. Anificial . coli, M. jannaschii, and A, thaliana DNA se-

quences were created based on the codon usage of organisms with either the highest (/. pylori) or lowest (M. ther-
moautotrophicum) content of curved DNA, and their curvature profiles were calculated. As intemal controls, the arti-
ficial £. coli, M. jannaschii, and A. thaliana DNA sequences generated on the basis of their own codon usage bias were
analyzed. The curvature profiles of the original and randomized genomes are also presented.
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tained with the genonie sequences of M. jannaschii and A, thaliana (Fig. 4B and 4C, respectively). Our in-
ternal controls were the . coli, M. jannaschii, and A. thaliana databases generated with their own codon
usage bias, The curvature profiles of these new genomes were much closer to the profiles obtained with the
real L. coli, M. jannaschii, and A. thaliana sequences than those obtained with their correspondent ran-
domized genomes. These results indicate that there is, in fact, a relationship between codonusge and DNA
curvature. Nevertheless, other factors also might be related. Similar results were obtained with the codon
usage tables of /. influenzae, M. genitalivin, M puneumoniae, and 8. cerevisiae and are available at our
WWW site (htip://www.ibtunam.mx/egi-bin/server/PRG .base?clase:iap).

Statistical significance of DNA curvature

We developed u procedure to estimate the statistical significance of the curvature profile of entire genomes
or large contig DNA sequences. In this procedure, we generaled, by shullling, a large number of random-
ized versions of the original genome and caleulated the curvature profiles of cach randomized sequence,
Differences between (he curvature histogram of cach randomized version and the original sequence were
evaluated bin by bin in order to obtain the area values between the real profile and each of the randomized
profiles. From analysis of 1000 rundomized sequences, values closely following a normal distribution were
obtained, and their mean and SD were catculated. Based on the fict that the arca between two identical pro-
files is zero, the probability of a random sequence having the same curvature profile as the original can be
computed from the distance, in standard deviations (SD), between zero (DSDZ) and the mean of the arca
values. A DSDZ >4 is highly unlikely to occur in a normal distribution. All genomes proved to have very
significant DSDZ values, regardless if they were deviated toward a more curved (eubacteria, in general) or
less curved (most of the archaebacteria and cukaryotes studied) profile, than those obtained by their corre-
sponding random sequences (Fig. 2 and Table 1). A significant influence toward high DSDZ values were
observed as a result of the size of the sequences analyzed. To make fair comparisons, we chose 500 kbp
as our standard length of analysis. This size approximately corresponds to the smallest size of the genomes
studied (M. genitalinum, 580,820 bp). We called the DSDZ value obtained from the analysis of a 500 kbp
window DSDZy,. In general, all of the 500 kbp fragments coming rom onc genome or DNA contig pre-
sented almost identical curvature profiles and DSDZ3® values. It is important (o note that cubacterial
genomes showed the most significant DSDZsgq values. [n our study, H. pylori, M. thenmoautotrophicuan,
and P. falciparum were the eubacteria, archacbacleria, and eukaryote with the highest DSDZsoq values (77,
22, and 25 DSDZsg, respectively) (Table 1).

DISCUSSION

What kind of new biologic information can be obtained from systemaltic analysis of the DNA scquences
reported in the rapidly growing databases? Can old questions, restricled to discrete DNA regions, be
rephrased to large DNA contigs or even entire genomes? Sequence-dependent DNA curvature is one ex-
ample of a fundamental issuc that can be reanalyzed in this era of massive nucleotide sequence acquisition.
In this study. we showed that the intrinsic curvature of chromosomal DNA presents distinctive profiles that
may be related to their cubacterial, archaeal, or cukaryotic origin. Important common properties are shared
by Archaea and Eukarya, such as their tendency to have a low content of curved DNA sequences and the
great variation between their DNA curvature profiles. On the other hand, cubacterial genomes tend to be
more curved and show an exceptional similarity in their DNA curvatiire profiles. These results are in good
agreement with the work of Gabrielian et al. (1997), which showed that some prokaryotic genomes (H. in-
Sluenzae, M. jannaschii, and M. genitalitun) appear to have a higher frequency of curved DNA than cu-
kuaryotic genomic DNA sequences (F. sapiens and 8. cerevisiae). Although both studics reached the same
conclusion, they differ in the extent of DNA curvature observed because of the characteristics of the geo-
mietric matrices used in cach analysis. We applied the trimer matrix of the nucleosome position model
(Satchwell ct al., 1986), whereas Gabriclian et al. (1997) used the geometric parameters of the NMR model
(Ulyanov and James, 1995).

From our results, it is inferred that the overall curvature of genomic DNA is a nonfortuitous phenome-

250

TESIS CON
| FALLA DE CRIGEN

ot



CODON USAGLE AND SEQUENCE-DEPENDENT CURVATURIE

non and possesses special characteristics that are not found in random sequences. Elucidation of the dri-
ving forces that determine the DNA curvature is one ol the main goals of our study. tn this regard, we con-
sider the constraints encountered by DNA to be organized and packed in the chromosome as an important
clement to study. Evidence supporting the relationship between DNA curvature and chromosomal structure
is based on the periodicities of some dinucleotides present in the DNA nucleosome core at cvery 10.5 bp
(the size of a DNA helical trn) (Satchwell et al., 1986; Trifonov and Sussman, 1980). It is important 10
note that the archacal chromosomal DNA is histone associated and organized into nucleosome-like struce-
tures. Such characteristics suggest an organization similar to that found in cukaryotes (Takayanagi et al.,
1992). In that respeet, it is possible that the nucleosome organizations in Archaca and Bukarya are closely
related o their fow content of curved sequences in their genomes, whereas Eubuacteria have evolved a less
structured but more curved genome.

To provide additional support o this hypothesis, we have analyzed the curvature profite of the cubac-
terium C. rrachomatis, an obligate intracytoplasmic parasite of cukaryotic cells that has a condensed nu-
cleoid and a cukaryotic H1-like protein (Costerton et al., 1976). We observed that the curvature profile of
C. wrachomatis DNA is notably different from the rest of the eubacterial curvature profiles and resembles
archacal and cukaryotic profiles, supporting the idea of a relationship between chromosomal structure and
static DNA curvature. Interestingly, Miramontes et al. (1995) were also able to distinguish prokaryotic from
cukaryotic DNA base on local stacking and structural properties of DNA as a function of the binary dis-
tributions of GC/A'T and purine/pyrimidine base pairing. Supported on these parameters, these authors also
reached the conclusion that the requirecments of chromosomal DNA (0 be packed impose specific constraints
in DNA sequences that could reveal different evolutionary DNA historics.

The influence of curved DNA regions on gene transcription regulation in prokaryotic and eukaryotic or-
ganisms has been well established (IHagerman, 1990; Parcz-Martin et al., 1994; Schatz and Langowski,
1997). We expected to find a higher content of curved DNA sequences in the intergenic regions because
of their regulatory nature and corresponding influence on the overall DNA curvature. Therefore, we ana-
lyzed the contributions of coding and intergenic regions in the curvature of the genomic DNA. Actually,
the anticipated enhanced frequency of curved DNA sequences in the intergenic regions was found, but this
enrichiment had only a minor impact on the overall chromosomal DNA curvature, as their size is compar-
atively small with respeet to the size of the coding sequences.

An interesting observation is the remarkable similarity between the curvature profiles of the coding and
the overall genomic sequences, implying that the DNA constraints influencing DNA curvature are notably
present in coding regions. In agreement with this conclusion and coansidering that codon usage is an im-
portant feature of the coding regions, we cnvisioned a possible relationship between the codon usage bias
and the curvature of genomic DNA scquences. To test this premise, we gencrated hypothetical E. coli,
M. jannaschii, and A. thaliana genomes that presented the codon usage pattern of other organisms. Inter-
estingly, we found that artificial genomes with the codon usage of organisms with cither a high (/1. pylori)
or a low (M. thermoautotrophicun) content of curved DNA exhibited a correspondingly high or low fre-
quency of curved DNA sequences. Similar results were obtained with the codon usage of different organ-
isms. These data clearly demonstrate a significant interdependence between codon usage and DNA curva-
ture. It has been reported that preferential codon usage could be a consequence of the relative abundance
of isoaccepting IRNA (Bulmer, 1987; tkemura, 1985), translational sclection (Xia, 1996). or mutational
pressure in DNA (Sharp ct al., 1993). Here, we present evidence (o consider that DNA curvature is another
clement related to codon usage. Nevertheless, [rom our results, it is not possible to determine whether or-
ganisms adopted a particular codon usage during evolution in order to obtain a specific DNA curvature or,
conversely, a sclection pressure for a specific codon usage had an indirect effect on DNA curvature. Be-
cause both the preference of codon usage and the curvature in chromosomal DNA scem to be important re-
quirements for the biology of every organism, a plausible scenario could have included a coevolution of
both systems. Lowever, validation of this novel proposal will require additional analysis.

We developed a simple procedure to evaluate how far the genomic DNA curvature is from random. For
that purpose, we generated 1000 randomized versions of the original genomic sequence, and for each of
them, we evaluated the area between the curvature profiles of the real and randomized sequences. We ob-
tained data clearly following a normal distribution of these 1000 area values and calculated the distance, in
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S, between zero and the mean of the area values, Forall the organisms analyzed, this distance
to be clearly different (rom zero. .
We found our statistical procedure to he a useful tool to corraborate our graphic ebservations and to as-
sess their statistical significance as 1o the nonrandom nature of the DNA curvature. Although the procedure
described was specifically designed to analyze the nonrandom nature of DNA curvature, it can also be used
1o study some other global variables of genomic DNA, such as GC content, codon usage, and dinucleotide
distribution. The high significant values obtained in our statisitical analysis evidence the importance of DNA
curvature not only for discrete and restricted regions but also for overall DNA genomic sequences.
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Relationship between Whole Proteome Aminoacid
Composition and Static DNA Curvature

RUY JAUREGUI, FRANCISCO BOLIVAR, and ENRIQUE MERINO

ABSTRACT

To study possible relationships between an organism’s genomic DNA curvature and the
aminoacid composition of its proteome, every peptidic sequence from fully determined
genomes was retrotranslated using the I5. coli codon preferences, and the curvature profiles
of the resulting DNA sequences were calculated and compared. A clear interdependence be-
tween these two variables was observed, as each retrotranslated proteome presented a dis-
tinctive, statistically significant DNA curvature profile biased toward its natural DNA cur-
vature profile. In addition, by comparing the profiles arising from recal and randomly
permuted proteomes, we also found a position-dependent contribution of the peptidic se-
quence to DNA curvature. The implications of these results support the idea of a possible
selection toward a specific global curvature of genomes.

INFTRODUCTION

IHE EARLIEST STRUCTURAL CHARACTERIZATIONS OF THE DNA MOLECULE described it as a double helix fol-

lowing an cssentially linear trajectory, supposing that the base pairs were parallel to each other (Wat-
son and Crick, 1953). Further studies revealed the existence of electromagnetic interactions that modify the
position of a base pair with respect to its neighbors in a sequence-dependent way. Several topological vari-
ables have been defined to describe the deviations in the base pair stacking due to these interactions, such
as twist, slide, tilt and roll variables (for a review see Dickmann, 1989). The overall effect of these inter-
actions is to deviate the trajectory of the DNA molecule from an ideal straight line, and depending on the
sequence, in some cases produce a curved trajectory.

Biological roles for static DNA curvature have been well documented for a number of discrete loci that
include a broad spectrum of biological functions, such as transcription regulation, replication, recombina-
tion and chromatin structure (Pérez-Martin et al., 1994; Hagerman, 1990; Harrington, 1992; Travers, 1990).
It was not until the 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 pioncering work of Gabrielian et al. (1997) demonstrated that every organism possesses a
characteristic DNA curvature profile. Further work of our group demonstrated a statistically significant re-
lationship between DNA curvature and codon usage, by the analysis of DNA curvature profiles coming
from the retrotranslation of a single proteome using codon prefercnces from different organisms (Jduregui
ct al., 1998).

Departamento de Microbiologfa Molecul.lr. Insmu(o de Biotecnologia, Universidad Nacional Auténoma de México.
Cuernavaca, Morelos, México.

O



JAUREGUI ET AL.

On the other hand, biases on aminoacid composition of proteomes have been related to GC content (Cole
et ial., 1998), dinucleotide frequencies (Karlin et al., I997), dnd the position of the genes at the Ieadlng or
lagging strand (Mrizek and Karlin, 1998), T

Here we describe the relationship between ammoacld compomlon of protcomes and genomic DNA cur-

vature, and discuss its possible lmpllc‘mons.

MATERIALS AND METHODS

Artificial DNA sequences were generated by retrotranslating the complete protcomes obtained from the
annotations of the GenBank files of the following organisms: Aguifex aeolicus, Aeropyrum pernix,
Archaeoglobus fulgidus, Borrelia burgdorferi, Bacillus subtilis, Chlamydia pnewmoniae, Chlamydia tra-
chomatis, Escherichia coli, Caenorhabditis elegans (chromosome 5), Haemophilus influenzae, Helicobac-
ter pylori, Mycoplasma genitalium, Methanococcus jannaschii, Mycoplasma pneumoniae, Methanobac-
terium thermocwtoirophicum, Mycobacterium tuberculosis, Pyrococcus abyssi, Rickeusia prowazekii,
Svnechocystis sp., Thermotoga maritima, Treponema pallidum, & Saccharomyces cerevisiae (chromosome
4), which were retrieved from the National Center of Bioinformatics World Wide Web server
chup://nebi.nlm.nih.gov/). To avoid a bias due to each particular codon usage preference, the retrotransla-
tion process was done using a unique codon usage table (from E. coli), retricved from the Codon Usage
Database (htp//www kazusa.org.jp/codon). The codon usage data was rewritten as a weighed probability
matrix and used to assign codons to cach amino acid residue coming from the proteome sequences. The
curvature profiles of the resulting DNA sequences were calculated using the algorithm of Goodsell and
Dickerson (1994). For each nucelotide of the sequence, a curvature value is assigned, expressed as a devi-
ation angle from the helical axis per helix turn. This value is based in the contribution matrix for rotational
and spatial displacements reported by Satchwell et al. (1986), because it has been used to predict accurately
the curvature of well-characterized curved DNA segments. This matrix assigns each triplet a value of twist,
roll, and tilt; these topological variables describe the position of a base pair with respect to its neighbors.
The wwist value is assumed constant (34.3 degrees) and the tilt value is assumed as O; therefore, the roll an-
gle values are the only source of variation of the curvature patterns. Average values from a 31 bp sliding
window are collected at each nuclecotide position and presented as normalized cumulative-frequency his-
tograms (Fig. 1). This window size has been proved to be the most accurate to reproduce experimental re-
sults (Goodsell and Dickerson, 1994).

The difference between profiles coming from real and permuted proteomes was evaluated as follows.
Permuted proteomes were generated by repositioning each residue at random within the sequence. The retro-
translation process was repeated 1000 times for both natural and permuted versions, and the means of the
curvature vilues were collected to obtain normal distributions. The distance, in standard deviation units,
between the averages of the normal distributions of real and permuted proteomes, permitted us to assess
the statistical significance of the differences between the curvature average values from natural retrotrans-
lated protcomes and their permuted versions, as described in Jduregui et al. (1998). A similar procedure
was used to evaluate the statistical significance of the differences arising from the comparison of individ-
ual proteins. All programs were written in Perl and C programming languages. (The source code is avail-
able at hup://www.ibt.unam.mx/~ruy/programs/).

A databank of the orthologous elements common to H. pylori, M. tuberculosis, and E. coli was obtained
using the Smith and Waterman global alignment algorithm (1981), provided by the Fasta Package (Pear-
son, 1991), using an arbitrary cutoff value of p < 10-9,

RESULTS

Curvature of DNA obiained from retrotranslated proteomes

For every available proteome, an antificial DNA sequence was gencrated by retrotranslation and the cor-
responding curvature profiles were obtained. Differences between profiles were evident, each retrotranslated
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Fig. 1. Comparison of DNA curvature profiles from extreme case organisms. (A) Profile from natural whole genome
DNA sequences of organisms that presented the lowest (M. wberculosis, dashed line), medium (E. coli, line with cir-
cles), and highest (/. pylori, solid line) DNA curvature averages. (B) Profiles from synthetic DNA obtained by tlie
retrotranslation of the proteomes from the organisms mentioned above. Only one codon usage table, from E. cali, was
used to avoid the bias that codon preferences imprint on DNA curvature.
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protcome following the tendencies of their natural genomes, indicating a relationship between the genomic
DNA curvature of an organism and its proteome sequence. Representative cases are shown in Figure [,

To discard the possibility that the differences in the curvature profiles could be originated by a particu-
lar set of proteins, we made a databank of orthologous elements common to the organisms that presented
the highest (H. pylori), lowest (M. riberculosis), and medium £, coli) DNA curvature averages. According
to the criteria mentioned in Materials and Methods, 423 protcins were selected, and the previous analysis
was repeated with this data set. The profiles obtained using this ortologous databank were almost identical
to the ones obtained from the whole-protcome analysis, indicating that the contribution to the curvature ob-
served in the analysis of whole protcomes is not duc to a specific group of proteins, but is rather a general
characteristic of them (data not shown).

To determine whether the behavior observed for proteomes was evident even in a single protein, we re-
peated a similar retrotranslation analysis using the peptidic sequences of the DNA Pol. 1II enzyme from H.
pylori (1D £2314638) and M. ruberciudosis (1D g1403495), which share 30% of identical residues. We obtained
the average curvature values of 1000 retrotranslation cycles, and grouped them into cumulative frequency his-
tograms. Normal distributions were cvident and their mean and standard deviation were calculated. Statisti-
cally important differences were observed, as the means of these two profiles were more than 5 standard de-
viations (SDs) apant. This analysis was extended to every H. pylori and M. tuberculosis orthologous pair, In
97% of the cases the means of the normal distributions were more than 3 SDs apart (data not shown).

A comparison between the normalized frequencies of aminoacid usage for every full-sequenced organism
was made (Table 1). In this table we also included the values cormresponding to curvature averages from syn-
thetic DNA coming from the retrotranslation of the proteomes. These values were used to sort the organisms
in the table and to find a possible correlation with aminoacid frequencies. To make fair comparisons, we
used a standard codon table, from £, coli. Clear cases of high correlation and anticorrelation were found,
such as Lysine (0.95) and Proline (—0.806), respectively. The implications of these results are discussed later.,

Curvature of DNA obtained front permuted and retrotranslated proteomes

To determine whether the behaviour described above is related only to the overall aminouacid composi-
tion of the protcome or could be also a position-dependent effect, we compared the curvature profiles from
the retrotranslated sequences of a natural protcome and its permuted version. The overall curvature profiles
were very similar; the average curvature differences were under 0.1 degrecs per helix turn, indicating that
the differences observed between curvature profiles of retrotranslated protcomes are mainly related to
aminoacid composition.

Considering that the whole proteome universe is being sampled, and a curvature value is assigned to each
nucleotide of the sequence, even the small differences observed in curvature averages coming from natural
and permuted protcomes might prove to be significant. To evaluate the position-dependent contribution, we
compared the normal distributions of curvature averages arising from natural and permuted sequences after
1000 retrotranslation cycles of E. coli and H. pylori proteomes. The resulting distributions demonstrated a sta-
tistically significant position-related contribution because their mean values were 5 and 8.4 SD apart, respec-
tively (Fig. 2). To test the extent of this phenomenon, for cach individual protein of every fully sequenced or-
ganism, we compared the average curvature values arising from real and permuted peptidic sequences. For
the majority of the proteins, in almost every organism, the permutation has a negative effect on the curvature
values of the retrotranslated sequence (Fig. 3). The most extreme case was H. pylori, where 75% of the retro-
translated proteins presented a higher curvature average than their permuted sequences. It is worth noting that
this organism also presented the highest natural DNA curvature average. On the other hand, exceptions to this

tendency are observed in Bacillus subtilis and Chlamidia pnewmoniae, where in the majority of their proteins,

the permuted version induces a higher average DNA curvature than its original peptide sequence.

DISCUSSION

Although the function of loci-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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r each fully sequenced organism, the relative abundance of each aminoacid was evaluated and expressed as a normalized frequency. Curvature averages of the retrotranslated proteome usi
1 preferences are included and used to order the organisms. The correlation values between aminoacid frequency and DNA curvature are indicated at the bottom of the table. and the mc

ins are shaded.
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Fig. 2. Normal distributions of DNA curvature averages from natural (solid bars) and permuted (hatched bars) retro-
translated proteomes. The aminoacid sequences of organisms with (A) medium (E. coli) and (B) high (H. pylori) DNA
curvature values were analyzed. Curvature averages were obtained by repeating 1000 times the processes of retro-
translation and DNA curvature calculation. Distances between the normal distribution means are indicated in standard
deviation units (SD).
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plications of DNA curvature considering the complete genome of an organism have not been addressed un-
tif recently. The nonfortuitous nature of whole-genome curvature profiles has been demonstrated, and char-
acteristic organism-specific curvature profiles have been described (Gabrielian et al., 1997; Jduregui ct al.,
1998). In our previous study, the first 9 full-sequenced bacterial genomes available (at 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 curvature could be an important factor in bacterial chromosome con-
densation duc to the lack of efficicnt DNA packing proteins, such as histones. The analysis of recently se-
quenced bacterial genomes has invalidated this hypothesis, as many new organisms presented lower DNA
curvature values than their randomized genomic scquences.

Even when the biological meaning of whole genome DNA curvature is still in debate, we have found an
important relationship between the organism’s DNA curvature profile and its codon usage (Jduregui et al.,
1998). In addition, the influence of dinucleotide frequencies of genomes in' DNA cuvature is under study
(Merino and Garciarrubio, 2000).

Genomic sequence analysis has revealed biases in the aminoacid composition of proteomes in different
organisms (sce Tuble 1). The biological implications of these biases are not well understood, and only a
few cases provide a clear explanation for them, as in the M. ruberculosis proteome; that is, biased due (o
the high GC content of its genome (Cole et al., 1998).

Here we address the question of whether the bias in the aminoacid composition of proteomes could have
an impact on genomic DNA curvature, To discriminate the particular contributions of the proteome from other
sources of variation, such as the codon usage preferences, we devised a program that retrotranslated the
aminoicid sequence of different protcomes into DNA, using a unique codon preference table for all of them.

The retrotranslation process yiclded in silico 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. It is important to stress that the differences in the curvature profiles of the artifi-
cial DNA sequences are an exclusive protcome-cncoded contribution. It is remarkable that this phenome-
non can be observed cven in the comparison of a single homologous protein pair. Differences in homo-
logue protein sequences can originate changes in the protein structure and/or function, or can be regarded
as neutral (Jukes and Kimura, 1984); nevertheless, here we have presented cvidence that these changes,
though necutral in the polypeptide sequence, can influence the DNA curvature profile.

The retrotranslation analysis of natural and randomly permuted proteomes showed that the main deter-
minant of protcome-cncoded DNA curvature is the aminoacid composition. Although this result, in princi-
ple, could be taken as a straightforward inference, because the aminoacids with high curvature triplets might
be thought to be the principal contributors to overall curvature profiles, it was found that it was not the
case. The inspection of the aminoacid frequencies of protcomes and the corresponding curvature values of
their derived DNA sequences revealed that the most important contribution came from Lys, Pro, Ala, lle,
Arg, and Phe residucs, as indicated by the correlation index of Table 1. In the case of Lysine, the aminoacid
with the highest correlation index (0.95), its triplets AAA and AAG have small roll angles of 0 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 anticorrelated with curvature (its correlation 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 constant roll value,
as high as it might be, in a repetitive sequence would produce no curvature because the contribution would
annihilate itself in cach complete helix turn, due to the fact that in an ~5 nt segment the rotation of the
bases places the roll angle in the opposite side of the helix, which amounts to add the negative value of it-
self, giving an average contribution of zero. In the other hand, a triplet with a relatively small roll value
occurring in phase (every ~10 nt.) within a noncurved sequence, would add to the roll values and produce
a high curvature contribution.

The comparison between curvature profiles arising from the retrotranslation of natural and permuted pro-
teomes revealed a statistically significant contribution of the aminoacid order within the peptide sequence to
the overall genomic DNA curvature. Even when the absolute curvature averages difference is small, the large
sizc of the universe examined allowed us to determine that this difference is indeed significant and must be
taken into consideration. It is clear that the main contribution of the protcome to DNA curvature is due to
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its aminoacid content, Nevertheless, the relative order of the aminoacids is also important, because the out-
of-phase triplets starting at the second and third base of @4 codon also influence DNA curvature. In this re-
gard, the comparisons of curvature averages arising from the retrotranslation of natural and permuted pro-
teins give us o remarkable result: the aminoacid position-dependent curvature contribution in almost all the
organisms is positive (20 out of 23). This data points toward the existence of a natural sclection of genomic
DNA curvature. Further investigation might shed light on the relevance of global curvature of genomes.
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Abstract

DNA curvature plays a well-characterized role in many transcriptional regulation
micchanisms. In this work we present cvidence for the conservation of curvature
signals in putative regulatory regions of several genomes. Genes with highly curved
upstream regions were collected into orthologous groups, based on the annotations
of the Cluster of Orthologous Groups (COGs) database. COGs with a significant
number of genes with curvature signals were analyzed and conscrved propertics
were identified in several cases. We found curvature-mediated regulatory sites,
previously described in single organisms, in a broad spectrum of bacterial genomes,
stressing the fact that structural paramcters of the DNA molecule, beyond the
sequence, are conserved elements in the process of transcriptional regulation.

Introduction

Studies of the relationship between DNA curvature and transcription regulation have
been conducted mostly for specific scts of genes and discrete loci. Experimental evidence
has demonstrated a contribution of DNA curvature in regulating the transcription of
scveral genes, such as H-NS histone-like protein (30), Sigma-S (12), IHF and HU
regulatory proteins (7), Sigma-54 dependent glnAp2 and glnFHp2 (32), and artificial
constructs using the T7 virus promoter (11), among others.

The first genome-wide analysis of promoter sequences in £ coli, found these regions to
be significantly more curved than coding regions or randomly permuted sequences. (10)
This data is consistent with our previous observations in whole-genome non-coding
regions (8). Morcover, binding sites for known regulatory proteins were found to present
even higher curvature values (10). It was also proposed that mesophilic bacteria, as
opposed to hyperthermophilic bacteria and archaca, present a bias to a high DNA
curvature content due to a temperature dependent transcription regulation (43). In these
previous studics, only average curvature values were considered, therefore individual
genes with significant curvature signals were not identified.

As far as we know, no attempt has been made to establish if discrete DNA curvature
signals are conserved regulation features in different organisms. Here we extend these
previous studies and address the question of whether static DNA curvature is a conserved
feature of the transcriptional regulation mechanisms within the broad context of 98
available microbial genomes (see Materials and Methods). Using the data compiled in the
COG (Cluster of Orthologous Genes) database (1), and additional orthology data for the
genomes not included in it (sec Materials and Methods), we demonstrate a significant
conservation of curvature signals within the regulatory regions of several orthologous
gene clusters spanning a broad spectrum of biological functions,. Among these set of
orthologous gencs, DNA-binding protcins were found to present curvature signals in a
large number of genomes. A detailed examination of the most relevant cases is presented.
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Materials and Mecthods
DNA scquence data.

DNA scquence was derived from the complete bacterial genomes available in the Entrez
Genome Database, (ftp://ncbi.nlm.nih.gov/genomes/Bacteria/). Different. strains of the
same organism were climinated, leaving the one with the largest genome. Thus, the
analysis contemplated 98 complete archacal and bacterial genomes. A list of these
genomes can be found at (www.ibt.unam.mx/bioinfo/curvature-genomecs)

Delimitation of regulatory regions.

A 250 nt. window containing 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 the regulatory signals are found within this range in £, coli K12 (58). The set
of upstrcam regions for cach organism was obtained taking into account the operon
organization of its genes. Opcron prediction was based on inter-genic distances as
described by Salgado and Moreno-Hagelsieb (2, 45). The upstream region associated to a
gene is the region upstream of the first gene in its operon and is defined as the Minimal
Upstream Region (MUR).

Curvature calculations.

DNA curvature was calculated using the computer algorithm BEND (6) and the rotational
and translational contribution matrix derived from nucleosome positioning sequence data
(46). A curvature profile is obtained by assigning each nucleotide of the sequence a
curvature value, cxpressed as a deviation angle from the helical axis per helical turn.
Signal-to-noisc ratio was minimized by taking the average value of a sliding window of
31 nucleotides (approx. 3 helical tums), and assigning it to the central nucleotide.

Since cach genome presents a distinctive curvature profile (14, 8), curvature average and
standard deviation (SD) values were obtained for ecvery genome considered in this study.
A cutoff valuc of 3 SD from the genomic curvature mean was used to identify
statistically significant signals in the set of MURSs, and their genes were collected and
sorted into their corresponding orthologous groups.

Clustering of orthologs.

Our orthologous gene sets were mainly those found in the COGs database (1). Genomes
not included in this database were compared to annotated genomes using gapped-BLAST
(35). Orthologs were identified and added to the corresponding COG using the bi-
dircctional best hit criterion, adding the requircment that at least 50% of the smallest
scquence was included in the alignment.
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[dentification of COGs with statistically significant number of curvature signals.

To cvaluate the statistical significance of the number of genes with curved DNA signals
in their regulatory regions in a given COG, we used the following procedure: a) we
generated a databasce of Montecarlo permutations of the MURs within cach complete
genome. b) we counted the number of genes within cach COG that presented a curvature
signal in its MUR. ¢) Steps a) and b) were repeated 1000 times to find the mean and
standard deviation of the number of signals for cach COG. d) We estimated the statistical
significance of the number of signals in the COGs from the real genomes by measuring
its distance, in standard dcviations, to th¢ mean of the valucs obtained from the
Montecarlo permutations. (tables 1 and 2). COGs with less than 5 organisms represented
were excluded {rom our analysis.

Promoter prediction.

Promoter scquences for the genes in significant COGs were predicted using the algorithm
of Mulligan ct al., (47). Weight matrices were derived from alignments of cxperimentally
characterized promoters for sigma 70 (47) and sigma 54 (48) promoter sequenccs.
Regions containing the best scoring promoters plotted using the DIAMOD DNA
curvaturc display software (49).

Results.
Analysis of COGs with conserved curvature signals.

Sixty COGs presented a statistically significant number of curvature signals (above 3.SD
from the mean obtained in the randomization procedure). These COGs were classified
accordingly to its given global functional characterization (1) (Table 1). Experimental
data to support DNA curvature rclated to transcriptional regulation for these cases was
scarched for in the literature. Biologically relevant COGs with lower scores (over 2. DS)
were also included (table 2) and considered in our analysis. Representative cases of the
best scoring COGs arc:

i. Proteins HU and IHF from COGQ0776. 64 genes from 43 different organisms were
found to have curvature signals in their regulatory regions. Both IHF and HU proteins
arc 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 the hupA and hupB genes in E. coli has
been demonstrated (41) . Besides this auto-regulation, the transcription of these genes
has been found to be dependent on CRP (Catabolite Repression Protein) and FIS
(Factor for Inversion Stimulation) regulators, both of which bind to curved DNA (24).
In the case of the genes coding for the IHF dimmer, iimA and himD, auto regulation
has also been demonstrated along with dependence of rpoS and ppGpp levels (25, 26,
50).
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ii. DNA gyrase subunits A and B from COGOI88 and COGO187, respectively, 45 genes
for subunit A were found in 37 organisms, and 45 genes for subunit B in 38
organisms, DNA gyrasc is responsible for negatively supercoiling the DNA molccule,
and its own transcription has been demonstrated to be regulated by the modulation of
the supercoiling state of the DNA molccule (51, 52). A bent DNA region between the
-35 and -10 clements of the GyrA promoter in S. pneumoniae, has been described,
and it has been proposed that this region makes the promoter very sensitive to
changes in supercoiling, allowing the expression of GyrA to act as a regulator of
DNA supercoiling in the cell (42). Significant curvature signals have also been
predicted in several micobacterial gyrase promoters (44). :

iii. Aspartyl tRNA synthetase from COGO0173, with 25 genes in 25 organisms. The
presence of conserved Upstream Activaling Sequences (UAS), - regulating bi-
dircctional promoters of glutamyl-tRNA synthetasc and the va/U and alaW tRNA
operon in £, coli has been demonstrated (17). The DNA- in the UAS is known to be
bent (19, 20) and also be a target for the FIS regulatory protein (21).

iv. Transposasc from COG3385, with 38 genes in 6 organisms. Transpositional
modulation has been found to be dependent on global regulatory proteins such as HU,
IHF and H-NS (37, 38, 39) all of them known to bind to curved DNA. Interestingly,
the role of DNA curvature involved in transposition has been confirmed for the
insertion sequence IS231A in Bacillus thuringiensis, where one of thc terminal
repeats of the transposon Tn4430 was found to be an insertional hot spot, due to the
flanking curved DNA regions (15). Even though this evidence is not directly involved
in transcriptional regulation, our data support the idea of a conserved curvature
profile related to transposition, and confirm a general role of DNA curvature in
transposition events. The presence of curvature signals in the transposase rcgulatory
region suggests a role of DNA curvature in transcriptional regulation; nevertheless,
this has still to be verified.

v. 308 ribosomal protein S20 from COGO0268. 23 genes from 23 organisms presented
curvature signals. Although no direct evidence has been reported for the relevance of
DNA curvature in the transcription of the gene that codes for this protein, the role of
FIS regulated UAS has been documented for several ribosomal operons (40, 54).

vi.Cell division related genes from COG3116 with 11 genes from 11 organisms (11/11),
COGO0552 with 29 genes from 29 organisms (29/29), COG3096 (5/5), COG3006
(5/5), 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
requirements for such process impose a highly regulated transcription schedule. This
transcription is in many cases mediated by gencral DNA curvature dependent
regulators such as IHF, FIS and HU (55, 56).

vii.Glutamine synthetase from COGO0174, with 46 genes from 31 organisms. This gene,
with a sigma 54-dependent promoter, has been 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 conscrved curvature signal in the regulatory regions of
these genes in 31 genomes indicates that this mechanism is widely conserved. In an
attempt to further characterize the regulatory regions of thesc genes we predicted
sigma 54 dependent promoters, using a weight matrix derived from the compilation
of 186 sequences reported in the literature (44) and are presented in Figure 3).

Visualization and analysis of conscrved curvature signals.

A dctailed examination of the DNA curvature profiles of the MURs fiom the significant
COGs was conducted in order to identify comimon and conserved propertics.
Representative examples of COGs

COGs grouping HU and IHF orthologs, DNA gyrase and FIS werc plotted- using the
DIAMOD DNA curvature display software (49), promoter prediction showed several
cases were the maximal curvature value was less than 30 bp from the -35 element of the
promoter sequence. Fig | presents the curvature profiles of predicted promoter regions
for these COGs.

The curvature profiles of regulatory regions of ribosomal RNA genes, known to be
rcgulated by FIS and where promoter sequences had been experimentally determined,
demonstrated conserved curvature signals contiguous to the promoter, even among
scquences with low sequence homology, curvature profiles of ribosomal protein S20
from scveral organisms, also dependent on FIS, demonstrated consenvcd curvature
signals near the predicted promoter region (fig2).

The sigma 54 dependent glutamine synthctase gene g/nd, whose promot,éf rcglonls
known to be bent in E. colz a7, was found grouped with ortholo er

Discussion.

The structure of the DNA molecule, in this case DNA curvature, has been found to play
important roles in several biological processes, including DNA replication and
packaging, chromosome scgregation, recombination, transposition, virus integration and
transcriptional regulation. Until recently, DNA curvature had been studied in the context
of discrete DNA fragments and particular loci in single organisms, and no attempt had
been made to find how general this mechanism was among different genomes. In this
work we present a first attempt to study the conservation of DNA curvature as an clement
of transcriptional regulation, by identifying curvature signals present in groups of
orthologous gencs.

Our finding of a significant number of curvature signals in the upstrcam regions in
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scveral clusters of orthologous genes, added to the prcvnous expcrlmenlal chalaclcrl?atlonf
of a'DNA curvaturc mediated regulatory mechanism in at lcast. one ofits' ‘members,

provides evidence that curvature-mediated transcrlpuonal reg,ulatlon is wndcly conscrvcd ]
among s scvcral organisms. »

The {‘act that global regulators such as HU and IHF present conserved curvature signals in
their regulatory regions is expected, since they are known to bind to curved DNA, and to
be autoregulated in at least one organism, the discovery of 40 bacterial genomes sharing a
curvature motif suggests a highly conserved regulation mechanism.

Scvceral gene groups related to cell division were an uncxpected finding, since there is no
experimental evidence of DNA curvature involved in their transcriptional regulation, but
the presence of conserved curvature signals suggests a common regulatory protein or
mechanism. Global morphological changes arc known to occur to the chromosome
during cell division and the idea of a conserved DNA structure playing a role inthis
process is not far-fetched.

Some previously unknown transcriptional regulators such as the araC famlly CO '4977
were also found to be dependant on curvature, the detalled charactcnzatl
structure of its binding sites might be helpful for the futurc dctectlon of \gencs ndcr the
control of these proteins. :

All these facts point towards a central role of the structure of the D ,
transcriptional regulation. An integrated sequence and structure prcdlctlon'approach for
regulatory regions might result in more sensitive and efficient detec 16n of regulatory
motifs and a wider and clearer comprehension of regulation paradlgms, smce structural
conscrvation is not necessarily sequence dependent, :
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Figure 'Icgcnds.k g

hg,ure 1 DNA curvature plots of predlcled promotcr reglons for DNA gyrase, HU and
FIS oﬂholo&ous genes. Promoter position is indicated by a black Aarrow..

Fu:,u:c 2: Curvature profiles for experimentally charactenzed. promoters for ribosomal
RNAs in E. coli and predicted promoters for rlbosomal rotein; 2070rlholo;,ous genes.
Promoters are indicated by a black arrow. - ;

the COG dalabase cla551 callo

Table  2: Blologlcally relevant COGs which’ mlght prescnt reguhtory mechamsms
mediated. by DNA" curvature: are presented as an expansion. of table 1, The: columns
indicatc the Standard deviation distance units, the COG number, thc number of
genes/organisms and the associated function, as described in the COG datab'\se .
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tablel
sz coG genes/organisms Function
Nucleotide transport and metabolism
417 COG0299 25/25 phosphoribosylglycinamide formyltransferase
3.95 COG3072 8/8 adenylate cyclase
Signal transduction mechanisms
3.38 COG1217 22/21 GTP-binding protein TypA/BipA
3.09 COG3275 10/9 Autolysin sensor kinase
Cell maotility
3.21 COG1344 38/20 flagellar hook-filament junction protein 3 FigL
3.08 COG1360 2219 Flagellar motor protein MotB
Transcription
419 COG4977 31/18 transcriptional regulator araC family
3.81 COG0085 32/31 RNA polymerase beta subunit
3.28 COG0553 32/24 ATP-dependent RNA helicase HepA
3.16 COG1522 98/36 transcriptional regulator asnC/irp family
Amino acid transport and metabolism
4,66 C0OG4992 38/29 PLP-dependent aminotransferases
3.36 COG0253 24/24 Diaminopimelate epimerase
3.30 COG0703 25/25 shikimate kinase
3.03 COG0174 46/31 glutamine synthetase
Defense mechanisms
3.67 COG2746 8/6 aminoglycoside N3-acetyltransferase
Cell wal/membrane/envelope biogenesis
6.37 COG3637 29/12 outer membrane protein x precursor
5.30 COG0275 31/31 SAM-dependent methyltransferase
4.24 COGo768 52/36 penicillin-binding protein 2
4.10 COG2821 14/14 membrane-bound lytic murein transglycosylase A
3.86 COG0472 42/37 phospho-N-acetylmuramoyl-pentapeptide-transferase
3.33 COGo0797 20/17 rare lipoprotein A
3.04 CcOG1212 15/15 3-deoxy-manno-octulosonate cytidylyltransferase
3.01 COG0770 23/23

Replication, recombination and repair

UDP-N-acetylmuramoylalanyl-D-glutamyl-2,6-
diaminopimelate--D-alanyl-D-alanyl ligase

6.81
4.57
4.23
4.15
4.08
3.13
3.04

COG0776
COGo188
CcOGo187
COG3385
COG1604
COGo468
COG3611

64/43
45/37
45/38
38/6
5/5
30/30
777

DNA-binding proteins HU and IHF

DNA gyrase subunit A

DNA gyrase subunit B

transposase

conserved hypothetical protein

RecA protein

chromosome replication initiation / membrane

T7318 CON

FALLA D ORIGEN
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attachment protéin DnaB

Translation, ribosomal structure and biogenesis

3.55 cOoGo268 23/23 30S ribosomal protein S20

3.50 COGO0173- 25/25 aspartyl-tRNA synthetase

3.28 COGo0012 . 29/29 GTP-binding protein

3.22 COG4108 18/18 peptide chain release factor 3 R

3.04 COG5256 717 translation elongation factor EF-1, subunlt alpha (tuf)

Posttranslational modification, protein turnover, chaperones

3.27 COGO719 37/24 Iron-regulated ABC-type transporter nembrane
component (SufB) . SR

Inorganic ion transport and metabolism

4.19 COG1392 19/18 conserved hypothetical protein

3.47 COG1553 12/9 putative ACR involved in intracellular sulfur reductlon
Cell cycle control, cell division, chromosome partitioning

49 COG3116 11/11 cell division protein (FtsL)

3.56 C0OG0849 21/21 cell division protein (ftsA)

348  COGO552 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 6-phosphofructokinase

3.01 COGOo166 26/26 glucose-6-phosphate isomerase
General function prediction only

3.82 C0OG4a572 5/5 cation transport regulator ChaB

3.82 CcOG1084 8/8 GTP-binding protein, GTP1/0BG-family

3.70 COG1075 14/12 triacylglycerol lipase precursor

3.33 COGO0795 27/14 putative membrane protein

3.18 COG2071 16/16 glutamine amidotransferase, class |

3.12 COG3081 717 Nucleoid-associated protein

3.03 COG2607 9/9 conserved hypothetical protein

3.02 c0OG1823 8/8 sodium-glutamate symporter
Function unknown

5.6 COG2001 23/23 conserved hypothetical protein

4.18 C0OG3870 777 hypothetical nitrogen regulatory protein P-1! (GLNB)

4.00 CcOG3862 5/5 predected metal-binding protein

3.85 COG1799 14/14 hypothetical protein

373 COG3025 10/10 conserved hypothetical protein

3.70 COG1945 9/8 hypothetical protein

3.65 C0G2302 9/9 conserved hypothetical protein

3.47 COG0779 21/21 conserved hypothetical protein

3.41 COG4095 6/5 conserved hypothetical protein

3.32 C0OG2976 10/10 hypothetical protein

TRSIS CON
PALLA D ORIGEN
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3.24 - COGO762 17/17 conserved hypothetical protein

3.15 - 'COG4807 77 conserved hypothetical protein

3.08° "COG3665 6/5 hypothetical protein

3.01° COG4649 5/5 conserved hypothetical protein

Table2

SDD coG genes/organisms Function
Replication, recombination and repair

2.84 C0OG4644 9/6 Tn5044 transposase

2.76 C0OG1943 45/13 ransposase

2.56 COG1315 5/5 hypothetical protein

2.41 COG3464 30/6 IS1167, transposase

2.37 COG0582 113/51 integrase/recombinase

2.29 COG3666 23/8 transposase-1S1562
Translation, ribosomal structure and biogenesis

2.76 COG0124 27/26 histidy!-tRNA synthetase

2.75 COG0806 21/21 16S rRNA processing protein

2.24 COGo689 18/18 ribonuclease PH

2.10 COG0228 20/20 30S ribosomal protein S16

2.03 COG1544 19/19 Ribosome-associated protein Y

2.03 COGO0060 24/23 isoleucyl-tRNA synthetase

2.01 C0OGo023 9/9 Translation initiation factor (SUI1 related)

2.00 COG0198 23/23 508 ribosomal protein L24

1.97 COG0081 24/24 508 ribosomal protein L1
Posttranslational modification, protein turnover, chaperones

2.83 COG0326 17117 heat shock protein (HtpG)

2.25 COGo0484 25/24 DnaJ protein
Cell motility

2.35 C0OG4787 7/7 flagellar basal-body rod protein (flgF)

2.30 COG1291 16/16 Flagellar motor component (MotA)

2.26 COG1377 15/14 polar flagellar assembly protein (FIhB)

2.25 COG1558 13/13 flagellar basal-body rod protein (FigC)

2.00 COG1261 10/10 flagella basal body P-ring formation protein
Transcription

2.84 COG2901 9/9 DNA-binding protein (Fis)

2.46 COG1758 22/22 RNA polymerase omega subunit

2.18 C0G2002 16/12 transcription regulator (spoVT)

2.13 COG1508 15/14 RNA polymerase sigma-54 factor

2.05 C0OG0202 23/23 RNA polymerase alpha subunit
Amino acid transport and metabolism

2.16 COG0159 21/21 tryptophan synthase alpha chain

2.08 COG0133 20/20 ryptophan synthase beta chain

TiSIS CON
FALLY DE DRIGEN




Cell wall/membrane/envelope biogenesis

2.24 COG0357 19/19. . glucose inhibited division protein B

2.11 COG3951 717 ~ putative flagellar protein

2.11 COG1589 16/16 - cell division protein (ftsQ)
Cell cycle control, cell division, chromosome partitioning

2.87 CcOGo772 40/31 cell division protein (ftsw)

2.77 COG3115 n cell division protein (ZipA)

2.54 CcOG4839 5/5 cell division protein (FtsL)

2.17 COG0445 19/19 glucose inhibited division protein A
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Fig. 3
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Conclusiones.
Determinantes globales.

Nuestros prmcnpales lcsultados sobre el ana1181s de determmantes globales '

de la curvatura del DNA genomlco demostraron que

e Existen genomas hlpercuwos -cuyo perfil es -més curvo que lo

con la curvatura' orgamsmos con genomas hlpercurvos utilizan

prlontanamente aminoacidos cuyos codones favorecen la ocurrencia
de DNA curvo.
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Sciiales conservadas en regiones de regulacion.
Dentro del analisis de la curvatura del DNA en relacion con la regulacidn

transcripcional, las principales conclusiones obtenidas son: =~ 7T

» Existen grupos de genes ortélogos en dlfelemes genomas' que-

presentan senale de,cuwatura estadlstlcamente sngmf icativas.en: susr

[
[ J
e ra; las ‘regiones de
regulacnon S u‘, damental parf_ c m ende 1os m dﬁisn’ibs’de"regulacic')n,

que en muchos casos poseen mformamon 1ndepend1ente de la secuencia.
Este trabajo ha. culmmado en la elaboramon de un manuscrito a ser
sometido  para su{,publlcacnon en una revista de arbitraje internacional

(Nucleic Acids Research).
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Resultados adicionalcs.
Actualmente estamos desarrollando una metodologia experimental para

verificar si la curvatura del DNA :juegra‘ruin:papel' ehrla'regulacién'de genes

que presentan sefiales sngmf'callvas{ de curvatura y cuya expresnon depende

de la misma proteina re;,uladora taI S el caso de los genes dependlentes del

1e|a010nen el

ESTA TL\’!'R -\I,\“ '"',} -
DE LA BIBY 7
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Perspectlvas.; : ‘ , ‘
La capacndad de identificar eqtructuras conservadas  de forma

1ndepend1ente de la- secuencna nos: able vanas posxblhdades de estudio muy

prometedon,at' Una prlmera propuesta d' conlmuacxon de este, ployecto )

podna mvolucrar la 1dent1ﬁcac:on de enale' de curvatuxa consewadas

den’ : cdn eguladones especmcos de .

studlos “en’ estav dn‘eccmx rhan

procesos celulares

per mmdo 1dentlﬁcarusmos,de mlegracwn»,de;tlansposones en el geno‘ma de:
E. co/l : L G :

Olla posnble lmea de mveshgacnon podua adaptaxr las :‘iijctOddlogias

aportar avances significativo

regulacion transcripcional y. d

Otra aplriéaé;

base de datos que;integre la informacion obtenida a través de la estructura
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del DNA en relacién con rutas metabdlicas o datos de regulacién

transcripcional.

su relacion

loneros en
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