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Letter

Ecologic Genomics of DNA: Upstream Bending

in Prokaryotic Promoters

Alexander Bolshoy'-? and Eviatar Nevo'

!Institute of Evolution, University of Haifa, Haifa, 31905 Israel

After our analysis of the distribution of predicted intrinsic curvature along all available complete prokaryotic
genomes, the genomes were divided into two groups. Curvature distribution in all prokaryotes of the first group
indicated a substantial fraction of promoters characterized by intrinsic DNA curvature located within or
upstream of the promoter region. We did not find this peculiar DNA curvature distribution in prokaryotes in
the second group. Remarkably, all bacteria of the first group were mesophilic, whereas many prokaryotes of the
second group were hyperthermophilic. We hypothesize that DNA curvature plays a biologic role in gene
regulation in mesophilic as opposed to hyperthermophilic prokaryotes, i.e., DNA curvature presumably has a
functional adaptive significance determined by temperature selection.

The determination of complete genome sequences led
to evolutionary analysis at the comprehensive level of
genomes. Computer analysis of complete prokaryotic
genomes has resulted in characterization of families of
orthologs across a wide phylogenetic range (Bork et al.
1998; Huynen and Bork 1998; Koonin et al. 1998), fo-
cusing primarily on gene evolution. Some recent re-
search has studied the evolution of transcription regu-
lation (Aravind and Koonin 1999; Gelfand et al., 2000).
Our objective was to scrutinize, compare, and contrast
gene regulation in Archaea and Bacteria. One such pat-
tern of gene regulation is the presence of curved DNA
upstream of a promoter, which has been described as
“a common theme in prokaryotic gene expression”
(Perez-Martin et al. 1994). The widely accepted hy-
pothesis explaining the possible functional role of cur-
vature in gene expression is that curved DNA assists in
the formation of a large loop around RNA polymerase.
Such a loop enhances the affinity of the complex to
DNA and brings together components of the transcrip-
tional complex that are otherwise more distant in the
DNA sequence (Matthews 1992; Rippe et al. 1995).
Curved DNA upstream to the promoter (upstream
curved sequence, or UCS) has been shown to play a
functionally regulatory role in Escherichia coli (Plaskon
and Wartell 1987; Bracco et al. 1989; Lavigne et al.
1992; Carmona and Magasanik 1996; Dethiollaz et al.
1996).

In many of these and other investigations, pres-
ence of the curved DNA was established experimen-
tally by a gel-electrophoretic anomaly technique. In
many publications, existing computational models
were shown to predict magnitude of DNA curvature
with high reliability (Boffelli et al. 1992; Shpigelman et
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al. 1993; Goodsell and Dickerson 1994). In a previous
study (Gabrielian et al. 1999), we applied the three
most popular prediction models (De Santis et al. 1990;
Bolshoy et al. 1991; Goodsell and Dickerson 1994) to
compare distribution of average curvature values in
different sets of sequences. One of the most important
results of our study was that, qualitatively, all models
demonstrated identical results. All three models indi-
cated that UCS were found in E. coli substantially more
frequently than it could be expected either from ran-
dom distribution of DNA curvature along the genome
or purely from A + T composition of noncoding DNA.
We found that E. coli promoters as a set are signifi-
cantly more curved than sets of coding sequences and
randomized sequences (Gabrielian et al. 1999). Esch-
erichia coli promoters also appeared to be more curved
than randomly chosen fragments of E. coli noncoding
sequences. In turn, noncoding sequences of E. coli were
predicted to be more curved than coding and shuffled
noncoding sequences. Interestingly, the robustness of
the results was supported by the fact that in none of
the three models was this effect found in the regions
upstream to the human promoters.

In that study (Gabrielian et al. 1999), we took the
opportunity to analyze well-developed databases of E.
coli and human promoters. Unfortunately, locations of
promoters are rarely established experimentally for
other model organisms. However, in many cases, we
were able to estimate a distance from a selected site to
the nearest start of translation. This estimate might
roughly indicate the relation of a method of selection
to a promoter region. For example, we may select the
most curved DNA fragments and study their distribu-
tion relatively to 5’ ends of predicted coding sequences
(CDS). We used this approach in a previous work (Gab-
rielian and Bolshoy 1999), where we showed that fea-
tures of distribution of putative UCS in Bacillus subtilis,
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Haemophilus influenzae, and Mycoplasma genitalium are
similar to those of E. coli DNA curvature distribution. Is
this common genomic theme universal to all prokary-
otic genomes?

To answer this question, we used statistical analy-
sis. The fully annotated genomes provided essential in-
formation. We examined all complete prokaryotic ge-
nomes available through the Entrez browser provided
at that time by the National Center for Biotechnology
Information, six of which were euryarchaeal species
and 15 bacteria. The consistent results of previous ap-
plications of different DNA curvature models (Gabri-
elian and Bolshoy 1999; Gabrielian et al. 1999) allowed
us to select and apply only one such model for the
purposes of the current study. The DNA curvature ref-
erenced to the ith base pair was measured as a value
reciprocal to the radius of the arc fitting the predicted
DNA path, with the center at the ith base pair (Shpi-
gelman et al. 1993). The length of such an arc corre-
sponds to the length of a DNA fragment, with the
number of bases equal to the window size. We paid
special attention to the curved regions predicted by use
of the window size of 150 bases because putative DNA
loops involved in transcription initiation have rela-
tively large sizes. Thus, larger intrinsically bent frag-
ments are the best candidates for such loops.

To study specificity of genomic curvature in inter-
genic regions, we applied a number of approaches. The
first was to compare curvature distribution in con-
trasted sets of fragments, as in previous studies (Gab-
rielian and Bolshoy 1999; Gabrielian et al. 1999). In a
previous study (Gabrielian and Bolshoy 1999), we
showed that noncoding sequences of Bacillus subtilis,
Haemophilus influenzae, and Mycoplasma genitalium are
more curved than their corresponding control se-
quences. In the present study, we applied an approach
analogous to all available complete prokaryotic ge-
nomes with a few window parameters. Our expectation
was that results would be qualitatively independent of
the window size, similar to what was shown for E. coli
by Gabrielian et al. (1999).

In the present study, we describe the results of
detailed comparative analysis of the distribution of
predicted intrinsic curvature. Together, these results
point to a presumably adaptive environmental divi-
sion: mesophilic versus hyperthermophilic species.

RESULTS

Comparison of Average Curvature Values of Coding
and Noncoding Genomic Sequences

It was repeatedly shown that, in prokaryotic organ-
isms, intergenic regions are on average more curved
than coding regions (VanWye et al. 1991; Gabrielian et
al. 1997; Jauregui et al. 1998; Gabrielian and Bolshoy
1999). Table 1 shows the average curvature values of
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noncoding, coding, and shuffled noncoding regions.
The curvature values were measured in nucleosome
units (n.u.), as explained by Shpigelman et al. (1993).
The largest values are shown in boldface type. Note
that results are very robust relative to the window size.
The noncoding sequences were found almost every-
where to be more curved than corresponding CDS; the
exception was Treponema pallidum. We calculated the
significance probability values (p) by the TTEST proce-
dure (see Methods). This procedure showed that, in
Aquifex aeolicus, Methanococcus jannaschii, and Thermo-
toga maritima, the hypothesis about random distribu-
tion of curvature along the genome could not be re-
jected. Because our expectation was that DNA curva-
ture should be concentrated mainly in noncoding
regions, this simple analysis casts doubt on a biologic
role for DNA curvature in the life cycles of these four
species.

Average Curvature Values of Noncoding Genomic
Sequences and Random Sequences

with Identical Base Composition

This comparison was performed to test the hypothesis
that intergenic base composition per se may explain
the differences in average curvature. Data in Table 1
appear to reject this hypothesis. Indeed, Table 1 pro-
vides evidence that, in almost every complete prokary-
otic genome, noncoding (intergenic) sequences are
more curved than their shuffled counterparts. How-
ever, we found exceptions: Methanobacterium thermo-
autotrophicum (0.074 vs. 0.078) and Aeropyrum pernix
(0.062 vs. 0.064). These average curvature values cor-
respond to the window size of 150 bp. The measure-
ments seem to show that higher values of upstream
gene curvature are avoided in these two prokaryotic
genomes. Curvature distributions of noncoding se-
quences of A. aeolicus, T. pallidum, and T. maritima
were practically indistinguishable from those of their
shuffled counterparts. It is interesting to compare av-
erage curvature values of genomes with similar AT
composition. For example, Pyrococcus horikoshii has an
AT composition of about 58% and Chlamydia pneumo-
nia of about 59%. The average curvature values of non-
coding DNA are fairly distinct, despite the fact that the
values of AT composition are very close. The corre-
sponding values in Table 1 are 0.137 versus 0.151 (win-
dow size equal to 50 bp), 0.097 versus 0.109 (window
size of 100 bp), and 0.080 versus 0.089 (window size of
150 bp).

Curved DNA in the Neighborhood of the CDS

The second approach was to study curvature distribu-
tion around the 5’ ends of the CDS. Our expectation
was that UCS would be located upstream to starts of
translation in regions of putative promoters. For every
genome we calculated the curvature distributions in
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Table 1. Average DNA Curvature Genomic Values
Average curvature (n.u.)?
Noncoding vs. coding vs. shuffled noncoding

Genome Size (bp) % AT window = 50 bp window = 100 bp window = 150 bp
Escherichia coli 4639221 49 0.141 0.119 0.129 0.104 0.084 0.092 0.087 0.068 0.075
Mycobacterium tuberculosis 4411529 34 0.099 0.089 0.096 0.071 0.063 0.068 0.059 0.052 0.056
Bacillus sp. 4214814 56 0.153 0.132 0.135 0.111 0.093 0.094 0.092 0.076 0.077
Synechocystis PCC6803 3573470 52 0.154 0.137 0.129 0.112 0.098 0.091 0.093 0.080 0.074
Haemophilus influenzae 1830138 62 0.170 0.145 0.143 0.124 0.102 0.101 0.104 0.083 0.082
Helicobacter pylori 1667867 61 0.178 0.160 0.147 0.133 0.115 0.104 0.113 0.094 0.084
Chlamydia pneumonia 1230230 59 0.151 0.135 0.140 0.109 0.096 0.099 0.089 0.079 0.081
Chlamydia trachomatis 1042519 59 0.153 0.135 0.134 0.109 0.096 0.096 0.090 0.079 0.077
Mycoplasma pneumoniae 816394 60 0.156 0.140 0.137 0.109 0.097 0.095 0.089 0.079 0.076
Mycoplasma genitalium 580074 68 0.161 0.151 0.143 0.113 0.107 0.100 0.088 0.088 0.081
Borrelia burgdorferi 910724 71 0.166 0.160 0.149 0.123 0.114 0.103 0.104 0.094 0.083
Rickettsia prowazekii 1111523 71 0.158 0.154 0.151 0.114 0.109 0.107 0.095 0.089 0.089
Treponema pallidum 1138011 47 0.118 0.117 0.107 0.080 0.083 0.080 0.065 0.068 0.065
Hyperthermophiles

Aquifex aeolicus 1551335 57 0.140 0.136 0.133 0.100 0.097 0.093 0.081 0.080 0.076

Thermotoga maritima 1860725 54 0.136 0.126 0.131 0.095 0.090 0.093 0.076 0.073 0.076
Archaea

Aeropyrum pernix 1669695 44  0.109 0.100 0.109 0.077 0.071 0.077 0.062 0.058 0.064

Pyrococcus horikoshii 1738505 58 0.137 0.130 0.133 0.097 0.092 0.095 0.080 0.076 0.077

Pyrococcus abyssi 1765118 55 0.138 0.123 0.131 0.098 0.087 0.092 0.082 0.071 0.074

Archaeoglobus fulgidus 2178400 51 0.143 0.128 0.131 0.101 0.092 0.091 0.083 0.075 0.073

Methanobacterium

thermoautotrophicum 1751377 50 0.130 0.111 0.135 0.091 0.079 0.096 0.074 0.065 0.078
Methanococcus jannaschii 1664970 69 0.159 0.152 0.145 0.113 0.108 0.102 0.092 0.088 0.082

“The largest values are shown in boldface type.

the neighborhood of the 5’ ends (%500 nucleotides)
and averaged these distributions over all such frag-
ments. Figure 1 shows all curves on the same scale but
are shifted along the y axis for illustration purposes.
The curvature values are presented in nucleosome
units, as in Table 1. Major ticks on the y axis corre-
spond to the curvature of 0.02 nucleosome unit. We
divided the genomes into three groups: big mesophilic
genomes (Fig. 1A), small mesophilic genomes (Fig. 1B),
and all hyperthermophilic genomes (Fig. 1C).

Six mesophilic genomes (Fig. 1A) clearly express
nonrandom distribution, with curvature peaks be-
tween 100 and 200 bases upstream to the starts of the
CDS. Mpycobacterium tuberculosis distribution has less
variance than that of other mesophilic genomes; how-
ever, it evidently has larger curvature upstream rather
than downstream to the CDS, with the maximum in
the region of —125 to — 275 relative to the starts of the
CDS.

Among seven smaller mesophilic genomes (Fig.
1B), five plots show upstream asymmetry similar to
that of larger mesophilic bacteria, albeit without con-
vincing statistical significance. Treponema pallidum and
Rickettsia prowazekii did not demonstrate any prefer-
ence of curvature distribution.

Five of eight hyperthermophilic genomes (Fig. 1C)
have no obvious preference in curvature distribution.

Three others are A. pernix, M. thermoautotrophicum, and
P. abyssi. We discussed average curvatures of noncod-
ing DNA in the genomes of M. thermoautotrophicum
and A. pernix above. Reshuffling of noncoding DNA of
these genomes can even increase average curvature.
Thus, it is reasonable to suggest that larger curvature of
upstream regions in these two hyperthermophiles is
mainly a consequence of the noncoding AT composi-
tion. The upstream curvature in P. abyssi is probably of
a different nature and plays a functional role. In this
respect, P. abyssi is a special case: its curvature distri-
bution curve is different from that of other hyperther-
mophiles and is more similar to that of mesophilic bac-
teria, such as B. subtilis.

In addition to the average curvature distribution
around starts of translation, we investigated the distri-
bution of locations of maximum curvature values in
the same fragments (data not shown). This comple-
mentary approach produced consistent results.

Length Distribution of Intergenic Regions

After our analysis of the curvature distribution, we
clustered the genomes into two groups. In principle,
such clustering may be the result of an artifact: differ-
ences in length distribution of intergenic regions in
different genomes can produce artifacts. Table 2
presents an extraction from the genomic annotations,
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being a brief description of sizes of intergenic regions.
For every prokaryotic genome, we show both absolute
and relative numbers of occurrences. Size distributions
are similar for almost all genomes, although there are a
few exceptions. The most extraordinary genome is that
of Rickettsia prowazekii. The R. prowazekii genome con-
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Figure 1 Curvature distributions in the neighborhood of the
starts of translation. For each genome, sets of regions =500
bases in length around the starts of translation were compiled.
Only the starts of CDS longer than 125 nucleotides and flanked
by upstream intergenic regions longer than 125 nucleotides were
processed. The program CURVATURE with a window size equal to
150 bases was used to predict curvature distributions. The mean
distributions were obtained by averaging the distributions of all
fragments from the same genome. All graphs are on the same
scale; for better presentation, some of them are shifted along the
y axis to prevent overlapping. Major ticks on the y axis corre-
spond to the curvature of 0.02 nucleosome unit. The number of
the processed CDS fragments is shown in brackets. Every 50th
point is marked by a corresponding symbol: circle, diamond,
square, or triangle. (A) Big mesophilic bacteria: Haemophilus in-
fluenzae, triangles up (503 CDS); Helicobacter pylori, triangles
down (357 CDS); Escherichia coli, circles (1522 CDS); Bacillus sub-
tilis, squares (1439 CDS); Synechocystis sp., triangles right (1343
CDS); Mycobacterium tuberculosis, triangles left (1078 CDS). (B)
Small mesophilic bacteria: Chlamydia pneumonia, solid circles
(384 CDS); Chlamydia trachomatis, open circles (326 CDS); My-
coplasma pneumoniae, open diamonds (210 CDS); Mycoplasma
genitalium, solid diamonds (73 CDS); Borrelia burgdorferi, open
circles (137 CDS); Rickettsia prowazekii, triangles down (342
CDS); Treponema pallidum, triangles up (176 CDS). (O) Hyper-
thermophilic Archaea and Bacteria: Methanococcus jannaschii, tri-
angles down (449 CDS); Pyrococcus abyssi, open diamonds (307
CDS); Pyrococcus horikoshii, triangles up (473 CDS); Methanobac-
terium thermoautotrophicum, triangles left (360 CDS); Thermotoga
maritima, triangles right (233 CDS); Archaeoglobus fulgidus, solid
squares (374 CDS); Aquifex aeolicus, solid diamonds (242 CDS);
Aeropyrum pernix, solid circles (749 CDS).

tains the highest proportion of noncoding DNA (24%)
detected thus far in a microbial genome (Andersson et
al. 1998). Not only R. prowazekii but also A. pernix in-
tergenic regions are longer, on average, than those in
other genomes. The opposite is true regarding the A.
fulgidus, T. pallidum, and P. abyssi genomes: the average
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Table 2. Sizes of Intergenic Regions®

of coding from noncoding re-

gions, the third one studies dis-

Organism <25 <125 <475 <1000 >1000 All tribution of the most curved
Aeropyrum pernix 0 426 560 107 1324 pieces along an entire genome.
0.0 0.322 0.425 0.153  0.081 We used a three-step procedure
Archaeoglobus fulgidus 46 661 318 51 1121 that was applied to all available
0.041 0.590 0.284 0.041 0.045 complete prokarvotic genomes
Aquifex aeolicus 32 289 178 11 551 plete prokaryotic g :
0.058 0.524 0.323  0.075  0.020 The first step was to produce
Borrelia burgdorferi 33 231 113 5 391 curvature maps of an entire ge-
. 0054 D=2 0.288 0.023 0.013 nome, with window sizes of 63,
Bacillus sp. 112 1366 1262 51 2924
0038 0467 0431 0046 0017 150, 250, and 400 bp. The sec-
Chlamydia pneumonia 29 260 326 15 657 ond step was to find a threshold
Chiomvdia trachomati 32-044 218-395 26(6)'496 0.042 8023 a2 such that regions with curva-
amyala traci omatis _
0.059 0404 0491 0031 0017 ture over the threshold to
Escherichia coli 86 1222 1281 45 2803  gether cover close to a pre-
0.031 0.436 0.456  0.060 0.016 defined part of genome length
Haemophilus influenzae 25 620 424 61 1177 Wi d val £1.5% and 5%
0.021 0.527 0.361 0.041 0.052 (fellllse aues Ol .Sho a %15 ?
Helicobacter pylori 45 383 316 49 g29  Of the genome length) and to
0.054 0.462 0.382 0.042 0.059 compile sets of all such pieces
Mycoplasma genitalium 9 85 53 15 174 for every window Separate]y‘
0.052 0.488 0.303 0.071 0.086 .
Mycoplasma pneumoniae 15 110 147 25 353 The third step Was to construct
0.042 0.312 0415  0.157  0.071 histograms of distances from
Methanococcus jannaschii 46 530 399 55 1076 centers of the selected curved
' 0.043 0492 0371  0.045  0.051 regions to the nearest anno-
Methanobacterium 55 590 401 9 1081 tated CDS. The histograms ob
thermoautotrophicum 0.051 0.546 0.370  0.024  0.008 . : listograms ob-
Mycobacterium tuberculosis 92 1203 902 77 2399  tained for E. coli and H. influ-
0.038 0.501 0.377 0.051 0.032 enza with the threshold equal
Pyrococcus abyssi 31 499 236 29 852 0 i i
0.036  0.586 0277 0066  0.034 to 1.5%are shown in Fig. 2. The
Pyrococcus horikoshii 24 432 364 97 1012 ~ main result presented in Fig. 2
0.024 0.427 0.360 0.095 0.096 is that, for all window sizes, the
Rickettsia prowazekii 18 020 20(2) 590 232) 331 0.121 16(7, 239 698 most curved regions are pl‘efer_
Synechocystis PCC6803 62 1204 1205 13 2611  entially placed about 100-200
0.024 0.461 0462  0.049  0.005 bases upstream to the nearest
Thermotoga maritima 34 339 155 51 603 CDS. Other “big” mesophilic
' 0.056 0562 0257  0.041  0.085 genomes, namely B. subtilis, M.
Treponema pallidum 28 359 177 19 591

0.047 0.608 0.300

tuberculosis, H. pylori, and Syn-

“The largest values are shown in boldface type.

sizes of intergenic regions are smaller than those of the
other genomes. We mentioned that curvature distribu-
tion profiles of T. pallidum and P. abyssi genomes are
dissimilar. It is most unlikely that deviation to smaller
intergenic regions has the opposite effect on T. pall-
idum and P. abyssi genomes. Our general conclusion
from the analysis shown in Table 2 is that size distri-
bution of intergenic regions does not correlate with
curvature distribution and does not produce meaning-
ful artifacts. Nevertheless, we used another approach
that was independent of the sizes of intergenic regions
to investigate curvature distribution.

Location of the Most Curved Regions in the Genome
Whereas the first two methods distinguished curvature

echocystis, have distribution
profiles of the most curved
pieces very similar to those of E.
coli and H. influenza. Note that
M. tuberculosis is placed among
the “curved” genomes despite a very low A + T com-
position and low average curvature. The results ob-
tained by this CDS-independent approach generally
confirmed the results achieved by different methods.

DISCUSSION

Evolutionary Conservation of DNA Loops in Bacteria
In many bacterial promoters, certain upstream se-
quences were able to stimulate higher transcription in
vivo by factors of tens or even hundreds (e.g., Lamond
and Travers 1983; Perez-Martin and de Lorenzo 1997;
Ross et al. 1993, 1998). These upstream sequences fre-
quently appeared to exhibit inherent DNA curvature.
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Figure 2 Distances from the centers of the most curved regions to the nearest starts of translation. All regions with curvature over the
threshold together cover ~1.5% of genome length. The curvature maps with window sizes of 63, 150, 250, and 400 bp were calculated.
The histograms of distances from the centers of the selected regions to the nearest annotated CDS are shown. In addition, distances from
randomly generated points to the CDS were calculated. The window size of 63 bp is presented by a line with circles, 150 bp by squares,
250 bp by diamonds, and 400 bp by triangles. (A) Escherichia coli K-12. The number of the most curved fragments selected is 886 for
window size 63 bp, 370 for size 150 nucleotides, 220 for 250 bp, and 137 for 400 bp. (B) Haemophilus influenzae. The number of the
most curved fragments selected is 357 for window size 63 bp, 143 for 150 nucleotides, 87 for 250 bp, and 59 for 400 bp.

However, the precise mechanism of action of these
bacterial enhancers is still unknown. The role of curved
DNA has been questioned. For example, when study-
ing the rrnB P1 promoter, Aiyar et al. (1998) suggested
an explanation for the different effects of upstream A-
tracts on transcription versus those of the intrinsic cur-
vature caused by phased A-tracts. The conservative pat-
terns of genomic curvature distribution across different
mesophilic bacterial genomes presented in the present
study provide a new, convincing indication that
curved DNA is evolutionarily preserved. There are two
major mechanisms for curved DNA to assist in a loop
formation: directly or as a binding site for a structure-
recognizing bending protein. The most curved frag-
ments of a genome, measured by a large window of 250
and 400 bp, are the best candidates for direct assistance
in a loop formation. Figure 2 shows that more than
half (!) of these loop candidates in E. coli and H. influ-
enza are located in presumed promoter areas. We ob-
served a similar effect in other big mesophilic ge-
nomes. Our conclusion is that preferable location of
long curved fragments upstream to transcription ini-
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tiation starts is evolutionarily preserved and related to
a mesophilic environment.

Curved DNA and Temperature Influence

Correlation between classification of genomes accord-
ing to their curvature distribution and thermophility is
not coincidental. Temperature and other environmen-
tal influences on the intrinsic DNA curvature, ex-
pressed as an electrophoretic anomaly, have been stud-
ied (e.g. Diekmann 1987; Ussery et al. 1999). Chan et
al. (1993), by using a variety of physical methods, also
detected a temperature-dependent, “premelting” event
that eliminates DNA curvature, and they suggested
that this event corresponds to the specific DNA struc-
ture of curved DNA. It was universally found that the
effect of DNA curvature disappears with rising tem-
perature. This relationship between temperature and
DNA curvature may suggest functional significance of
DNA curvature in hyperthermophilic Archaea, not un-
der physiologic conditions but at lower temperatures
only. We found that the hypothesis of Lopez-Garcia
(1999) corresponds very well with our findings. Lopez-
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Garcia speculated that distinctive DNA topology in hy-
perthermophilic Archaea appeared as a result of evolu-
tion and that it participates in gene regulation in re-
sponse to environmental changes. In that context
(Lopez-Garcia 1999), the term “DNA topology” is al-
most synonymous with “DNA supercoiling”. In the
context of our work, DNA curvature is a simplified
characteristic of the overall DNA structure. Neverthe-
less, the conclusions of Lopez-Garcia are very close to
ours. This agreement is not surprising, because DNA
topology and DNA spatial trajectory are directly re-
lated. Interestingly, the observation that transcription
in Pyrococcus hyperthermophiles seems to be regulated
differently from that of other hyperthermophiles (Bell
et al. 1998; Soares et al. 1998) agrees well with our
observations.

Archaeal Transcription and Role of DNA Curvature
in Gene Regulation

It was indicated that transcription in Archaea is more
homologous to that in Eukarya than to that in Bacteria
(Bell and Jackson 1998; Bell et al. 1998). Such homo-
logues as between eukaryotic and archaeal TATA-
binding proteins and between basal transcription fac-
tors TFIIB and TFB were mentioned. Curved DNA was
implied among common DNA structural features ex-
hibited by eukaryotic ribosomal gene promoters
(Marilley and Pasero 1996). In a previous study (Gab-
rielian et al. 1999), we tried to answer the question of
whether intrinsic DNA curvature is a necessary compo-
nent of human promoter architecture. We found that,
in eukaryotes, the frequency of occurrence of curved
fragments in human promoter sequences hardly ex-
ceeds that for coding regions. We concluded that the
regulation of eukaryal transcription rarely involves
DNA curvature. In the present study, we suggest that
the same is true with respect to archaeal transcription.
As in eukaryotes, we assume that upstream curved se-
quences in hyperthermophiles are rarely involved in
initiation of transcription. Presumably, UCS may be
used by hyperthermophilic prokaryotes in response to
cold shock (Bell et al. 1998).

The possibility exists that a well-established simi-
larity between eukaryal and archaeal transcriptional
apparatus causes similarity in the regulation of eu-
karyal and archaeal transcription. In particular, this
may be an origin of the aforementioned similarity with
respect to a role of DNA curvature. However, the hy-
perthermophilic bacteria Aquifex aeolicus and Thermo-
toga maritima do not express patterns of preferences in
DNA curvature distribution as do Archaea. The tran-
scriptional apparatus of A. aeolicus is similar to that of
E. coli and lacks components specific to Archaea (Deck-
ert et al. 1998). The same probably holds for T. mar-
itima transcription. Environmental stress in hyperther-

mophiles may well cause evolutionary deficiency of
UCS and transcription factors binding to curved DNA.

With regard to analyzing the seven graphs shown
in Fig. 1B, we mentioned that five plots show upstream
asymmetry similar to that of larger mesophilic bacte-
ria, whereas Treponema pallidum and Rickettsia
prowazekii do not show any preference in curvature
distribution. We speculate that this DNA curvature de-
ficiency in T. pallidum and R. prowazekii is of a nature
different than that of hyperthermophiles. Treponema
pallidum has indistinguishably low values of DNA cur-
vature everywhere (Table 1): only M. tuberculosis and A.
pernix express lower values. Moreover, the curvature
average values of T. pallidum coding sequences are
higher than those of noncoding sequences. This makes
the T. pallidum genome an exception among practi-
cally all completely sequenced genomes. Seemingly,
the syphilis spirochete does not use DNA curvature as
a gene regulation factor. Rickettsia prowazekii may tell a
different story. It has such an unusual genome struc-
ture and such a large fraction of noncoding DNA (Table
2; Andersson et al. 1998) that our statistical methods
could not investigate this genome.

Concluding Remarks

All applied methods of curvature distribution analysis
showed a substantial presence of more curved pieces
100-200 bases upstream to the start of CDS in such
mesophilic genomes as Escherichia coli, Mycobacterium
tuberculosis, Bacillus sp., Synechocystis, Haemophilus in-
fluenzae, and Helicobacter pylori. In contrast, both eur-
yarchaeal and bacterial hyperthermophilic species did
not demonstrate such a property. DNA curvature prob-
ably does not play any significant biologic role in the
gene regulation of hyperthermophilic species. Our
analysis does not determine unambiguously whether
this lack of significant upstream curvature is typical for
Treponema pallidum and Rickettsia prowazekii or
whether it is an artifact produced by unusual genome
structures. Further investigations should clarify this
question. We predict that analysis of new complete
prokaryotic genomes as a rule will show patterns of
curvature distribution that are dependent on normal
growth temperatures.

METHODS

Curvature Calculation

There are several models and methods of DNA curvature cal-
culation. However, in previous publications (Gabrielian and
Bolshoy 1999; Gabrielian et al. 1999), we demonstrated that
different methods of curvature calculation were found to pro-
duce mostly similar overall tendencies of DNA curvature in all
groups of sequences. In the present study, the prediction of
DNA curvature was made by means of our CURVATURE pro-
gram. This program calculates a three-dimensional path of a
DNA molecule and estimates the curvature of the axis path
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(Shpigelman et al. 1993) with dinucleotide wedge angles (Bol-
shoy et al. 1991).

Extraction of Coding and Noncoding Regions

Automatic procedures of extraction used annotations of com-
plete prokaryotic genome sequences in GenBank, release 111.
For every genome, one set of coding fragments and two sets of
noncoding pieces were obtained by these procedures. The set
of coding fragments consists of 250-bp-long pieces randomly
chosen from every annotated CDS. The first set of noncoding
pieces deals with all intergenic regions at least 100 bp in
length, and the second set deals with those 250 bp and longer.
The first set was processed by a window size of 21 bp and
consisted of fixed-length regions of 250 bp each, immediately
upstream. The second set included complete intergenic re-
gions and was processed by a window size of 150 bp. Control
“random” sets were obtained from corresponding noncoding
sequences by reshuffling of sequences.

In our study of curvature distribution around the 5’ ends
of the CDS, we processed only CDS longer than 125 nucleo-
tides and flanked by upstream intergenic regions longer than
125 nucleotides. We aimed to take a neighborhood of +500
bases in length. However, entire regions = 500 bases in length
around the starts of translation were used exclusively in cases
where all 500 nucleotides upstream were located in an inter-
genic region and all 500 bases downstream belonged to CDS.
Otherwise, only relevant downstream coding or upstream
noncoding pieces were used.

Dispersion Analysis

To test the hypothesis that noncoding sequences have mean
curvature distribution values different from those of coding
and shuffled sequences, we used the TTEST and MEANS pro-
cedures of the SAS software. The TTEST procedure computes t
statistic based on the assumption that the variances of coding
and noncoding groups are unequal. This is an approximate t
statistic for testing the null hypothesis that the means of the
two groups are equal. The probability value p (Table 1) is the
probability of greater absolute value of t under the null hy-
pothesis. The TTEST procedure provided the two-tailed sig-
nificance probability, and the MEANS procedure was used to
obtain paired-comparison t tests between noncoding and
shuffled noncoding sequences. The same procedure was ap-
plied to test the hypothesis that the distribution of distances
from the peak of curvature in the neighborhood of the start of
translation to the start is normally symmetric.
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