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ABSTRACT

The existence of sequences in the human genome
which can be a target for triplex formation, and
accordingly are candidates for anti-gene therapies,
has been studied by using bioinformatics tools. It
was found that the population of triplex-forming
oligonucleotide target sequences (TTS) is much
more abundant than that expected from simple
random models. The population of TTS is large in all
the genome, without major differences between
chromosomes. A wide analysis along annotated
regions of the genome allows us to demonstrate
that the largest relative concentration of TTS is
found in regulatory regions, especially in promoter
zones, which suggests a tremendous potentiality
for triplex strategy in the control of gene expres-
sion. The dependence of the stability and selectivity
of the triplexes on the length of the TTS is also
analysed using knowledge-based rules.

INTRODUCTION

The sequencing of the human genome (1,2) has opened the
way for the design of new pharmacological therapies based on
the inhibition of the synthesis of pathological proteins. The
blocking of the synthesis of pathological proteins can be
performed at least by two different mechanisms: (i) by
inhibition of the translation of mRNA and (ii) by inhibition of
the transcription of the corresponding gene. The ®rst approach
de®nes the `anti-sense' strategy (in either its pure anti-sense
and its RNA-interference versions), where oligonucleotides
are used to speci®cally bind the target, the mRNA, blocking
then the corresponding protein synthesis (3,4). The second
approach de®nes the `anti-gene' strategy that consists of
blocking the transcription of speci®c genes by formation of a
triple helix (5±9) at the target DNA duplex.

DNA triplexes were theoretically suggested by Pauling and
Corey in 1953 (10), and probed experimentally by Rich and
co-workers 4 years later (11). They are formed when a
polypurine-rich DNA duplex binds a single-stranded poly-
nucleotide [triplex-forming oligonucleotide (TFO)], through

speci®c major groove interactions (reviewed in 5). Two types
of triplexes have been described, based on the orientation of
the third strand with respect to the central polypurine Watson±
Crick strand: (i) parallel triplexes and (ii) anti-parallel
triplexes. The ®rst can be formed following three different
motives: d(T´A-T), d(C´G-C)+ (where protonated cytosine is
needed in the third strand) and d(C´G-G), where Hoogsteen
hydrogen bonds stabilize the interaction between the Watson±
Crick (the ®rst two bases of the triad) duplex and the third
strand (Fig. 1). The second type of triplex is formed by three
triads: d(T´A-A), d(C´G-G) and d(T´A-T), where the third
strand makes reverse Hoogsteen pairs with the Watson±Crick
duplex (Fig. 1). In general, under normal laboratory condi-
tions, parallel triplexes are expected to be more stable than
anti-parallel triplexes (12,13). However, their pH dependence
[due to the presence of d(C´G-C)+ triads] might limit their
physiological stability.

The presence of a third strand introduces severe restrictions
in the ¯exibility of the DNA, changing its ability to recognize
speci®c proteins along the major groove (14,15), and accord-
ingly, altering all the mechanisms controlling DNA function.
This, and the speci®city of the recognition process between the
TFO and the duplex DNA explains the large number of
potential applications of triplexes in the biomedical and
biotechnological scenario (5±9). Thus, triplexes have been
used to construct arti®cial restriction enzymes or to direct
nuclease cutting in certain regions of the genome (6,16±17).
Triplexes bound to cleaving agents have been successfully
used to induce recombination in both episomal and chromo-
somal DNA in mammalian cells (18). It also has been reported
by different authors that triplexes complexed with psoralen
can be used to induce speci®c mutations in the genome
(19±21). Furthermore, recent studies by Glazer's group
(22,23) have shown that even when no chemical mutagen is
added, triplex formation induces a dramatic increase in the
rate of mutagenesis in the target duplex, probably as a
consequence of the inability of the NER system to repair
triplexes. These ®ndings open the possibility to use triplexes
as an alternative for knocking down/out speci®c genes (8,20).

Most of the biomedical impact of triplex technology is
related to the well known ability of triplexes to inhibit mRNA
synthesis in target genes, both in vitro (6,7,24,25) and in vivo
(6±8,26±28). Some of the genes whose expression can be
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inhibited by triplex formation include genes associated with
different diseases including cancer (6), suggesting that TFOs
could generate, in the near future, a new generation of drugs.
The inhibition of DNA transcription by triplexes can occur by
means of the inhibition of mRNA elongation (29,30).
However, the greatest transcription-inhibitory activity of
triplexes is found when the target duplex is in the regulatory
region of the gene (8).

Despite the promising results found, triplex technology still
presents some shortcomings (5) mostly related to: (i) their
reduced stability, (ii) sequence restrictions due to the need of
polypurine tracks in the triplex target sequence, (iii) suscep-
tibility to nucleases and (iv) problems to deliver TFOs in the
cellular nucleus. A large amount of chemical, biochemical and
biotechnological research is now focussed on trying to solve
these practical problems of triplex technology (6,7,31,32).
However, a very basic question is still unanswered: what is the
triplex-forming potential of the human genome? In this paper,
we perform a very extensive analysis of the human genome in
order to determine how many triplex-forming oligonucleotide
target sequences (TTS) exist, their location and their potential
as targets for anti-gene therapy.

MATERIALS AND METHODS

Genome information

Sequence information of the human genome was taken from
the UCSC database (version hg12; June 28, 2002) (http://
genome.ucsc.edu/goldenPath/28jun2002) developed by the
International Human Genome Mapping Consortium (1). The
de®nition of genes, exons, coding regions, repetitive regions

and conserved human±mouse regions were also taken from the
UCSC Genome Browser Database (http://genome.ucsc.edu/
cgi-bin/hgGateway; 33). Annotation of the genes considered
in this study was obtained from the refGene (refSeq)
collection, after removing redundant or overlapping genes.
Promoter regions were selected as those located 100 bp
upstream of the beginning of the gene. A more diffuse
upstream regulatory region is selected as that located
1900 bases upstream of the promoter region. Putative
downstream regulatory regions are de®ned 2000 bases down-
stream of the end of the gene. The best human/mouse
conserved regions were those listed in the
chrN_blatzBestMouse list in the UCSC database (http://
genome.ucsc.edu/goldenPath/28jun2002). Only highly con-
served blocks larger than 100 bases were considered. Repeated
sequences were those obtained using the RepeatMasker
software and listed in the chrN_rmsk database (http://
genome.ucsc.edu/goldenPath/28jun2002; http://www.geospiza.
com/products/tools/repeatmasker.htm; 34), and were used
without further manipulation. Single nucleotide polymorph-
isms (SNPs) were mapped combining SNP databases in UCSC
(snpNih and snpTsc) and the dbSNP database of genetic
variation (35).

De®nition of TTS

Possible TTS were de®ned as polypurine tracks of any size.
No mismatching in the triplexes was allowed, which means
that a strict triplex de®nition was used. In order to determine
whether or not the population of TTS is that expected from a
random distribution (36), we developed a simple, but ¯exible
random model, which assuming a binomial behaviour of the

Figure 1. Schematic representation of Hoogsteen and reverse Hoogsteen-based triads in parallel and anti-parallel triplexes.
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TTS distribution, allows the calculation of the expected
number of TTS of a given length (in a given genome). This
considers that the expected number (P) of TTS of length n in a
given genome of length m can be expressed as shown in
equation 1, where qn is the probability that a nucleotide
belongs to a TTS of length n. The factor 2 appears because the
TTS can happen in either DNA chains. The probability factor
qn is computed from the average number of TTS of size (n) in
the random model using equations 2 and 3. The key parameter
<i> is determined assuming that the number of TTS in the
random model follows a binomial distribution (see equation
3):

P = 2 3 m 3 qn 1

qn = n (<i> / m) 2

<i> » (m ± n ± 1) 3 a2 3 (1 ± a)n±1 3

Combining equations 2 and 3 we obtained equation 4 which
provides us an approximated expression for P in a random
model. Note that equation 4 is in fact an approximate solution,
but provides a TTS distribution very similar to that obtained in
numerical simulations of 50 randomly generated genomes
with the size of the human genome (see Results). In an ideal
binomial model a should be equal to 1/2 in equations 3 and 4.
However, since transitions Pur±Pyr, Pyr±Pur and Pur±Pur are
not equally probable in our genome, other values of a might
be more suitable. In fact, the ®tting to the human genome
shows that the most realistic value for a is 0.44 (the value used
in the paper):

P » 2 3 n 3 (m ± n ± 1) 3 a2 3 (1 ± a)n±1 4

Prediction of triplex stability

The stability of the triplex measured in terms of the melting
temperature depends on many factors, such as sequence,
concentration of the TFO, length of the triplex, presence of
modi®ed nucleotides in the TFO or pH (for the most stable
parallel triplexes). A rough prediction of the melting tem-
perature of triplexes in the genome, created using the parallel
motif, was determined using Roberts and Crothers empirical
equations (37) (equations 5±7). The stability of the corres-
ponding anti-parallel triplexes is more dif®cult to determine
and depends on the concentration of divalent cations, and on
the possible existence of alternative structures (like the G-
DNA). However, recent experiments by Eritja and co-workers
(38) suggest that, in general, even for the worst cases, anti-
parallel triplexes are only a few degrees less stable than the
corresponding parallel triplexes at pH 4.5:

Tm � 310� DH0

DH0 ÿ DG0
37 ÿ 310� R� ln 4

CTFO

� � 5

where CTFO is the concentration of target + triplex-forming
oligonucleotides. The enthalpy (DH0) and Gibbs free energy
(DG0) are evaluated (in kcal/mol) using equations 6 and 7:

DH0 = ±4.9(CC) ± 8.9(TC + CT) ± 7.4(TT) 6

where XX means the number of dinucleotides of this
particular type in the TFO:

DG0
37 = ±3.00(C) ± 0.65(T) + 1.65(CC) + 6.0 + (C)(pH ±

5.0)[1.26 ± 0.08(CC)] 7

where (X) means the number of nucleotides of type X in the
TFO.

For discussion purposes we have considered three different
TFO concentrations (mM and nM), assuming very dilute
concentration for the TTS. As a reference, state of the art
delivery methodologies allow the delivery of up to 20±
70 mmol of TFO in the interior of the nuclei (31). Two
different pH values were considered, physiological (7.0) and
acidic (4.5). The use of the latter provides insight into the
stability of triplexes formed with TFOs containing modi®ed
nucleotides. Triplexes with melting temperature above 50°C
were considered as stable. This high temperature implies that
we are using a conservative threshold of triplex stability, and
probably more triplexes than those detected here can be stable
under physiological conditions.

To determine the differential stability of triplexes in the
human genome we compared our calculations with two
background models. The ®rst (labelled Random) assumes
equal populations of A and G and equal possibility for Pur/Pur,
Pur/Pyr and Pyr/Pur transitions, the second one (labelled
Random H.G) was generated with the restrictions necessary to
maintain the ratio A/G and the transition probabilities at the
values found in the human genome. In both cases, 50 random
genomes with the same length as the human genome were
generated.

All the software developed here for the localization and
analysis of TTS is available as C-programs upon request to the
authors.

RESULTS AND DISCUSSION

The amount of nucleotides appearing in TTS in the human
genome is several times larger (Fig. 2) than that expected from
a random distribution (see Materials and Methods), and the
difference increases as does the size of the tracks. Thus, TTS
longer than 20 nt are very rare in random systems, whereas
TTS longer than 30 nt are commonly found in the human
genome. The existence of such a large density of TTS (or
nucleotides in TTS with respect to total nucleotides) could be
due in principle to two different phenomena: (i) massive
duplication of a small number of TTS (this will imply a large
amount of TTS in repetitive DNA) and (ii) the existence of a
subtle biological effect related to these sequences. We have
investigated both possibilities.

The density of TTS (de®ned as the number of nucleotides in
TTS related to the total number of nucleotides, i.e. the
probability of a nucleotide being part of a TTS) for different
chromosomes is similar (data not shown), the largest density
of TTS is found in the 19 chromosome and the lowest in the Y
chromosome. The analysis of the base composition shows, in
general, a larger population of adenines than guanines. For
example, for TTS of 15 nt in length there are ~60% adenines,
and for TTS of 30 nt or more the percentage of adenines
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increase to almost 80%. It is worth noting that adenines
constitute ~60% of the purines in our genome, which means
that in long tracks, adenines are over-represented in TTS. We
should note that the larger population of adenines in TTS is
favourable from the point of view of triplex formation, since
Watson±Crick guanines are targeted (Fig. 1) either by
Hoogsteen cytosines (leading to a strong pH dependence of
the triplex) or by reverse Hoogsteen guanines [leading then to
a strong competition in the TFO between single-stranded (that
are needed for triplex formation) and tetraplexes] (5).

To analyse whether or not TTS are located in regions of
importance for anti-gene therapy, we divided (see Materials
and Methods) the human genome into repeated regions (~50%
of the genome), genes (the 10 000 of the RefGene collection),
best human±mouse conserved regions (~5% of the genome)
and general regulatory regions (2000 bases up and down-
stream of the 10 000 selected genes). The pro®le of TTS found
for the genes (Fig. 3) reproduces very well the corresponding
pro®le found for the total human genome. On the contrary, the
highly conserved human±mouse region shows a lower ability
to make triplex than the average genome, which can be partly
explained by the fact that a good portion of highly conserved
regions are protein-coding regions, where, as noted below, a
low quantity of TTS is found. Interestingly, repeated and
regulatory regions exhibit larger concentrations of long TTS
than the average for the genome (Fig. 3).

In order to analyse in more detail the presence of TTS in
regions of special relevance, we divided the gene region into:
(i) exons, (ii) coding sequences (i.e. the exons after removing
UTR), (iii) introns, (iv) promoter regions (100 nt upstream of
the beginning of the gene), (v) regulatory region upstream
(1900 nt) promoters and (vi) downstream (2000 nt) regulatory
regions. Very interestingly (Fig. 3), only two lines appear
below that of the global human genome: the exon and the
coding regions. This is likely to re¯ect the compositional bias
in the nucleic acid sequence associated with the coded
polypeptide. The relative number of nucleotides in TTS is
larger in all regulatory regions than in the whole genome
(Fig. 4). Interestingly, the very short promoter region contains
a very large concentration of nucleotides in TTS (Fig. 4),
indicating that the crucial region of control of gene expression
can be easily targeted for triplex formation. The existence of
this large concentration of TTS in a key region of the genome
strongly suggests some subtle biological function for this type
of sequence, which might be related to some structural

properties which can favour interaction of DNA with control
proteins. In any case, for the purpose of this paper we must
emphasize that the existence of a large density of TTS in the
promoter region provides a tremendous opportunity for the use
of triplex-based approaches in anti-gene therapies. In fact,
many genes of possible therapeutic impact show extremely
large TTS (>40 nt) in the promoter region. Examples are
SCA1 (the gene causing type 1 spinocerebellar ataxia),
ATP6V1B1 (the gene encoding for ATPase related to
sensorineural deafness), PAWR (a key gene in apoptotsis),
HIPK3 (a kinase involved in multidrug-resistant cells),
SOX10 (mutations in this gene leads to Waardenburg±
Hirschsprung disease), NOVA1 (an onconeural antigen
related to breast and small cell lung cancer), and many other
examples that will be discussed in more detail in a further
communication.

Repetitive regions represent ~49% of the human genome
(1,2), and are clearly those where sequencing is more dif®cult,
and where a larger portion of gaps in the genome sequence
exists. Our analysis shows that, as a whole, repetitive regions
have a high density of TTS, just after the TTS-rich promoter
region, a result that is not unexpected considering that a part of
the repetitive DNA is de®ned by polypurine tracks. In order to
study more precisely the distribution of TTS in repetitive
regions, we analysed TTS density in different classes of
repetitive DNAs: (i) long interspersed elements (LINE), (ii)
small interspersed elements (SINE), (iii) long terminal repeat
(LTR), (iv) transposons and (v) unclassi®ed repeated DNA
(low complexity, simple repeated, satellites and others). LTR
and LINE regions show a density of TTS similar to that of the
`no repeated' part of the genome (Fig. 5). DNA transposons
show a TTS density lower than the no-repeated part of the
genome, denoting their origins as coding sequences (see

Figure 3. Probability (in %) of a nucleotide being part of TTS of different
lengths in different regions of the human genome.

Figure 2. Number of TTS tracks of different lengths found in the human
genome and in random models. The pro®le found in human genome is
compared with that found in analytical or numerical random models (see
text for details).

Figure 4. Probability (in %) of a nucleotide being part of TTS of different
lengths in different parts of the gene region.

Nucleic Acids Research, 2004, Vol. 32, No. 1 357



discussion above). SINEs present a density of TTS larger than
that of the non-repetitive part of genome, and quite interest-
ingly, a TTS versus length of the track (in the sequence-length
considered) pro®le quite different to the exponential decay
found in the other cases (Fig. 5). This suggests that at least a
part of SINEs was generated by massive duplication of a
number of different short/medium sequences of DNA, biasing
the distribution of possible TTS. Finally, unclassi®ed repeated
sequences also show a non-exponential decay with length.
This is due to the fact that simple repeated sequences
(obtained by massive replication of small DNA fragments)
and low complexity DNA [rich in polypurine sequences (1,2)]
are incorporated within this family of repetitive DNA.

The next step in our analysis was to follow the presence of
SNPs in TTS sequences. SNPs are the major source of genetic
variability in humans (39). Thus, knowing the impact of SNPs
in TTS may be of biomedical interest for the purpose of
designing individual-adapted therapies. Results in Figure 6
show that the probability of a position in the human genome to
be part of a TTS is largely increased if it exhibits
polymorphism. No obvious reason was found for this inter-
esting behaviour other than mutations will be made more
easily, or worse repaired, in TTS, or that transient triplexes are
formed in polypurine tracks leading to an increase in the
mutagenic rate (22,23). However, for biomedical and
biotechnological purposes, what is clear is that this ®nding
reinforces the interest of anti-gene strategies in individual-
directed therapies, as taking into account the structural
variability of the protein in the process of drug design is
much more complex than designing oligonucleotides with
varying sequences.

Previous analysis shows that TTS are more abundant in the
genome than expected, and that they are particularly frequent
in regions of special relevance for gene expression, suggesting
a priori that anti-gene strategies may be very promising.
However, to assess the real biomedical and biotechnological
impact of triplex strategies two questions must be answered:
(i) what is the selectivity TFO (i.e. what is the degree of
uniqueness of a given TTS in the genome) and (ii) how stable
are the triplexes formed? To answer the ®rst question we
computed how many of all the possible combinations of TTS
of a given length are present in the human genome, and in the
gene region (genes + regulatory regions). As shown in
Figure 7, the human genome samples all possible sequence
space in TTS shorter than 17, and no selectivity is possible for
the complementary TFOs. As noted in Figure 7, the percent-
age of TTS sampled in the human genome decreases below

50% for TTS longer than 21 nt, and TTS are almost unique for
lengths >26 nt, making it possible to design 100% speci®c
TFOs. If only the gene region is considered in the analysis, the
minimum length of the TTS needed to de®ne speci®c TFOs is
smaller [19 (one secondary interaction is expected on average)
and 24 (no secondary interaction expected)]. In summary,
selectivity can be reached with relatively small oligonucle-
otides which can be easily introduced inside the cell
(6,7,31,32).

In order to determine the stability of triplexes under
physiological conditions we follow Crother's empirical rules
(see Materials and Methods), which allow us to determine the
melting temperature of parallel triplexes based on the triplex
sequence, concentration of oligonucleotides (i.e. the amount
of TFO that can be internalized at the nuclei), the triplex
length and the pH (acidic pH makes anti-parallel triplexes
more stable). The stability of parallel triplexes largely depends
on the pH. Thus, at acidic pH (4.5), ~3% of the human genome
is found in TTS susceptible to form stable triplexes (melting
temperature >50°C) at micromolar concentrations of TFO.
When the pH is raised to 7.0 only 0.2% of the human genome
can form stable triplexes. For anti-parallel triplexes, no pH
dependence is expected, and on the basis of recent experi-
ments by Eritja's group (38) the range of stabilities are
expected to be those corresponding to parallel triplexes at
moderately acid pH (~5±6).

The human genome shows a surprisingly good ability to
form stable triplexes, much better than that expected from
numerical random models (data not shown, but available upon
request) at any pH, but the difference is especially large for
neutral pH, indicating that triplexes in the human genome are

Figure 6. Probability (in %) of a nucleotide being part of TTS containing
SNPs (results for both snpNih and snpTsc databases are included). The base
line corresponding to the whole human genome is displayed for
comparison.

Figure 7. Coverage of the space of sequences of TTS in the human genome
and in the gene region.

Figure 5. Probability (in %) of a nucleotide being part of TTS of different
lengths in different parts of the repetitive DNA.
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less sensitive to the pH than expected. The larger density of
stable triplexes is found in the regulatory regions, in particular
in promoter regions, where triplexes are stable even in
unfavourable pH conditions (data not shown, but available
upon request). In summary, our results strongly suggest that
there is a large percentage of the human genome that can lead,
under physiological conditions, to stable triplexes. In fact, our
calculations strongly suggest that in the design of TFOs the
requirement for selectivity is stricter than the requirement for
stable triplexes.

CONCLUSIONS

In silico analysis of the human genome allows us to identify
regions that can lead to triplex formation when a suitable TFO
is available. The regions susceptible to form triplex (TTS) are
more common in the human genome than expected by random
models, even when these models are adapted to the compos-
ition of the human genome. A large density of TTS, which can
yield stable and speci®c triplexes under physiological condi-
tions, are found in promoter regions, opening interesting
possibilities for the use of triplexes in the control of gene
expression. Also, interestingly, TTS present an unusually
large number of SNPs, which suggests that triplex strategies
may be of interest in individual-oriented therapies (in fact,
several examples are found of SNPs located in large TTS
segments located in promoter regions). Overall, our results
show the large possibilities of triplex technology in the
biomedical and biotechnological scenario.
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Abstract
Background: DNA duplex sequences that can be targets for triplex formation are highly over-
represented in the human genome, especially in regulatory regions.

Results: Here we studied using bioinformatics tools several properties of triplex target sequences
in an attempt to determine those that make these sequences so special in the genome.

Conclusion: Our results strongly suggest that the unique physical properties of these sequences
make them particularly suitable as "separators" between protein-recognition sites in the promoter
region.

Background
DNA triplexes [1] are formed when a duplex containing a
poly-purine track is recognized by single-stranded poly-
nucleotide (noted as the triplex-forming oligonucleotide;
TFO). The third strand interacts through the major groove
of the duplex, thereby making specific hydrogen bond
interactions with the Watson-Crick purines [2,3]. The TFO
can be DNA, RNA or different oligonucleotides with mod-
ifications in either their nucleobases or phosphoribose
backbone [4]. Two types of triplexes have been described
on the basis of the orientation of the TFO with respect to
the central polypurine track: i) parallel triplexes and ii)
anti-parallel triplexes. The parallel triplex is characterized
by Hoogsteen hydrogen bonds between the TFO (typi-

cally pyrimidine-rich) and the central Watson-Crick
purine [see Figure 1], while the anti-parallel triplexes
show reverse-Hoogsteen hydrogen bonds and the TFO is
purine-rich [see Figure 1]. Parallel triplexes are believed to
be more stable than the anti-parallel ones in normal lab-
oratory conditions, but the situation can reverse in physi-
ological environments, especially when the target
duplexes contain a poly-G track [2-5].

The presence of a TFO in the major groove of the duplex
leads to major distortions in the capacity of the target
duplex to be recognized by specific proteins [2,6,7]. This
produces major changes in the functionality of the target
duplex, which has been used for biotechnological and
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biomedical purposes [2,3,8-10]. Thus, modified TFOs
containing suitable chemical compounds have been used
to develop artificial nucleases [11,12], to induce recombi-
nation in mammalian cells [13], and to trigger mutations
in target DNA [13-16]. In all these cases, the formation of
the triplex guides the active chemical compound to the
proper position in the target genome. Unmodified TFOs
increase the rate of mutations at the triplex target
sequence (TTS), which opens the possibility for knocking
down genes [9,16,17]. Triplex formation inhibits mRNA
synthesis [2,8,9,18-23] when the TTS is located at a regu-
latory region. Furthermore, when the triplex is formed in
the middle of a gene, mRNA elongation is stopped just
before the TTS, which indicates that triplex binding is
strong enough to displace complex transcriptional
machinery [24,25]. These two findings open up the possi-
bility to use TFOs as "anti-gene" drugs. These pharmaco-
logical agents would have the capacity to specifically arrest
the transcription of pathological genes, thus leading to an
intense and targeted therapeutic action [3,8-10]. How-
ever, despite their promise, anti-gene therapies still face
many technical problems [2,3] and the density and loca-
tion of TTSs in human genes is unclear.

In a recent paper, we explored the presence of TTSs (poly-
purine tracts which are expected to lead to stable triplexes
in physiological conditions) in the human genome [26].
Our analysis showed that these sequences are vastly over-
represented when compared to what randomness pre-
dicts. Interestingly, the largest relative concentration of
TTSs occurs in the upstream regulatory region (especially
at the proximal promoter region: 100 nts upstream) [26].
Recent studies by our group (Goñi et al. Unpublished
results) show that these trends are common to many other
organisms, from mammals to procaryotes, indicating that
many genes may be targets for triplex formation (Goñi et
al. Unpublished results). However, this interesting finding
raises an intriguing question: why are TTSs so abundant in
crucial regions for the control of genome function?

Here we present an extensive descriptive analysis of TTSs
in the human genome in an attempt to elucidate why
these sequences are so abundant in regulatory regions.
Our results indicate that the unique physical properties of
TTSs may explain this overpopulation.

Results and discussion
As proposed in previous studies using an older genomic
data base [26], TTSs are largely over-represented in human

Schematic representation of parallel and anti-parallel triads present in triplexesFigure 1
Schematic representation of parallel and anti-parallel triads present in triplexes.
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genome with respect to a background model such as that
described in reference [[26]; see Figure 2]. This over-repre-
sentation is particularly noticeable when considering the
proximal promoter region (100 nts upstream), where a
considerable density of large TTSs are found. Note that the
over-representation is clear irrespective of the random
model used (for the shake of simplicity only few random
models are shown in Figure 2; the rest are displayed in
supplementary material [see Additional file 1]) and that
the statistical significance of the difference is demon-
strated by Clover calculations (p < 10-20 ; [see Methods]).

Very interestingly, the over-representation of TTSs in the
promoter region with respect to the general human
genome decreases as more distant promoter regions are
considered [see Figure 3]. Clearly, there is an unusually
large region with potential to form triplexes in region
proximal to transcription origin, which is rich in pro-
moter regions. At first glance, several reasons for this
behaviour can be offered: i) triplex formation may be an
ancient regulatory mechanism [see Figure 4] for RNA-
mediated control of gene expression, ii) target sequences
for transcription factors have an overpopulation of TTSs,
iii) TTSs have several intrinsic physical properties that are
useful for protein binding to DNA.

Are TTSs part of an ancient DNA auto-regulatory 
mechanism?
Triplex formation is a powerful mechanism by which to
modulate gene function, and, when formed in the pro-
moter region, triplexes can knock-out or knock-down a
gene. Accordingly, it is feasible that the large number of
TTSs at a promoter region is related to regulatory proc-
esses. Interestingly, analysis of GO terms using the

FATIGO [see Methods] program shows that the set of
genes with large TTSs (15–20 nts) at promoter regions cor-
respond to a subset of genes which differs significantly
(even for the very strict Benjamin-Yekutieli adjusted p-
value; [see Methods]) from the background. Irrespectively
of the length of the TTS (from 15 to 25 nts) and the sec-
tion of the early promoter region 0–100 or 0–200 nts
upstream, genes with TTSp are over-enriched with func-
tions in the regulation of physiological processes, and
very often are characterized as transcription factors or
related protein [see Figure 5]. In fact, TTS in promoters
seems to be as determinant of the functionality of genes as
the CpG islands [see Additional file 2]. On the basis of this
observation, we therefore propose that the presence of
large TTS in the promoter region of these genes might pro-
vide advantage for the control of the expression of these
genes. Furthermore, it is tempting to consider the exist-
ence of an RNA-mediated feed-back mechanism [see Fig-
ure 4] which controls the expression of the regulatory
genes by triplex formation between the TTS at the pro-
moter region of these genes and the TFO present in the
intron of the regulated genes. Unfortunately, GO analysis
and inspection of TRANSFAC 8.3 [see Methods] failed to
provide evidence connecting transcription factors with
TTS at the promoter region with those with the corre-
sponding TFO in introns. In addition, we analysed the
cases in which a transcription factor with a TTS in its pro-
moter interacted with a second transcription factor, in
order to examine whether the introns of genes regulated
by this second factor contained TFOs complementary to
the TTSs in the first transcription factor. However, again
we did not find any relationship between genes with TTS
in the promoter and those with intronic TFOs. Given the
low number of cases for which experimental evidence of
regulation by transcription factors is available, this nega-

Ratio of TTSs (lengths from 10 to 25 nts) in promoter regions (from 2000 to 100 nts upstream) with respect to average TTS population in the human genomeFigure 3
Ratio of TTSs (lengths from 10 to 25 nts) in promoter 
regions (from 2000 to 100 nts upstream) with respect to 
average TTS population in the human genome. Once again 
data is taken for the entire genome and correspond to abso-
lute values, without associated errors.
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tive result cannot be taken as evidence against the RNA-
mediated feed-back mechanism proposed.

Are TTSs rich in transcription factor recognition sites?
As described in Methods, we mapped the TRANSFAC data-
base into the human promoter region (up to 200 nts
upstream of transcription origin) and computed the
occurrences of nucleotides in long TTSs (length equal or
greater than 10) in the promoter region around the tran-
scription factor binding site (TFBS). Sequences which
were recognized as targets of transcription factors showed
much less probability to be in TTS than neighbouring pro-
moter sequences [see Figure 6]. Furthermore, generation
of random sequences (TTS and no-TTS) showed that no-
TTS random sequences have a much larger probability to
be transcription factor binding sites than TTS random
sequences. Overall, we must conclude that even in some
cases small (4–6) poly-purine segments might be found in
TFBS, TTS as defined here (length equal or greater than
10) are very rarely present in TFBS. That means that the
hypothesis that TTSs are over-represented in promoter
regions because they contain TFBS can be ruled out.

Although TTSs do not interact directly with transcription
factors, they show a profile of conservation when
approaching to the start of transcription similar to that of
the whole of non-TTS and of sequences that have been
annotated as TFBS [see Figure 7 and Additional file 3].
TTSp in the near promoter regions are quite well conserved
(even not as conserved as TFBS; [see Additional file 3])
suggesting that they may have an important physiological
role that is not related to direct DNA-protein interactions.

Do TTSs have distinct intrinsic physical properties?
Previous results seem contradictory and somehow diffi-
cult to rationalize. Thus, although TTS in promoters
(TTSp) are over-represented, appear in key genes for the
control of physiological processes and are very well con-
served, they are not targets for transcription factors. No

evidence is found regarding the possibility that TTS acted
as an ancient regulatory mechanism, mimicking the func-
tionality of interference RNAs. How can we reconcile all
this findings? In our view, the only possibility will be if
TTS have some intrinsic physicochemical properties that
are useful when present in the promoter region of certain
genes.

As described in Methods, we analyzed several physical-
chemical descriptors of DNA in two sets: i) randomly gen-
erated TTSs and ii) randomly generated human-like DNA.
In general, TTSs displayed average melting temperatures
similar to those of normal DNA sequences [see Figure 8],
which agrees with the observation that the average stack-
ing energy of TTSs and normal DNA sequences are the
same. Thus, TTSs do not introduce bias in the stability of
the DNA duplex, which could provide an advantage for
the functionality of promoter regions. Curvature analysis
using Bolshoy's algorithm indicates that TTSs are signifi-
cantly more curved than random DNA sequences. Fur-
thermore, analysis of configurational volume [see
Methods] strongly suggests that TTSs are on average more
rigid than normal DNA. These findings strongly support
the hypothesis that TTSs at promoter regions can be used
as rigid and curved separation signals for transcription fac-
tors. It is clear that these physical properties modulate
nucleosome positioning and rotational phasing, and sev-
eral authors have pointed out that polypurine tracks are
not well incorporated into the nucleosome [27]. Unfortu-
nately, sequence rules for nucleosome positioning and
phasing are, in our hands, not accurate enough to test this
hypothesis.

In addition to the possible role of TTSs in the organization
of DNA in nucleosomes, when these sequences are
present, their unique physicochemical properties have a
large impact on the promoter region. Thus, large flexibil-
ity is desirable for DNAs that need to bind to proteins, and
accordingly deform its structure, but rigidity is useful for
the definition of spacing elements that should isolate pro-
tein-induced DNA deformability in specific regions of the
duplex. The larger curvature is also a desired element,
since it can help in the relative positioning of transcrip-
tion factors in 3-D space, helping then to establish physi-
ologically critical protein-protein interactions. Thus, the
presence of TTSs at promoter regions can provide the cell
with specific mechanisms, probably in most cases not
related to triplex formation, by which to enhance activa-
tion/repression of genes that are crucial for the regulation
of cellular processes mechanisms.

The results presented in this paper show that, irrespec-
tively of whether the cell now uses or once used a triplex-
mediated control mechanism, TTSs in the promoter
region are very abundant and that genes with TTSp are cru-

Percentage of human-mouse identity of 15-nt fragments in several promoter regions for TTS and non-TTS segments of the same size in equivalent regions of regulatory regionFigure 7
Percentage of human-mouse identity of 15-nt fragments in 
several promoter regions for TTS and non-TTS segments of 
the same size in equivalent regions of regulatory region.
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cial for the control of cell life. TTSp do not bind to tran-
scription factors, but besides this, they have a
conservation profile similar to that of non-TTS segments
in promoter regions, including that of sequences recog-
nizing transcription factors. Analysis reported here sug-
gests that the TTSp provide the promoter region unique
physical properties that can contribute to a better func-
tioning of regulatory proteins. All these results strongly
support the notion that triplex-based anti-gene technol-
ogy is widely applicable in the control of pathologies
related to malfunctioning of the regulatory mechanisms
of physiological processes.

Conclusion
Triplex-target sequences (TTS) are over-represented in the
human genome. Such an over-representation is especially
large when promoter regions 100 to 200 upstream are
considered.

Genes with TTS in promoters are over-enriched with func-
tions in the regulation of physiological processes, and
very often are characterized as transcription factors or
related protein.

TTS are not part of sequences which are directly targeted
by transcription factors, but their (human-mouse) conser-
vation profiles suggest that they are important for gene
functionality.

TTS are significantly more curved and rigid than normal
DNA, which suggests that (in addition to other possible
functions) TTS act as spacing fragments which help in the
correct positioning of transcription factors.

Methods
Genome information
Sequence information of the human genome was taken
from the UCSC database [28] version hg17; May 2004;

Putative feed-back regulatory mechanism for the control of gene function on the basis of the inhibition of regulatory genes by triplex formation between TTSs in the promoter of regulatory genes and the TFOs in the introns of regulated genesFigure 4
Putative feed-back regulatory mechanism for the control of gene function on the basis of the inhibition of regulatory genes by 
triplex formation between TTSs in the promoter of regulatory genes and the TFOs in the introns of regulated genes.
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developed by the International Human Genome Mapping
Consortium [29]. Annotation of the genes, introns, exons
and coding regions considered in this study was obtained
from the refGene (refSeq) collection. To avoid compute
multiple times the same locus of the genome, overlapping
entries of refSeq have been ignored. The set of upstream
regions at starting positions 5000, 2000, 1000, 500, 200
and 100 nts upstream of the transcription start of refSeq
genes were extracted from the upstream5000 file of the
same data base. The 0–5000 and specially the 0–100
regions are expected to be largely enriched in promoter
sequences. USCS also provide the annotation of CpG
islands (CpGisland file). CpG promoters are those with an
overlapping feature on the 200-nt upstream region.

Definition of TTS
Possible triplex target sequences (TTSs) were defined as
polypurine tracks of any size and in any strand. No mis-
matching in the triplexes was allowed, implying that a
strict triplex definition was used. The number of TTSs
would increase substantially if 5% or 10% mismatching
were allowed.

Background models of TTS distributions
In order to determine the significance of a given TTS dis-
tribution we need to create background distributions. We
used first an analytical binomial model [26] where all
base dimmers have the same probability. To generate a
more reliable background model we modified the

Results of GO analysis of biological processes (upper panels) and molecular functions (bottom panels) of genes with TTS at promoter regionsFigure 5
Results of GO analysis of biological processes (upper panels) and molecular functions (bottom panels) of genes with TTS at 
promoter regions. Analyses were repeated for promoter regions defined by 100 or 200 nts upstream, and considering several 
TTS lengths (a)15, b)20 and c)25 nts). We show only cases where i) the population is greater than 10% in the set of genes with 
TTSp and ii) the subset of genes with TTSp is significantly different p < 0.05 to the background genes using a very strict FDR-
adjusted p-test [see Methods]. For all the cases shown, the normal p-test is 10-4 to 10-5.

0% 10% 20% 30% 40%

(a)reg.phys.proc.

(a)morphogen.

(a)cell comm.

(b)reg.phys.proc.

(b)morphogen.

(c)reg.phys.proc.

0% 10% 20% 30% 40%

(b)trans.fac.act.

(b)prot.bind.

0% 10% 20% 30% 40%

(a)reg.phys.proc.

(a)morphogen.

(b)reg.phys.proc.

(b)morphogen.

(b)cell comm.

(c)reg.phys.proc.

(c)morphogen.

0% 10% 20% 30% 40%

(b)prot.bind.
(b)trans.fac.act.
(c)trans.fac.act.

(c)prot.bind.

100 upstream 200 upstream

B
io

lo
gi

ca
l P

ro
ce

ss
M

ol
ec

ul
ar

 F
un

ct
io

n

Genes with TTSp

Other human genes percentage(%)

G
O

-t
er

m
s 

p-
va

lu
e 

<
 0

.0
5



BMC Genomics 2006, 7:63 http://www.biomedcentral.com/1471-2164/7/63

Page 7 of 10
(page number not for citation purposes)

method to account for the dimmer-distributions in
human genome and also on human promoter (where
Pur-Pyr, Pur-Pur and Pyt-Pur are not equally probable).
We consider also a numerical background model (that at
the dimmer level fits to the binomial model; [see Figure 2
in reference 26]) which allows us to introduce also trimer-
biased in the promoter region. This numerical model was
build by creating a 108-mer sequence selected which
maintain the trimer (or dimer) population found in
human promoters. Finally, a last random model (for pro-
moter region) was created by using promoter-specific suf-
fleseq models created with the EMOSS package version
3.0 [30]. In the later case we generate 10 sets of sequences
shuffling our promoter collections. A simple visual
inspection shows that the real and background distribu-
tions are very different, but in any case, we confirm this by
running Clover [31], a tool for detection of functional
DNA motifs via statistical over-representation. For this
purpose we create a matrix (length 15-nt), where for all
positions A,G scored 1 and T,C score 0 (clover automati-
cally scans both strands).

TTSs in promoters conserved in human and mouse
To evaluate the conservation of TTSs in the promoter
(TTSp) region, we took upstream5000 file to build 33
mouse assemblies [28]. In order to match human and
mouse promoter regions, we translated gene code to pro-
tein name using the loc2ref file from the NCBI database
[32] for both human and mouse genes. We then searched
for correspondences in HomoloGene Build 39.1 from the
NCBI database. This procedure generated a list of 5000
pairs of human-mouse genes.

We calculated human-mouse identity for a chosen 15-nt
sequence (TTS or not) from a human region, aligning it

across the corresponding mouse region. The alignment
was done using a bit-vector alignment algorithm [33]. For
each entry, the greatest percentage of matching bases in
the best alignment was processed. We estimated the con-
servation by averaging this value for all region entries.

For the shake of completeness the comparison was also
performed using human/mouse aligned sequences
present in the UCSC multiz8way (8 vertebrates) multiple
alignments. As before conservation is computed by ana-
lyzing identity conservation in 15-mer sequences, averag-
ing the data for all the 15-mer windows in the studied
segment. Results obtained with this or the previous align-
ment protocol are very similar, reinforcing the quality of
our results. Using these alignments we computed also the
conservation in promoter regions annotated as transcrip-
tion factor binding sites [34,35].

Functional annotation of groups of genes
To test whether a group of genes was significantly
enriched in one or more functional terms (out of several
thousands) with respect to the background (usually the
rest of genes), we used the FatiGO algorithm [36] from the
Babelomics suite [37] for functional annotation of sets of
genes. This algorithm uses known functional annotations
for genes obtained from the Gene Ontology (GO) consor-
tium databases [38]. Both lists of genes (the group of
interest and the background) were converted into two lists
of GO terms using the corresponding gene-GO associa-
tion table. For each GO term the data are represented as a
2 × 2 contingency table with rows representing presence/
absence of the GO term, and each column representing
each of the two lists. A Fisher's exact test for 2 × 2 contin-
gency tables was used. Since thousands of GO terms are
simultaneously tested without an a priori hypothesis on
any particular term, p-values must be corrected for multi-
ple testing. For this correction, we used the strict false dis-
covery rate (FDR) method described by Benjamini and
Yekutieli [39],

Hypothetical human auto-regulated TTSs
Hypothetical auto-regulated TTSs are those that appear in
transcribed and promoter (200 nts upstream) regions of
two distinct genes. The TFO able to recognize a TTSp is
defined as the sequence that matchs with i) the comple-
ment of the TTS or ii) the reverse of the TTS. First case
maps potential endogenous TFO for parallel triplex
whether the second one maps the potential antiparallel
TFOs [see Figure 1]. Genes were divided in three sets: i)
containing TTS in the promoter region, ii) containing the
corresponding TFO in the transcribed region and iii) other
genes (used as background). We ran FATIGO [36,37] to
identify possible relationships between genes containing
TTS in the promoter and those containing the correspond-
ing TFO in transcribed regions.

Percentage of nucleotides forming TTS (length equal or greater than 10 nts) at a range of distances from the centre of a transcription factor recognition siteFigure 6
Percentage of nucleotides forming TTS (length equal or 
greater than 10 nts) at a range of distances from the centre 
of a transcription factor recognition site. Negative values 
imply upstream direction and positive values approach the 
transcription starting point. Calculations were performed 
considering only the 200 nt early promoter region.
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TTSs in transcription factor binding sites
The 0–200 nt region (specially the 0–100 segment) is
expected to be largely enriched in transcription factor
binding sites. We located all the putative transcription fac-
tor binding sites in these region of the human genome by
mapping the last public version of the TRANSFAC data-
base [34] to the upstream5000 file in the UCSC-Genome
Database [28] using the TFBS Perl module [35]. We then
computed the average percentage of nucleotides in a TTS
with a length of 10 or greater as moving apart the centre
of the transcription factor recognition sequence.

Physical descriptors of DNA
DNA curvature calculation can be done using the data and
the algorithm developed by Bolshoy and co-workers [40].
This algorithm calculates the three-dimensional path of a
DNA molecule and estimates the curvature of the axis
path. The scale is in arbitrary curvature units (c.u.), rang-
ing from 0 (e.g. no curvature) to 1.0, which is the curva-
ture of DNA when wrapped around the histone core of
nucleosome.

To predict the stability of the sequence, we used the base
step data from Santalucia et al. and the formula described

in their study [41]. DNA stacking energies are predicted
using the accurate interaction energies published for
Sponer et al. [42,43] for nucleic acid base pairs.

The flexibility of a track was measured by the configura-
tional volume [see eq. 1 in reference 44] in function of the
Twist-twist, Shift-shift and Roll-roll force constants deter-
mined from MD simulations by Lankas et al., [45].

where k is Boltzman constant, T is the temperature (taken
as 298 K) and Ktwist, Ktilt and Kroll are harmonic force
constants expressed in kcal/mol • deg2

Described methods are implemented in a Perl script
library, witch is available upon request.
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CpG island, and right for genes without CpG genes.
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Additional File 3
Percentage of human-mouse identity of 15-nt fragments in several pro-
moter regions for TTS and non-TTS segments of the same size in regula-
tory region. Alignments used here (difference with Figure 7) were taken 
from UCSC multiz8way data file. TFBS line show data for predicted tran-
scription factor binding sites [see Methods] in every region. 100 non-
overlapping random sampling of non-TTS set is computed to calculate 
error bars.
Click here for file
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Promoter prediction<p>A new method is presented which predicts promoter regions based on atomistic molecular dynamics simulations of small oligonucle-otides, without requiring information on sequence conservation or features.</p>

Abstract

A new method for the prediction of promoter regions based on atomic molecular dynamics
simulations of small oligonucleotides has been developed. The method works independently of
gene structure conservation and orthology and of the presence of detectable sequence features.
Results obtained with our method confirm the existence of a hidden physical code that modulates
genome expression.

Background
Sequencing projects have revealed the primary structure of
the genomes of many eukaryotes, including that of human as
well as other mammals. Unfortunately, limited experimental
data exist on the detailed mechanisms controlling gene
expression; this dearth of data has largely arisen from the dif-
ficulties found in the identification of regulatory regions. Tra-
ditionally, the immediate upstream region (200-500 bps) of a
transcribed sequence is considered the proximal promoter
area, where the binding of multiple transcription factor pro-
teins triggers expression [1]. Other regulatory signals are
found in distal regions (enhancers) that, despite being very
far away in terms of sequence base pairs, can interact with the
pre-initiation complex through the chromatin quaternary
structure [1].

From a naïve perspective, the identification of promoter
regions might be considered a trivial task, since they should
be located immediately upstream (5') of the annotated tran-

scribed regions. Unfortunately, the real situation is much
more complex: on the one hand, 5' untranslated regions
(UTRs) are very poorly described, and on the other, one gene
might have several transcription start sties (TSSs) controlled
by one or more proximal promoter regions (sometimes over-
lapping) scattered along gene loci, including introns, exons
and 3' UTRs [2-6]. As a consequence, inspection of gene
structure alone does not guarantee that the promoters will be
located, and then, other signals need to be used to do this.
Unfortunately such signals are very unspecific. Thus, tran-
scription factor proteins are promiscuous and, depending on
the genomic environment and the presence of alternative
binding proteins, a given sequence can be recognized or
ignored by the target protein. More general sequence signals
also give noisy, unspecific signals. For example, the TATA box
[7], which was originally believed to be associated with nearly
all promoters, has been found to be present in only a small
proportion of them [2,4]. A more powerful promoter signal
stems from the presence of CpG islands [8-19], but even when
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present their signal is rather diffuse and unspecific. In sum-
mary, promoter detection is one of the greatest experimental
and computational challenges in the post-genomic era.

Current methods for promoter location are based on two
approaches: the use of gene structure and conservation; and
the existence of sequence profiles that might signal promoter
region. In the first case, statistical algorithms are used to find
signals of genes that locate the 5'-end and conserved regions
upstream [20]. For the second case, many sequence/compo-
sitional rules haven been used. Thus, several algorithms have
been developed to detect signals like the TATA box, CpG
islands or regions with large populations of transcription fac-
tor binding sites (TFBSs) [1,12,13,16,21-28]. Compositional
rules (from trimer to n-mer) have also been considered to
enrich the differential signal at promoters [1,12,13,21-28].
Finally, some methods have used predicted gene structure
[1,12,21,22,27-29] and its conservation across species
[1,28,29] to help their sequence-trained models to locate pro-
moters. However, despite recent progress, the performance of
all these methods is not great, especially when used to predict
promoters that are not part of canonical 5' upstream regions
[5,11,15,23].

Clearly, diffuse factors other than the specific hydrogen-bond
interactions between nucleotides and binding proteins mod-
ulate the recognition of target DNA fragments in promoter
regions. As first suggested by Pedersen et al. [30], one of
these additional factors can be the physical properties of
DNA, which control the modulation of chromatin structure,
the transmission of information from enhancers or proximal
promoters, and the formation of protein aggregates in the
pre-initiation complex. Thus, Pedersen and others have
shown how some descriptors that are believed to be related to
physical characteristics of DNA (such as DNase I susceptibil-
ity, A-phylicity, nucleosome preference, DNA stability, and so
on, up to 15 strongly correlated descriptors [31]) can help to

locate promoters in prokaryotes and, perhaps, in eukaryotes
[14,30,32-35]. Recent versions of progams like mcpromoter
[33] or fprom [1] have incorporated these parameters into
their predictive algorithms [1,5,33].

In this paper, for the first time, we explore the possibility of
using a well-defined physically based description of DNA
deformability [36] derived from atomic simulations to deter-
mine promoter location. Parameters describing the stiffness
of DNA were rigorously derived from long atomistic molecu-
lar dynamics (MD) simulations in water using a recently
developed force-field fitted to high level ab initio quantum
mechanical calculations [37]. Using exclusively these simple
parameters, whose interpretation is clear and unambiguous,
we developed an extremely simple predictive algorithm which
performs remarkably well in predicting human promoters,
even those located in unexpected genomic positions.

Results and discussion
Derivation of stiffness parameters of DNA from 
molecular dynamics simulations
The use of a recently developed force-field [37] allowed us to
perform long MD simulations (50 ns) of different DNA
duplexes from which parameters describing dinucleotide
flexibility can be obtained. Trajectories are stable with the
DNA maintaining a B-type conformation with standard
hydrogen bond pairings (Figures S1 and S2 in Additional data
file 1), no backbone deformations [37,38], and normal distri-
butions on helical parameters (Figures S3 and S4 in Addi-
tional data file 1) centered on expected values.

In contrast to assumptions in ideal rod models, DNA deform-
ability is largely dependent on sequence. For example, it is
possible to unwind (with the same energy cost) a d(CG) step
twice than a d(AC) one (see Table 1). Our analysis shows also

Table 1

Stiffness constants associated to helical deformations

Step Twist Tilt Roll Shift Slide Rise

AA 0.026 0.038 0.020 1.69 2.26 7.65

AC 0.036 0.038 0.023 1.32 3.03 8.93

AG 0.031 0.037 0.019 1.46 2.03 7.08

AT 0.033 0.036 0.022 1.03 3.83 9.07

CA 0.016 0.025 0.017 1.07 1.78 6.38

CC 0.026 0.042 0.019 1.43 1.65 8.04

CG 0.014 0.026 0.016 1.08 2.00 6.23

GA 0.025 0.038 0.020 1.32 1.93 8.56

GC 0.025 0.036 0.026 1.20 2.61 9.53

TA 0.017 0.018 0.016 0.72 1.20 6.23

Constants related to rotational parameters are in kcal/mol degree2, while those related to translations are in kcal/mol Å2.
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that some steps are universally flexible (like d(TA)), while
others are, in general, rigid (like d(AC)). However, the con-
cept of 'stiffness' associated with a step is often meaningless,
since depending on the nature of the helical deformation, the
relative rigidity of two steps can change (Table 1). In sum-
mary, flexibility appears as a subtle-sequence dependent
process that is quite difficult to represent without the help of
powerful techniques like MD simulations.

Differential physical properties of human promoters
From the analysis of helical stiffness along the human
genome (see parameters in Table 1 and Materials and meth-
ods), we detected regions with distinctive structural proper-
ties that show a strong correlation with annotated TSSs
(located using the 5' end of the human Havana gene collection
[39] in the Encode region [40]). In particular, this signal was
significantly stronger in regions located from -250 bp to +900
bp of the TSSs (that is, covering the core and proximal pro-
moter regions; Figure 1), which agrees with the particular
structural needs attributed to the correct function of regula-
tory regions. Interestingly, the differential signal found at the
genome-scale does not appear to depend exclusively on the
presence of CpG islands since the same signature is also
present (even with less intensity) in promoters with standard
CpG content (Figure 1c,d). Compared to those regions that
are located far from annotated TSSs, the structural pattern
measured for regulatory regions is quite complex: high flexi-
bility near TSSs is required for some parameters, while rigid-
ity is needed for others (Figure 1). Thus, our results suggest
that the pattern of flexibility needed in promoter regions is
quite unique, and general concepts like 'curvature propensity'
or 'general flexibility' are too simplistic to capture the real
average physical properties of promoter regions. We can
speculate that the need for proper placement of nucleosomes,
combined with the specific structural requirements of multi-
protein complexes, favor the presence of sequences with
unique deformation properties in the promoter region (espe-
cially in the core and proximal regions), which can be meas-
ured computationally.

Using structural parameters for promoter prediction: 
ProStar
Taking advantage of the specific pattern of flexibility of pro-
moter regions described above, we developed a new predic-
tive algorithm called ProStar (for Promoter Structural
Parameters; see Materials and methods), which uses only
descriptors derived from physical first-principle type calcula-
tions (Table 1) to locate promoter regions (including strand
orientation). Our method is conceptually and computation-
ally simpler than any other general promoter prediction algo-
rithm as it does not require any additional information, such
as conservation of gene structure across species, presence of
CpG islands, TATA-boxes, Inr elements or any other
sequence specific signals. Due to its simplicity, ProStar can, in
principle, be applied even in cases where promoters are
located in unusual genomic positions.

In order to evaluate the performance of our methodology in
the context of other promoter predicting approaches (see
Materials and methods and Table S1 in Additional data file 2),
we compared our results with those derived from other
reported promoter predictors, following the Egasp workshop
procedures [5,41] and using the annotation of the Havana
team [39] for the Encode regions [40] as the reference set. In
order to cover the whole spectrum of prediction methodolo-
gies, we selected a few representative procedures mainly
based on the conservation of gene structure (fprom [1], firstef
[13], dpf [12] and nscan [29]), the identification of CpG
islands (eponine [22], cpgprod [16] and dgsf [21]), composi-
tional sequence biases (mcpromoter [26,33]) and other crite-
ria (nnpp [24] and promoter2.0 [25]). The results of these
comparisons show that despite its simplicity, ProStar per-
formed better than most of the other methods and was similar
to two algorithms that use gene structure for prediction (fpom
and firstef), and only nscan, which is based also on multi-spe-
cies homology, provided more accurate results for the refer-
ence set of genes (Figure 2, Table 2 and Figure S5 in
Additional data file 1). Global analysis of performance using
Bajic's metrics [42] (see Materials and methods) showed that
the predictive power of our method is only improved by nscan
(Table 2 and Table S2 in Additional data file 2). Furthermore,
when the calculations used to derive the results shown in Fig-
ure 2 are repeated using a more restrictive tolerance test
(window size D = 250; see Materials and methods), the supe-
riority of ProSart with respect to most of the other methods
was maintained (Figure S6 in Additional data file 1) in most
regions of a 'proportion of correct predictions (PPV)/sensitiv-
ity (SENS)' map, demonstrating the robustness of our
method. Finally, it is worth to comment the good perform-
ance of ProStar, that only uses simple dinucleotide parame-
ters, compared to complex methods based on n-mer
compositional rules (see Materials and methods). Clearly, the
richness of the six-dimensional descriptors obtained for each
dinucleotide by the MD simulation explains the success of our
simple approach.

Interestingly, when the analysis is performed for a subset of
TSSs of non-coding genes (Figure 2, Table 2 and Figure S6 in
Additional data file 1) the performance of all the methods
decreases, but ProStar seems more robust than the others. In
fact, the analysis of these data shows that, for this subset of
genes, ProStar performs better than any method that uses
sequence compositional bias, location of known TFBSs, or the
presence of TATA-box signals or CpG islands and similar or
better than those relying on the presence of orthologs as
shown in Bajic's metrics (Table 2).

Testing ProStar against non-trivially identified 
promoters
Our method works better when predicting promoters associ-
ated with CpG islands, but the decrease in performance for
promoters associated with non-CpG islands is similar to that
of other methods, including those that are based on the main-
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tenance of the gene structure (Figure S7a in Additional data
file 1). If a conservative definition of a non-CpG associated
promoter is used (no CpG island detectable at less than 5 Kb
from the promoter), the performance of ProStar decreases,
but is still better than that of most methods (Figure S7b in
Additional data file 1), although even in this case the method
is not competitive with algorithms based on gene structure
conservation. In any case the performance of ProStar for
genes not associated with CpG islands is quite reasonable,
confirming that the need for specific elastic properties at pro-
moter regions is a general requirement and not restricted to
the presence of CpG islands or diffuse TSSs. It is also worth
noting that ProStar performs better than methods specifically
tuned to capture promoters associated with CpG islands
when the analysis is restricted to Havana annotated genes
with CpG islands (data not shown). Finally, the performance
of ProStar does not decay for genes containing a TATA box

(Figure S8 in Additional data file 1), which are the easiest to
detect from simple sequence signals.

Once we tested the performance of ProStar to reproduce pro-
moters annotated by the Havana group, we explored the abil-
ity of the method to locate promoters reported in massive
Cage experiments [4], where promoters were often found in
unexpected locations. To increase the challenge, we analyzed
only Cage-detected promoters falling inside transcribed
regions (including exons and 3' UTR regions) of annotated
Havana genes that are not regulated by a CpG island. Our
results demonstrate that despite the method not being
trained with this type of promoter, it performed quite well
(Figure 2, Table 2, Figures S6 and S9 in Additional data file 1),
in fact improving the results obtained by other available
methods (Table 2).

Measurement of the six 'average' helical force-constantsFigure 1
Measurement of the six 'average' helical force-constants. (a,c) Rise, shift, and slide; (b,d) twist, tilt, and roll. Results are shown for the complete training 
set of promoter regions (a,b) (see Materials and methods) and for the subset with no CpG island (c,d). Sequences are aligned at point +1 by its annotated 
TSS. All values are centered at zero (the background values).
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ProStar calculations were repeated throughout the entire
human genome using TSS positions according to RefSeq
genes. The results are summarized in Figure S10 in Addi-
tional data file 1 and confirm the quality of our predictions at
the genome level. Please note that some caution is needed in
the interpretation of these results since the apparent better
performance of our method at the genome level compared
with that obtained using Encode regions can be simply due to
the noise in the first dataset.

The final extreme challenge for ProStar was to find promoters
that are not detectable by methods based on sequence conser-
vation along orthologs or on the maintenance of gene struc-
ture. For this purpose, we selected a subset of 1,203 annotated
promoters of non-coding genes that are found as false nega-
tive by nscan, fprom and firstef. We should clarify that this
comparison will give no information on ProStar with respect
to 'state of the art' methods based on conservation of gene
structure and orthology, but does give some indication of the
ability of other methods (including ProStar) to capture pro-
moters located in anomalous positions. The results shown in
Figure 3 demonstrate that ProStar can recover a significant
fraction of these promoters with a signal to noise ratio supe-
rior to all methods based on the differential genomic content
of promoters and on the use of powerful discriminant algo-
rithms. This suggests that ProStar is a powerful tool for pro-
moter determination and that it could be a good alternative
for the location of promoters of fast evolving genes or those
appearing in anomalous positions that violate the traditional
concept of gene structure.

Conclusion
Atomic MD simulations, based on physical potentials derived
from quantum chemical calculations, yield helical stiffness
parameters that reveal the complexity of the deformation pat-
tern of DNA. The use of these intuitive parameters at the
genomic level allowed us to define promoters as regions of
unique deformation properties, particularly near TSSs. Tak-
ing advantage of this differential pattern, we trained a very
simple method, based on Mahalanobis metrics, that is able to
locate human promoters with remarkable accuracy. Our
results are better than the ones of methods based on the use
of large batteries of descriptors, such as sequence signals,
empirical physical descriptors, and complex statistical pre-
dictors (neural networks, hidden Markov models, and so on).
The overall performance of ProStar is similar and in some
cases even better than that of methods based on the conserva-
tion of gene structure, methods that might not be so accurate
in the location of promoters of fast evolving genes, or those
located in unusual positions. Taken together, our work
reveals that even in complex organisms like human, there is a
hidden physical code that contributes to the modulation of
gene expression.

Materials and methods
Molecular dynamics simulations
In order to have enough equilibrium samplings for all the ten
unique steps of DNA, we performed MD simulations of four
duplexes containing several replicas of every type of base step
dimer (d(GG), d(GA), d(GC), d(GT), d(AA), d(AG), d(AT),
d(TA), d(TG) and d(CG)): d(GCCTATAAACGCCTATAA),
d(CTAGGTGGATGACTCATT), d(CACGGAACCGGTTC-
CGTG) and d(GGCGCGCACCACGCGCGG). All duplexes were

Table 2

Global ASM performance index obtained by considering Bajic's muti-metric analysis for different sets of genes

CDS_gene no_CDS_gene noCpG no_CpG_CAGE

ProStar 2.78 2.00 6.56 2.56

cpgprod 8.22 7.89 7.22 7.11

dgsf 9.56 9.11 9.11 7.00

dpf 6.78 7.00 4.89 5.67

eponine 5.56 6.11 8.33 3.78

firstef 4.00 4.00 5.56 3.78

fprom 3.56 3.22 2.78 9.78

mcpromoter 5.56 5.33 4.89 4.89

nnpp 10.44 10.33 9.44 8.89

nscan 1.56 2.89 1.22 6.89

promoter2.0 10.67 10.56 8.89 9.33

proscan 9.33 9.56 9.11 8.33

Global ASM performance index obtained following Bajic's muti-metric analysis (see Materials and methods) for different sets of genes: the 2,641 TSSs 
from the Havana set (column CDS_gene), the 1,764 TSSs of non-coding genes from the Havana set (column no_CDS_gene), the 1,751 TSSs of the 
Havana set that do not overlap any CpG island (column noCpG), and the collection of 1,086 Cage TSSs not associated with CpG islands 
(no_CpG_CAGE). In each case the method providing the best results is shown in bold. Note that ProStar is the best in the two most difficult 
categories and the second best over the entire set of genes.
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created in the standard B-type conformation, hydrated with
around 10,600 water molecules, and neutralized by adding a
suitable number of Na+ ions. Neutral hydrated systems were
then optimized, thermalized and pre-equilibrated using our
standard protocol [43,44]. The structures obtained at the end
of this procedure were then re-equilibrated for an additional
2 ns. The snapshots obtained at the end of this equilibration
were used as starting points for 50 ns trajectories performed
at constant temperature (298 K) and pressure (1 atm) using
periodic boundary conditions and Ewald summations [45].
Simulations were carried out using SHAKE [46] on all bonds
connecting hydrogens and 2 fts time steps for integration of
Newton equations of motions. TIP3P [47] was used to repre-
sent water, while PARMBSC0 [37,48,49] was used to repre-
sent DNA.

Trajectories were manipulated to obtain the stiffness matrix
(Ξ; equation 1) representing the deformability of a given step
along rotations (twist, roll and tilt) and translations (rise,
slide and shift) from equilibrium values. For this purpose we
determined the oscillations of all these parameters, building
a covariance matrix whose inversion led to the stiffness
matrix (equation 1) [36,50-53], which is simplified for each
dinucleotide step as a six-dimensional vector κ = (ktwist, kroll,
ktilt, krise, kshift, kslide) by neglecting the out-of-diagonal terms
in the stiffness matrix (equation 1). Note that each of these
elements (ki) is the force-constant associated with the distor-
tion along a given helical coordinate:

Results of performance comparison for the Encode region between ProStar and other programs (Table S1 in Additional data file 2) using a window size D equal to 1,000 (see Materials and methods)Figure 2
Results of performance comparison for the Encode region between ProStar and other programs (Table S1 in Additional data file 2) using a window size D 
equal to 1,000 (see Materials and methods). Results obtained compare the predictive power with (a) a subset of 885 Havana protein coding genes, (b) a 
set of 1,764 non-coding genes, and (c) a set of 1,086 annotated TSSs from a Cage data set that falls inside non-CpG island coding genes (see Materials and 
methods). Squares indicate methods based on gene prediction (exons, intronic signals, and so on), and other methods are represented with circles.
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where kB is Boltzman's constant, T is the absolute tempera-
ture and Ch is the covariance matrix in helicoidal space (for a
given base step pair) obtained from the MD samplings.

Datasets
ProStar was trained using 5' ends of protein coding genes
annotated by the Havana group [39] in the human Encode
[40] region as a TSS set. According to Egasp workshop rules
[5], the training procedure was restricted to 13 of the 44
Encode regions (see performance test section). TSS and
strand recognition are trained and processed independently.
ProStar requires a sequence with a minimum length of 500
nucleotides for TSS identification (see TSS prediction sec-
tion). This size is extended to 1,800 nucleotides for strand
prediction (see Strand prediction section).

Encode regions and annotated data and predictions were
downloaded from the Egasp ftp directory [54]. We used
version00.3_20may [55] of the Havana annotation and
'submitted_predictions' of the
egasp_submissions_20050503 directory [56] as predicted
TSSs (Table S1 in Additional data file 2). The number of
Havana TSSs that fall inside the Encode region is 2,641, but
only 885 (34%) are coding genes. Coding genes are those with
annotated start and stop codon signals; the others are taken
as non-coding.

In addition to Egasp test sets, we analyzed the performance of
our methodology using the selected sets of TSSs more difficult
to predict (as TSSs on unexpected positions or TSSs belong-
ing to genes with special particularities). These sets are a par-

ticular subset of 1,764 TSSs of Havana annotated non-coding
genes (67% of Havana TSSs), 1,751 TSSs of coding and non-
conding genes without upstream CpG islands (66% of the
Havana set), 2,255 TTSs missing a TATA-box (85%), and the
1,086 unexpected TSSs positioned inside introns or exons of
coding genes without CpG islands, as found in Cage predic-
tions. CpG islands were mapped according to the UCSC
database [57,58]. Since CpG islands are supposed to be the
strongest promoter signals, this set represents an important
challenge for our method. TATA-boxes were scanned in the
proximal 50 nucleotide upstream region relative to the TSS,
using the TATA position weight matrix [59] and the standard
cut-off (-8.16). Cage predictions [60] were downloaded from
Egasp [54] database. Those overlapping any Havana coding
and non-coding genes (without a CpG island in the upstream
region) were selected. Standard Egasp rules were used also
for these challenging sets.

Training
We trained our method for promoter recognition with a col-
lection of 500-nucleotide sequences that comprised intervals
of 250 nucleotides upstream and downstream of the training
TSS set. As negative set, we collected 500-nucleotide
sequences from transcribed regions of Havana coding genes.
We made sure that positive and negative sequences did not
overlap. For the recognition of the strand, we trained our
method with a collection of DNA sequences that comprised
(for every TSS in the positive training set) the 1,800 nucle-
otide DNA sequence ranging from 900 bp upstream to 900 bp
downstream of the same TSS. The reverse complementary
sequences of the positive set were taken as a negative set.

Computation of DNA physical properties
Using our MD derived parameters (see Molecular dynamics
simulations section and Table 1), we can describe any DNA
sequence of size n as a six-dimensional deformation vector v
= (twist, tilt, roll, shift, slide, rise). For a given deformation
we sum the values associated with every dinuecleotide step in
the sequence and divide the total by n - 1. For example, the
twist deformation score for the sequence ACGC would be
(0.036 [AC] + 0.014 [CG] + 0.025 [GC])/3 = 0.025. The six-
dimensional vector of the same sequence would then be
v(ACGT) = (0.025, 0.033, 0.022, 1.200, 2.547, 8.230).

Transcription start site prediction
We used Mahalanobis distance [61] to classify 500-nucleotide
DNA sequences as belonging to the promoter class (kx) or
non-promoter class (ky). Every class is defined by a specific
dataset of sequences (see Training set section). Computing
the physical properties of every sequence of the dataset, we
conclude with a set of vectors for every class (X for class kx and
Y for ky). The Mahalanobis distance DM between the set of
vectors X and Y is defined as:

DM(X, Y) = (μx - μy)t C-1(μx - μy) (2)

CC measurement (see Materials and methods) for the subset of Havana TSSs (1,203) of non-coding protein genes in the Encode region, unrecalled by nscan, fprom and firstefFigure 3
CC measurement (see Materials and methods) for the subset of Havana 
TSSs (1,203) of non-coding protein genes in the Encode region, unrecalled 
by nscan, fprom and firstef.
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where μx and μy are the average vectors of the sets X and Y and
C-1 is the covariance matrix of XUY. The decision function g of
a specific 500-nucleotide DNA sequence with a descriptor
vector s to a class ki (with i = <x, y>) is defined as:

where . When g(s, kx) >

g(s, ky) we should classify our sequence as a promoter. Even

so, we can modulate the confidence of our decision according
to a normalized score defined in equation 4. If the score is
greater than a specific threshold (set to +1 by default), then
the sequence is flagged as a promoter.

Strand prediction
ProStar has been trained to recognize upstream/downstream
signal asymmetry of predicted TSSs using a statistical dis-
criminator based on Mahalanobis metrics (see last section)
and on the differences in physical properties between the 0→-
900 nucleotide and the 0→+900 nucleotide regions. The
ProStar strand recognition module was trained using 1,800-
nucleotide sequences with a TSS in the +900 position as the
positive set. The reverse complement of the positive set
sequences was used as the negative set.

Prediction clustering
As observed using experimental approaches [4], TSSs have a
dominant position, but many closely related alternative sites
may be found around them. In consequence, every TSS may
produce multiple close predictions. To clarify the annotation,
our algorithm allows the user to define a window size (set as
1,000 nucleotides by default) where all predictions will be
unified in a single annotation. Accordingly, for a given win-
dow W of a specific strand q, we define P(W, q), the set of
positions p falling inside W with score(p, q) ≥ c (where c is the
user-defined minimal cutoff). Predicted dominant position p'
of the window W is computed as:

Performance test
The training and performance of ProStar followed the proto-
col described [5] for the Egasp workshop [54,56]. Thus, pro-
tein coding genes annotated by the Havana group from 13 of
the Encode regions were used for training, while the entire set
was used in tests (tests performed using only regions that
were not considered in the training give very close results;
Table S2 in Additional data file 2). Also following the Egasp
rules, true positives (TPs) are considered when the predicted

TSS is in the same strand and at a maximum distance of D
nucleotides from the annotated TSS (as in Egasp, D = 1,000
or D = 250 is used here). If the annotated TSS is missed using
this criteria, we label the prediction as a false negative (FN).
Every other prediction falling on the annotated part of the
gene loci in the segment [+D+1, EndOfTheGene] counts as a
false positive (FP). A true negative (TN) is the sum of posi-
tions falling on the gene loci segment [+D+1, EndOfTheGene]
that do not overlap accepted true positive positions or any
false positive prediction.

Sensitivity (SENS), proportion of correct predictions (PPV)
and correlation coefficient (CC) are computed as:

In addition to the standard performance measures noted
above, we also consider the average mismatch of predictions
(AE) [5] and other extended metrics suggested by Bajic [42],
including specificity (SPEC), Yule's association coefficient
(Q), second prediction quality coefficient (K2), and general-
ized distances from ideal predictors (GDIP1, GDIP2, GDIP3).
We also include in our analysis the averaged score measure
(ASM), which combines many 'independent' descriptors to
provide an overall relative measure of the quality of a predic-
tive method with respect to others (Table S2 in Additional
data file 2; Additional data file 3).

In addition to the methods checked in the Egasp experiment,
we performed predictions using programs that were not con-
sidered in the Egasp experiment, but which are publicly avail-
able. In these cases we used the corresponding web-based
tool or downloadable script with default parameters (Table S1
in Additional data file 2). When possible, we modified these
default parameters in the input to obtain PPV/SENS curves
(see Results and Figure S6 in Additional data file 1) instead of
a single prediction. All methods were evaluated following the
same thresholds for annotation of positive and negative pre-
dictions (see above).

Web server
ProStar is developed in C and compiled on a Linux machine.
An unrestricted user-friendly version of the program is pub-
licly available through our web server [62]. Strand prediction
of recognized TSSs is an optional feature. Goodness of predic-
tions may be tuned using a threshold (set to 1.0 by default)
that may be increased to improve the proportion of correct
predictions or decreased for sensitivity. Finally, the user may
choice cluster size (see Prediction clustering section), which is
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set to 1,000 by default. Clustering may be avoided by setting
this size to small values (for example, 1).

Abbreviations
ASM, averaged score measure; CC, correlation coefficient;
FN, false negative; FP, false positive; MD, molecular dynam-
ics; PPV, proportion of correct predictions; SENS, sensitivity;
SPEC, specificity; TFBS, transcription factor binding sites;
TN, true negative; TP, true positive; TSS, transcription start
sties; UTR, untranslated regions.
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Additional data files
The following additional data are available with the online
version of this paper. Additional data file 1 provides supple-
mentary figures showing plots of dinucleotide helical param-
eters and additional performance tests of ProStar. Additional
data file 2 contains a list of promoter prediction methods
described in this paper and a detailed evaluation of their per-
formance. Additional data file 3 extends the description of the
performance test and explains the averaged score measure
(ASM)
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ABSTRACT

Summary: DNAlive is a tool for the analysis and graphical display
of structural and physical characteristics of genomic DNA. The web
server implements a wide repertoire of metrics to derive physical
information from DNA sequences with a powerful interface to derive
3D information on large sequences of both naked and protein-bound
DNAs. Furthermore, it implements a mesoscopic Metropolis code
which allows the inexpensive study of the dynamic properties of
chromatin fibers. In addition, our server also surveys other protein
and genomic databases allowing the user to combine and explore
the physical properties of selected DNA in the context of functional
features annotated on those regions.
Availability: http://mmb.pcb.ub.es/DNAlive/ ; http://www.inab.org/
Contact: modesto@mmb.pcb.ub.es
Supplementary information: Supplementary data are available at
Bioinformatics online.

1 INTRODUCTION
Massive genomic projects have revealed the sequence of nearly
50 eukaryotic genomes, including several mammals (among them,
humans) and many more will become available in the coming
years. So far, the annotation of these genomes has been nearly
restricted to the identification and the one-dimensional location
of functional features (mostly genes and their regulatory regions),
without considering the structural parameters of their environment,
which have been proven to be crucial for the functionality of DNA.
Determining the structural properties of DNA and the combination
of functional features is necessary to interpret and understand
the functionality of genomes in a more complex, and therefore
real, environment. The identification of these structural parameters
allows scientists to consider different levels of accessibility of
certain DNA regions to different proteins, such as transcription
factors, polymerases and DNA methylases. For example, specific
deformability or helical properties in a given region of DNA
facilitate or impair the formation of nucleosomes hundreds of base
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pairs away, or can affect dimerization of two DNA-binding proteins
which might be separated by thousands of bases in sequence.
Different groups (Abeel et al., 2008; Goñi et al., 2007; Ohler et al.,
2001; Pedersen et al., 2000; Singhal et al., 2008) have demonstrated
that regulatory regions in DNA display unusual physical properties,
and in fact, two groups have recently proven independently (Abeel
et al., 2008; Goñi et al., 2007) that eukaryotic promoters can
be located with surprisingly good accuracy just analyzing simple
physical descriptors of DNA, which confirms the existence of a
hidden physical code that controls gene function. In summary,
functional annotation needs to be complemented with physical data
to understand the structure, dynamics and the general functionality
of genomic DNA.

DNAlive has been developed to give a complete description of the
physical properties of genomic DNA in a simple way, thus providing
data that can be easily understood by non-structural experts.
Among others, DNAlive allows the user to (i) determine potential
correlations between genome annotations (such as transcription
start sites, exons, splicing sites, …) and a battery of 29 physical
descriptors of DNA (stability, helical descriptors, curvature, non-
canonical B-DNA affinity, stiffness, …); (ii) find out the most
stable 3D structure of long genome fragments (both naked DNA
and DNA-protein complexes) using sequence-dependent average
helical parameters, and, when available, experimental structural data
on DNA-protein complexes; (iii) perform a dynamic analysis of
chromatin fiber exploring the range of deformability sampled during
trajectory and the possibility of the formation of transient protein–
protein complexes and (iv) display structural parameters of DNA in
the context of associated functional features obtained form several
public databases. The tool is available as a web page and also as
different webservices, which can be incorporated in user workflows
(Supplementary Material).

2 IMPLEMENTATION

2.1 Entry data
The only mandatory input data for DNAlive is a DNA sequence
in FASTA format or the genomic coordinates of a supported
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vertebrate genome. The program retrieves parameters from their
internal databases (Supplementary Table 1) to determine physical
profiles and to create a 3D structure of the naked DNA.
Given a DNA sequence, the program determines potentially
bound transcription factor binding sites (TFBS) by scanning the
public TRANSFAC database (http://www.gene-regulation.com/)
linked to PDB (http://www.rcsb.org/) and Uniprot databases
(http://www.ebi.uniprot.org/). The selection of the complex of
interest can be monitored externally by the user, who can force
the generation of specific complexes (for example, nucleosomes,
protein-multicomplexes, etc.).

2.2 Server workflow
Once a DNA sequence is entered (Fig. 1), the program computes
the profile for the 29 physical properties available for the fiber
(Supplementary Table 1). All properties are represented in a 2D plot
using either the UCSC Genome Browser (http://genome.ucsc.edu)
in combination with annotated genes whenever genomic coordinates
for the genome are provided, or Gnuplot (Fig. 1 and Supplementary
Fig. 1).

To combine the visualization of DNA physical properties
with public annotations of the genome, coordinates of the
input DNA sequence can be matched by running a search
in our local Blat server (Kent, 2002). Although the user is
able to annotate transcription factor PDB structures on specific
positions of the DNA input sequence, we have implemented
an automatic method to perform this step using the TFBS Perl
library (Lenhard and Wasserman, 2002). The reconstruction of the
average 3D structure of DNA is achieved using sequence-dependent
base step parameters derived from accurate atomistic molecular
dynamics (Pérez, 2007) and making use of a local adaptation of
X3DNA (Lu and Olson, 2003) script (Fig. 1 and Supplementary
Fig. 2). When structural information on protein–DNA complexes
is available, modeled structures in the corresponding segment
are substituted by the experimental geometries, and junctions
are refined if required. The visualization of 3D structures is
performed by integrating Jmol Java applets (http://www.jmol.org/)
in the HTML page. All physical descriptors can be mapped into
the 3D structure to favor the detection of potential correlations

Fig. 1. DNAlive web server workflow diagram.

between conformation, functional annotations and physico-chemical
properties (Fig. 1).

The server also includes unique tools for a rapid representation
of chromatin dynamics, which, in extensive analysis performed
in our laboratory on our database of more than 100 trajectories,
showed a surprisingly high accuracy of the essential deformation
pattern of DNA. The method uses a mesoscopic Metropolis Monte
Carlo algorithm, where the geometry of each base pair is defined
by three local rotations (roll, tilt and twist) and translations (slide,
shift and rise), and the conformational energy is estimated from the
deformation matrix using a harmonic model (Equation 1), where the
index ‘i’ stands for one of the M base pair steps and the index ‘j’
stands for the six unique helical parameters (ξ ) for each step. The
equilibrium values for one helical parameter in a given base pair step
type and (ξ0

ij ) and the associated deformation constant (Ki,j) were
previously determined from molecular dynamics simulations (Pérez,
2007). Once a movement in helical coordinates is accepted by the
Metropolis test, the corresponding Cartesian structure of the fiber
is generated using an adaptation of X3DNA (Lu and Olson, 2003)
for VIDEO visualization using JMOL Java applets in the HTML
page (Supplementary Fig. 3). Basic manipulation and analysis
of the trajectories and structure (rotations, translations, distance
measurements,…) are allowed by the Jmol interface, which allows
the determination of potential DNA-mediated protein-clusters.

E =
M∑

i=1

6∑

j=1

Ki,j

(
ξij −ξ0

ij

)2
(1)
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