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Phylogenetic footprinting is an efficient approach for revealing potential transcription factor
binding sites in promoter sequences. The idea is based on an assumption that functional sites
in promoters should evolve much slower then other regions that do not bear any conservative
function. Therefore, potential transcription factor (TF) binding sites that are found in the
evolutionally conservative regions of promoters have more chances to be considered as
“real” sites. The most difficult step of the phylogenetic footprinting is alignment of promoter
sequences between different organisms (f.e. human and mouse). The conventional alignment
methods often can not align promoters due to the high level of sequence variability. We have
developed a new alignment method that takes into account similarity in distribution of
potential binding sites (motif-based alignment). This method has been used effectively for
promoter alignment and for revealing new potential binding sites for various transcription
factors. We made a systematic phylogenetic footprinting of human/mouse conserved non-
coding sequences (CNS). 60 thousand potential binding sites were revealed in human and
mouse genomes. We have developed a database of the predicted potential TF binding sites.
Auvailability: http://compel.bionet.nsc.ru/FunSite/footprint/; www.gene-regulation.com/

1. Introduction

Genes in genomes of higher eukaryotic organisms are regulated mainly by the
means of multiple regulatory proteins - transcription factors (TF), acting through
specific regulatory sequences (TF binding sites) that are located usually in the
proximity of the genes when constituting a promoter, or at more remote locations
when being a part of an enhancer. The unique pattern of regulation of every gene in
the multiplicity of different cellular, tissue-specific and developmental conditions
can be fully understood through identifying all functional TF binding sites in the
regulatory regions of genes. New techniques of large scale analysis such as ChiP on
chip (Ren et al, 2002) provide means for extensive identification of TF binding
sites. But the large number, combinatory nature of regulation as well as practically
unlimited verity of cellular conditions renders unlikely an experimental genome-
scale identification of TF binding sites. Computational identification of potential
TF binding sites in gene regulatory regions become very important for gene
prediction, functional characterization of newly discovered genes (Bucher, 1999;
Werner, 1999; Wasserman & Fickett, 1998) as well as for understanding of
regulatory circuits in the cell. There are a number of pattern-based as well as matrix



based methods for prediction of potential TF binding sites (Quant et al., 1995;
Goessling et al, 2001) but the false positive prediction rates are pretty high (Tronche
et al, 1997).

Phylogenetic footprinting (Gumucio et al., 1996; Duret and Bucher, 1997) is a
very effective approach for identification of regulatory elements, which relies on the
cross-species sequence comparison. Phylogenetic footprinting is based on the
assumption that the parts of gene regulatory regions that are liable to no or little
variations in the course of evolution have important functions (Duret & Bucher,
1997). The essence of the method is the alignment of the regulatory regions of the
orthologous genes and finding of the most highly conserved regions.

Though, it is clear that this method works as far as the pattern of regulation of
the particular gene and their control mechanisms are conserved across species, which
can be true for rather similar organisms only. Sites will stay conserved when they
provide basic regulatory function of a gene which is conserved between considered
species. Species-specific regulatory nuances will not be recognized by this method.
On the other side, sequence comparison of a closely related species does not help to
distinguish functionally conserved features against a background similarity of
recently evolved sequences. Therefore, human and mouse are generally accepted as a
reasonably similar as well as pretty distant species to perform efficient phylogenetic
footprinting of their genomes (Mueller et al, 2002).

In the last years, the approach of phylogenetic footprinting was used several
times to reveal potential TF binding sites in different genes: in upstream region of
the beta-like and €-globine genes (Gumucio et al, 1993; Gumucio et al, 1996), in
COX5B gene that encodes subunit Vb of cytochrome c¢ oxidase (Bachman et al,
1996). Recently, phylogenetic footprinting helps to reveal new E2F sites and
proposes a regulation in cell cycle for a number of new genes (Kel et al, 2001).
Conservative combinations of two binding sites (composite elements) were revealed
in many T-cell specific genes (Kel et al., 1999). Using principles of phylogenetic
footprinting a number of novel binding sites were revealed in regulatory regions of
502 genes associated with a variety of different human diseases (Levy et al., 2001).

A few computational implementation of the idea of the phylogenetic
footprinting have  been  developed. @ These  are: FunSiteFootprint
(http://compel.bionet.nsc.ru/FunSite/footprint/; Cheremushkin & Kel, 2002),
Consite (http://forkhead.cgr ki.se/cgi-bin/consite, Wasserman et al., 2000), rVISTA
(http://pga.lbl.gov/rvista.html, Loots et al, 2002), TRES (http://bioportal.bic.nus.
edu.sg/tres/info.htm), FootPrint2.0  (http://bio.cs.washington.edu/software.html,
Blanchette et al, 2002). The most critical step of the phylogenetic footprinting is
alignment of regulatory sequences such as promoters and enhancers. The
conventional alignment methods often can not align promoters due to the high level
of sequence variability. We have developed a new alignment method that takes into
account similarity in distribution of potential binding sites. We call this method:
motif-based alignment. This method has been used effectively for promoter




alignment and for revealing new potential binding sites for various transcription
factors. We made a systematic phylogenetic footprinting of human/mouse conserved
non-coding sequences (CNS) that were downloaded from the Berkeley Genome
Pipeline site (http://pipeline.lbl.gov/) of the global comparison of human and
mouse genomes. 60 thousand potential binding sites were revealed in human and
mouse genomes. We have developed a database of the predicted potential TF binding
sites.

This database as well as the program for motif-based alignment and
phylogenetic footprinting are available at: (compel.bionet.nsc.ru/FunSite/footprint).

2 Method

2.1 Search for TF binding sites.

We developed a new method for alignment of regulatory sequences that includes
information about TF binding sites. To search for the sites we apply position
weight matrices (PWM) from TRANSFAC database (www.biobase.de) (Wingender
et al.,, 2001). Every nucleotide in a sequence can potentially be belong to one or
several TF binding sites. We estimate the probability w, (S, k ) of k-th nucleotide of

a sequence S tobe belong to a binding site of a factor T, ( pE[l, P]):

wp(g,k)= a x ;=§ exp([a’ xsp(g,j)), Vv(§,k)= <w] G,k)...,wp(g,k}

—-L+1

where s, (§, j) - score of p -th matrix at j -th position of sequence, L - length

of S, aand f are two normalization constants.

The corresponding scores for different weight matrices can be seen in the
Figure 1. We use different smoothing functions that weight differently the core
positions of the sites (Fig. 1 a and b). First smoothing function gives more weight
to the core positions of the site, the second function gives similar weights to all
positions of the site.

It is known that the library of weight matrices contains matrices that are
similar to each other. These are different matrices for the same transcription factor or
for the transcription factors that are very similar in their DNA binding signature. We
consider a similarity matrix M that takes into account similarities between weight
matrices. We use M to convert the probability to a new function:

(ﬁ(g,k)= ﬂ/(g,k)M, where M - PxQ similarity matrix. We will use
@(a) instead of (ﬁ(g ,k), where aESx®D - sequence element, ¥ (a)ES -

nucleotide for this element. The components of the vector (ﬁ(a) we will call TF
belonging coefficients.
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Figure 1. Distribution of TF belonging coefficients in a sequence. For each nucleotide in
the sequence we compute a vector of weights that reflects the probability of the
nucleotide to be belong to a TF binding site. Different gray colors correspond to
different TFs. (a,b) — usage of two different smoothing functions.

2.2 Motif-based alignment algorithm.

We have developed an alignment algorithm for pair-wise and multiple alignment of
nucleotide sequences. The algorithm is similar to the generally accepted Needleman-
Wunsch dynamic programming algorithm. A major modification is made in the way
of calculating the nucleotide substitution weights and gap penalty. The PWM scores
were considered at every sequence positions in order to compute the corresponding
substitution weights and gap penalty (see Fig. 2).
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Figure 2. We consider alignment as a favorable one, if
sites are aligned to each other.

For calculation of the gap penalty we construct a disjoining score function that can
be applied to any two neighbor positions a and b in one nucleotide chain:

X, (a.b)=Ga)+5®)y-

This score estimates how similar are the two TF belonging vectors for these two
positions. If both these positions have high belonging coefficients for the similar
sets of transcription factors then the score X,,, is high. It means that most of the



predicted TF binding sites in this region span over these two neighbor positions and
disjoining of these positions by a gap will cause braking of these TF binding sites
and is considered as an unfavorable event.

For N sequences in the alignment we use the following variant of the disjoining
score function, where Cgap, w,, are optimized constants:

Y(a.b)=C,, /N +W,, -X,,(a.b)

8ap 8ap
We use this function for calculation of the gap penalty, while inserting gap in S
between k -1 and k under position / in S?:

GAP(SI,SZ,k,l)=W’

where

(5" k)= YGL.s. )

which describes the score of disjoining of positions k- and k due to a possible
insertion in the sequence S > during evolution;

R(§2,1)= Y(Y/Z—HS/Z)EY(Y/Z’S/ZH ),

which describes the score of simultaneous disjoining of positions /-1 and / as well
as [ and [+ due to a possible deletion in the sequence S' during evolution. Both
deletions and insertions are considered to be equally probable that is why the gap
penalty is a mean value between G and R.
Substitution weight for two aligned positions k and / in the sequences S'
and S * correspondingly:
SUB(S",5%,k,1)=Z(s}.s?)

s

A S S where Ly(@)#y()
= . _ VV . - FE. o ) A = )
Z(a,b) N Coup sub ,S, A E,(a,b)/z A; {0,y(a)=y(b)

(6@ TN @10, 5 (0s)merte o 6)
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0,m>C,,, h
E,(a,b)= {(C —m)C » where

min »

¢.(a)-0,0)

m = min|
i

m=C,

min

y(a)EX- nucleotide, C,,, , Copr Wo» W,,,» A, - constants.
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In the Figure 3 we present an example of alignment of two sequences that
is done by the motif-based algorithm. The score values of the aligned sequences are
shown above and under the sequences correspondingly. One can see that the peaks of
the TF belonging coefficients are aligned to each other.



Figure 3. Example of alignment of a sequences. Graphical
representation of the TF belonging coefficients.

3 Implementation and results

3.1 Implementation and availability.

The motif-based alignment algorithm was implemented as a Java standalone
program. It takes two sequences as input and align them. First it runs the Match
program (Goessling et al., 2001) that finds potential TF binding sites in the
sequences. Specific collection of weight matrices with predefined cut-off values for
every matrix can be specified by the user: taxon-dependent collection, tissue or
function specific, minimizing false positive or false negative error. User can build
his own profile with the help of TRANSPLORER program
(http://www.biobase.de/pages/products/transplorer.html).

3.2 Testing of the alignment using a model of orthologous promoter sequences.

In order to validate the developed alignment algorithm we have constructed a
computer model of evolution of promoter sequences. An ancestor sequence of a
length L is randomly created. In this sequence we implant N binding sites with

N,

s T 1 spacers between them and on flanks. From this sequence we generate two
descendant sequences by introducing R, random mutations (insertions, deletions
and substitutions) in the spacer regions and R, substitutions in the sites. We
require that after each iteration all sites should remain “functional”. For that, we
check the PWM score for each of them and discard cases when the score drops below
a certain cut-off (CO,,,). Then, these two sequences are aligned and positions of the
alignment blocks are compared with the sites that were originally implanted. In the

case of misalignment of one of the sites we report a failure.



We have compared the developed motif-based alignment algorithms with the
Clustal W by counting the percentage of failures. Our algorithm shows much better
performance in finding correct alignment. With the homology of sequences equals to
homology between human and mouse, the failure rate of our algorithms was about
0.1% whereas ClustalW gives approximately 2.5% of failures. It is worth
mentioning here that both alignment algorithms were always reporting a variant of
alignment. Although, in the case of the failure the ClustalW alignments does not
match the correct implanted sites but often matches wrong sites that were not
implanted.

3.3 Phylogenetic footprinitng of human/mouse conserved non-coding sequences
(CNS).

Evolutionary conserved non-coding regulatory sequences (CNS) could serve as good
landmarks on genome to find functionally important promoters, enhancers or
silencers (Duret & Bucher, 1997). Phylogenetic footprinting of CNS will help us to
reveal TF binding sites and assign a regulatory function to the regulatory regions
and to the adjacent genes. We use results of the Berkeley Genome Pipeline
(http://pipeline.lbl.gov/) of the global comparison of human and mouse genomes.
We have download the complete list of CNS and made the phylogenetic footprinting
of all of them. Two types of alignment were used. First, we made an alignment
using ClustalW, and second, using the developed motif-based alignment algorithm.
An example of VISTA large scale analysis of the PTH gene located in the human
chromosome 11 is presented in the Fig. 4. 3 conservative non/coding sequences

Figure 4. An example of large scale sequence comparison between orthologous
PTH genes from human and mouse. The sequence comparison was done by the
VISTA tool (http://www-gsd.lbl.gov/VISTA/). The program makes a global
alignment and presents the result in a form of plot showing the percent of
homology in the 200nt window sliding along the alignment. The position 10000
corresponds to the start of transcription of the human PTH gene. Regions of the
highest homology are located in the coding regions of the second and third exons.
3 conservative non-coding sequences (homology > 70%) were found in the 5’
sequence of the gene: CNS1 (5431-5639), CNS2 (6395-6599), CNS3 (9772-
9999).




(CNS) are marked at the homology profile.

Two examples of detailed phylogenetic fotprinting are shown at the Figures
5 and 6. We can confirm most of the experimentally known sites. In addition a
number of new sites are found.

<============ V$SP1 06(0.89)
VSNFAT 06(0.82) VDRE
pth human ACTTAAGAAGAGTGTGCACCGCCCAATGGGTGTGTGTATEEGCTCCTTTGAACCTATAGT -118
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===>V$NFAT Q6(0.82)
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Figure 5. The result of applying of the phylogenetic footprinting tool to the proximal
part of the human/mouse PTH CNS3. The beginning of the fist exon in both sequences
is marked by a shadow. Two sites are marked (CREB and VDRE) that have been described
previously for this region in human PTH gene. Conservative sites found by this
analysis are shown by the arrows above each sequence. A number of new potential sites
is revealed: CREB site, OCT site near start of transcription, a couple of NF-AT sites, SP-
1 sites, GATA sites and some others.



Phylogenetic footprinting was done by the previously developed tool
(http://compel.bionet.nsc.ru/FunSite/footprint/) that takes two or several aligned
sequences, finds conservative binding sites and display them. Binding sites with the
score exceeding a predefined cut-off, for transcription factors that belong to the same
family and that have overlapping location on the alignment are considered as the
positive match of the phylogenetic footprinting.

777777777777 VSCETS1P54_02(0.95)

< VSNFAT Q6(0.97)
oo VSE2F_106(0.93)
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Figure 6. The result of phylogenetic footprinting of the promoter regions of human
/mouse cdc2 gene. 5 sites annotated in TRANSFAC are marked. 3 of them are confirmed
by the phylogenetic footprinting. On the bases of this analysis we can propose the
structure of R box: it contains E2F and Myb sites. c-Ets site in human promoter is not
conserved in mouse, although we revealed a new conserved c-Ets site 20bp upstream.

The list of 17117 CNS of the total length of alignment 2418267 bp was
analysed. We applied a set of 240 weight matrices from TRANSFAC rel. 5.3 with
the cut-offs optimized to minimize the sum of false positive and false negative
errors. Using ClustalW alignments we found 54075 conservative TF binding sites.
Using the motif-based alignment we found 58106 conservative TF binding sites.
So, our algorithm that includes information about potential TF sites at the very



early stage of analysis allows us to reveal 4031 more binding sites then using other
alignment algorithm. In the figure 7 one can see the comparison of the number of
revealed sites using ClustalW alignment versus our motif-based alignment.

‘ ------- ClustalW alignment motif-based alignment‘

number of sites found

07 0,72 0,74 0,76 0,78 08 0,82 0,84 0,86 0,88 09 092 0,94 0,9 0,98
site score

Figure 7. Comparison of the number of revealed sites using Clustal W alignment versus
motif-based alignment algorithm. More sites with the score values from 0.78 to 0.92
can be revealed by the motif-based alignment algorithm.

It is interesting to observe that motif-based alignment algorithm helps to reveal
more sites with the score values from 0.78 to 0.92, which are the most functionally
relevant sites. Low scoring sites (lower then 0.72) and peak scoring (higher then
0.92) are revealed in the same amount as using the ClustalW alignment.

We made a comparison between two alignment algorithms whether they
identify the same sites. The comparison shows that only about 80% of sites are
found the same (data not shown). Due to the higher failure rate for ClustalW to
reveal the correct sites (see the simulation results) we can assert that motif-based
alignment not only finds more genomic sites but all sites reported by this alignment
are expected to be more often correct then using the ClustalW algorithm.

An example of comparison of results of two alignments done by ClustalW
and motif-based alignment algorithm is presented in the Fig. 8. One can see that our
algorithm enables revealing an additional conservative potential TF binding site that
was missed by ClustalW.

We have developed a database of predicted potential TF binding sites in
human genome by analyzing the human/mouse CNS. Using this database user can
retrieve all conservative sites for a selected chromosome or for a region at the
chromosome and can visualize gene information for the nearest upstream and
downstream genes, that can be targets for regulation through found TF binding sites.



Using the developed database molecular biologists can plan their experiments for
validation of found target genes and can make regulatory functional annotation of

human and mouse genome.
a)

GGTAT--=-=-—=-—=———~ AATTCTGTATT---—---— TGTTAARA-—=-————=———=-—~ 1274
GATTTTTTTTAAAATATAAACTCAGTATTATCGATTATGTCAAAAATTTCTAGGTGGAC 1557
* Kk kK *Kk kk Kkkkk*k KKK KK KK
b)
VSCEBP_01(0.97)
GAT-—-————=—-—- GGTATA---—-- ATT-CTGTATTTGTTAAAA-———-————-———— 1274
VSCEBP_01(0.88)
GATTTTTTTTAAAATATAAACTCAGTATTATCGATTATGTCAAAAATTTCTAGGTGGAC 1557
* k% *x Kk * k% * * kkk Kkkk*k

Figure 8 An example of two alignments done by a) ClustalW and b) motif-based
alignment algorithm. First alignment is more optimal (it have 20 matching positions
vs 18 in the second alignment), whereas second alignment allows to reveal a
conservative C/EBP site.
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