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ABSTRACT

Computational identification of transcription factor
binding sites is an important research area of com-
putational biology. Positional weight matrix (PWM)
is a model to describe the sequence pattern of bind-
ing sites. Usually, transcription factor binding sites
prediction methods based on PWMs require user-
defined thresholds. The arbitrary threshold and also
the relatively low specificity of the algorithm prevent
the result of such an analysis from being properly
interpreted. In this study, a method was developed
to identify over-represented cis-elements with
PWM-based similarity scores. Three sets of closely
related promoters were analyzed, and only over-
represented motifs with high PWM similarity scores
were reported. The thresholds to evaluate the
similarity scores to the PWMs of putative transcrip-
tion factors binding sites can also be automatically
determined during the analysis, which can also be
used in further research with the same PWMs. The
online program is available on the website: http://
www.bioinfo.tsinghua.edu.cn/~zhengjsh/OTFBS/.

INTRODUCTION

A complex network of regulatory controls governs the patterns
of gene expression (1). The regulation occurs in several steps
of gene expression, including transcriptional regulation,
mRNA splicing and modification, and translational regulation.
Among the various regulation steps, transcription regulation
determine the proper time for a gene to be transcribed into
RNA molecules, so the energy can be utilized more efficiently
because only the RNA sequences necessary for further
translation are produced. Tightly orchestrated spatial and
temporal regulation of gene transcription is critical to the
proper development of all metazoans (2). Part of the blueprint
of transcriptional regulation is stored in a large number of
cis-regulating elements and enhancers surrounding the coding
regions.

A cis-regulating element is a segment of DNA sequence
which can interact with specific transcription factors to
recruit basal transcription apparatuses at the transcription

start site. The binding affinity of transcription factors and their
corresponding cis-elements is largely affected by the sequence
pattern of the cis-elements (3). After more and more
transcription factors and their binding sites were experiment-
ally identified, databases storing transcription regulation
information were established, such as TRANSFAC (4), and
TRRD (5). Consensus sequences were used to describe the
sequence patterns of cis-elements, and later positional weight
matrices (PWMs) were developed to describe the sequence
motifs more precisely.

Computational methods to identify transcription factor
binding sites were also developed based on consensus
sequences or PWMs. Quandt et al. (6) developed a program
to detect consensus matches in nucleotide sequence data
named Matlnspector. Matlnspector uses the TRANSFAC
matrices (PWMs) to identify motifs presenting high similarity
with the matrix in DNA sequences. Threshold of the similarity
should be given when user submits sequences for analysis with
the original version of MatInspector.

A high threshold would prevent some noise signals from
being included with the computational result. In other words,
the number of false positives (FP) will decrease when the
threshold increases. However, when a high threshold is
applied, some real binding sites with low consensus motifs
will be ignored. Therefore, the number of false negatives (FN,
real binding sites with similarity score below the threshold)
increases when the threshold increases. Hence, the thresholds
should be carefully selected for algorithms based on PWMs
(7). A well selected threshold will restrict the FP value to a
small value without losing too many real sites.

There are also computational methods aiming to identify
unknown signals by a significant local multiple alignment of
all sequences (8). Two important methods of this type are
Gibbs sampling (9) and expectation maximization in the
MEME system (10). MEME is able to analyze a group of
sequences for similarities among them and produce a
description (motif) for each pattern it discovers. After high
frequency sequence motifs were detected with these methods,
a further analysis on the motifs to find their corresponding
transcription factors was very helpful in comprehending the
analysis results (8,11).

This paper describes a new method to identify over-
represented oligonucleotides in the promoters of a same
protein family or a group of functionally related genes with the
TRANSFAC matrices. These oligonucleotides are putative
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Table 1. Sequence groups used to detect over-represented motifs

Sequence Number of Average EMBL accession number (position of the transcription start site)

sets sequences  length (bp)

Actin 11 457.36 V01507 (92), V01218 (193), M20543 (708), X04669 (779), X05392 (417), M10607 (1091), M26773 (677),
X00182 (544), V01217 (235), Y00474 (2010), X02648 (556)

Hemoglobin 33 517.5 X03712 (1564), X03713 (1559), X59989 (646), X59989 (3655), 100923 (331), X01831 (101), V00714 (372),
M74142 (6743), M17902 (169), Z84721 (37543), X62302 (430), X04726 (216), X07053 (1419), X03234 (1451),
M27933 (2028), M27934 (6775), M27932 (911), L17432 (20302), L17432 (16014), L17432 (8137), M13487 (552),
X15740 (270), M63453 (10766), X14061 (38287), X14061 (53496), Y00347 (1432), U01317 (62137),
U01317 (54740), U01317 (34478), U01317 (19488), M18818 (15463), X01912 (425), X01913 (423)

Interferon 10 465.4 X01973 (419), X01971 (616), M13710 (420), X75934 (887), X02958 (423), X02956 (369), V00533 (345),

E00302 (738), V00534 (284), X14029 (1195)

The number in parentheses after the EMBL accession number is the position of the transcription start site of the selected gene (related to the first base of the

sequence).

cis-elements that may perform important regulatory roles in
the transcription of at least part of the investigated sequences.
After the motifs are detected with this method, they can be
directly associated with their corresponding transcription
factors by the annotations of TRANSFAC. During the
analysis, suitable thresholds for the putative binding sites
can be automatically determined with a statistical method to
ensure the significantly over-representing of the motifs in the
set of closely related sequences; a similar statistical signifi-
cance was used and proved to be very useful in detecting over-
represented oligonucleotides (12). Three groups of sequences
were used to test our method, and the positions of some
putative over-represented motifs were visualized to reveal
more information based on the relative positions of binding
sites. A comparison was also made between the over-
represented motifs detected with our approach and the motifs
detected with MEME.

MATERIALS AND METHODS

Sequence sets used to detect over-represented
oligonucleotides

Actin, interferon (IFN) and hemoglobin promoters were
selected from the Eukaryote Promoter Database (EPD) (13)
and EMBL. EPD provides the corresponding EMBL accession
number for each promoter it stores, the positional information
about the upstream region of the transcription start site and
also hierarchical classification information about which family
the corresponding gene belongs to. Actin, IFN and hemo-
globin were used as keywords to query the EPD for their
promoter sequences. EPD hierarchical classification informa-
tion was used to manually remove those records that do not
belong to the target gene families. After the EPD records were
retrieved, the EMBL accession numbers and also the positions
of the transcription start sites in the sequences were collected.
Then the upstream region of the transcription start site was
retrieved from the EMBL database with the accession number.
The length of each retrieved upstream sequence ranges from
~90 to thousands of base pairs. The upstream sequences longer
than 600 bp were cut at the 3’ end, so that only the proximal
600 bases upstream of the transcription start site were used in
the analysis. A redundancy analysis was applied to the three
sequence groups with BLAST. Sequences with high BLAST
similar scores were clustered together. Only one sequence in
each cluster was kept for analysis. Thus, the upstream

regulatory regions for the genes of actin, IFN and hemoglobin
were collected for analysis (see Table 1). Some promoter
regions were retrieved from the same EMBL record contain-
ing multiple genes. For example, the EMBL record X59989
(Gallus gallus) contains an alpha-A globin gene and an
alpha-D globin gene. Upstream regions of these two genes
were both collected.

Sets of sequences used as controls

Upstream sequences retrieved from EPD databases were used
as one of the sources of control data sets. Since all the three
sequence sets used in our analysis were made up of vertebrate
sequences, only the vertebrate promoter sequences of EPD
were collected in this EPD promoter control set. Again, the
sequences longer than 600 bp were cut at their 3" end to ensure
that only the proximal 600 bases upstream of the transcription
start site were used. This EPD control was used as a public
control for each of the three groups of the promoters to provide
a background frequency for each of the investigated motifs.
786 sequences were included in this EPD promoter control;
the average length of these sequences was 515.24 bp.

In order to estimate the effect of the GC content on the
background frequency of detecting a motif with a certain
threshold, a set of random sequences with the same GC
content and 50 times the base pairs of each of the three tested
promoter sets was generated as another control. These three
random control sets (one random control set for one tested set)
were used to remove motifs whose over-representation was
largely affected by the GC content of the tested sequences.

A control set containing sequences of the second exons of
vertebrate genes (based on EMBL database Release 72) was
used to estimate the false positive rate for each possible
threshold. Similar sequence sets were designed previously
(7,14) and used as standard negative test sets. Up to now, only
very few functionally relevant binding sites have been
revealed experimentally in second exons; therefore the
potential binding sites found in these sequences may be
considered a priori as false positive (7). 8862 sequences of the
second exons were collected in this Exon2 control set; the
average length was 270.86 bp.

Computation of the MatInspector similarity score and
similarity distribution

The algorithm of Matlnspector was used to calculate the
matrix similarity with TRANSFAC matrices (TRANSFAC



6.0 public). The matrix similarity thus calculated will range
from O to 1. A higher score indicated higher similarity between
the sequence scanned and the sequence pattern represented in
TRANSFAC matrix (6). A segment of sequence with a
similarity score larger than or equal to the defined threshold
will be regarded as a binding site candidate. In order to
calculate the distribution of similarity scores in the control
data set and also in the tested data set, 100 threshold
candidates ranging from 1 to 0 were defined, such as 1.00,
0.99, 0.98, and so on. With each threshold candidate, the total
number of binding site candidates within a group of sequences
was calculated. Thus, a list of similarity distributions was
generated for each control data set and tested promoter groups.
The similarity distributions of the EPD promoter control data
set were stored for further comparison.

Some TRANSFAC matrices were derived from symmetric
or partially symmetric cis-elements. The similarity score of
such a symmetric matrix on both DNA strands varies
simultaneously. Especially, high Matlnspector similarity
scores occur almost at the same position on both strands. To
avoid counting two high scores for a same motif, the method to
calculate the similarity distribution for symmetric matrices
was specially designed.

Determination of symmetric matrices

The co-variation of the MatInspector similarity scores on both
DNA strands was used as a measure to test if a matrix was
symmetric or partially symmetric. For the consensus sequence
derived from a symmetric or partially symmetric matrix, a
center line could be defined to divide the consensus sequence
into two segments. The nucleotides on one side of the line
were complementary with the corresponding nucleotides on
the other end. However, the center lines of such matrices were
not always located at the exact middle of the matrices, which
means that there were one or several extra bases on one of the
two ends of the center line. The extra information for those
extra bases was also recorded in the corresponding matrix.

A 20 000 bp long random sequence was analyzed with all
TRANSFAC matrices, the similarity scores of both strands
were recorded for each position, resulting in two serials of
similarity scores. For a symmetric matrix without any extra
bases, Pearson’s correlation co-efficient can be calculated to
measure the co-variance of the similarity score for both
strands:

- nY (i) = %) yi 1

s = (] st -

where x; is the similarity score of the original DNA strand at
position i, and the position i was defined as the index of the
first base (5" end) of the motif on the original strand; y; is the
similarity score of the reverse complementary strand at
position i. The position i on the complement strand was
defined as the index of the last base (3" end) of the motif. Thus,
similarity scores of the two strands of the same DNA segments
were assigned to the same position i.

For the matrices with one or several extra bases, the
positions of the complementary strand should be shifted
appropriately to calculate the co-variation of the two serials of
similarity scores. If one extra base was located at the 3" end of
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the consensus sequence, the comparison of the similarity
scores should be made between x; and y;, . In other words, the
similarity score on the original strand at position i should be
compared with the similarity score at position i + 1 on the
complementary strand. The absolute value of this shift was
determined by the number of the extra bases. A positive shift
means the extra bases were located at the 3’ end of the
consensus sequence derived from the matrix, and a negative
shift means the extra bases were located at the 5" end. A zero
shift means there is no need to shift the positions when
calculating the correlation co-efficient.

In order to determine if a matrix is symmetric or partially
symmetric, all possible shifts were tested to find out the
appropriate shift with the highest correlation coefficient. The
range of all possible shifts was:

—Ly +2 < shift <Ly —2 2

where L, was the length of the testing matrix. A Pearson’s
correlation coefficient was calculated to measure the co-
variance of the similarity score for both strands for each shift
with a slightly different form of formula 1:

n Y (5iYishin) = 2% ) Yi 3
s = 5] [p 232 - (]

The shift with the highest correlation coefficient was selected
as the appropriate shift for further analysis. Matrices with a
highest Pearson’s coefficient >0.8 were collected in the
symmetric subset of TRANSFAC matrices; the others were
collected in the asymmetric subset. Figures plotting the (x;
Yisshifr) Pairs were generated for additional examination of the
co-variation of the similarity scores for each of the matrices.
The figures were manually examined, and finally 59 matrices
were collected in the asymmetric subset (data not shown). The
appropriate shift for each of these 59 symmetric matrices was
also recorded.

r =

Similarity distribution for symmetric matrices

The method to calculate the similarity distribution of the
symmetric subset of matrices was different from that used for
common matrices. Two DNA strands were scanned simul-
taneously; the similarity scores of the two DNA strands were
compared with the positions of one strand shifted to the
previously calculated shift value for that matrix. The highest
one was used to count the similarity distribution for each
threshold candidate (mentioned before). Hence, the total
number of the positions analyzed for each sequence was the
length of this sequence.

Comparison between control sets and tested groups, and
the detection of the over-represented transcription
factor binding sites

With the similarity distribution of the control data set
available, p,s,, the probability of getting a motif with a
similarity score to a matrix (M) larger than or equal to a given
threshold ¢ within the control sequences can be easily
calculated:
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PM,t = St/N(‘ontrol 4

where S, is the number of binding site candidates with the
similarity score not less than z, and N, is the total number
of sub-sequences scanned in the control data set. For common
matrices, both strands of a sequence were scanned separately
in our analysis. N,...0; 1S actually twice the total base pairs of
the control sequences, while for the symmetric matrices,
Neontror 18 simply the total number of base pairs of the control
sequences.

The probability of getting a motif with a similarity score to a
matrix (M) larger than or equal to a given threshold ¢ within
the false positive test sequences (Exon2 set) can be similarly
calculated:

FPMJ = SI/NFP 5

where Ngp is the total number of sub-sequences scanned in the
false-positive test set. Since potential cis-elements found in
the sequences of second exon were regarded as false positives,
FP,,, was used as the probability to get a false positive site for
matrix M and at threshold ¢.

If k candidate binding sites with similarity score not less
than ¢ for matrix M were located in a group of sequences, the
probability to observe exactly k candidate binding sites with
higher similarity in a given sequence group is estimated by the
binomial formula:

N _
P(M,t,sites = k) = (k) (o) (1 = pars)™ ™" 6

where N is the total number of sub-sequences scanned in the
analyzed sequence group. Similarly, for the asymmetric
matrices, N equals twice the total base pairs of the analyzed
sequence group. For the symmetric matrices, N is simply the
total base pairs of the analyzed sequences. Finally, the
probability to detect k or more positions with similarity to
matrix M larger than or equal to threshold 7 is:

k—1

N\ N
P(M,l,sitesZk)z1—2(.)17};4,(1_]’;\4;)]\] l 7
im0 \! ’ ’

For a given matrix M, the number of candidate binding sites
detected within the analyzed sequence group was determined
by threshold . In other words, k is a function of #: k = K(M, 1).
Then the above equation can be written as:

P(M,t) = P(M,t,sites > k) = P(M,t,K(M, 1))

K(M,1)—1
N\ iy
<l-)pM,t(1 _pM,z)N 8

When £ is larger than the expected occurrence of candidate
binding sites in the tested sequences, that is, when p,,, X N <k,
a very low P(M, f) means that it is almost impossible to get k
or more motifs with a similarity score for M not less than ¢
in a randomly selected sequence group with the same number
of base pairs. In other words, when p,,, X N <k, a very low
P(M, 1) for a given sequence group indicates the motifs similar
to matrix M are over-represented in this group of sequences.

When the threshold ¢ decreases, more motifs in control data
sets and also in other data sets with a similarity score =t will
be detected, so when ¢ decreases, p,,, will increase. In order to
restrict the number of false positives, the thresholds for each
matrix M were selected from the set:

{1 FPy, X 1000 < 1.5&py;, > 0&pas, ¥
N<k}n{tl P(M1) < 104). 9

Thus, in the false positive test set, the average number of
similar motifs detected with threshold 7 per 1000 bp will be no
more than 1.5 (the probability of FP is no more than 0.0015).
Notably, when no similar motifs are detected for matrix M at
threshold ¢ in the control data set, that is, when p,;, = 0,
k = K(M, t) will usually range at 1 or 2 for the compared data
set. Thus, threshold ¢ with p,,, = 0 will be excluded from the
above threshold set, since this study just focused on the over-
represented motifs; motifs that just occur only once or twice in
the tested sequence group will not be of interest in this
analysis. However, in that situation, with p,,, =0, P(M, t) will
always be 0 for any k > 0. This candidate threshold set can also
be empty, which means there is no suitable threshold for
matrix M when dealing with the tested sequences.

When several threshold values were available in the above
set for a matrix M, the ¢ with the smallest P(M, ) will be used
as the final threshold to detect putative binding sites for the
transcription factors associated with matrix M. When multiple
t values share the same P(M, ¢), the ¢ value with the lowest p,; ,,
that is, the biggest ¢, will be used (to reduce false positives).

The comparison between control sequences and tested
sequences was automatically carried out. If the candidate
threshold set defined in equation 9 for a matrix was not
empty, an appropriate threshold ¢ for the matrix would be
selected according to the rules defined above. Then the over-
represented cis-elements located with this matrix were
recorded for each tested sequence. The transcription factors
associated with the matrix may have an important role in the
transcriptional regulation for the tested sequences by binding
to the putative cis-elements. Finally, with the threshold thus
determined, a detailed report was generated which includes
the TRANSFAC matrix accession (M) associated with each
motif, the positions of the putative cis-elements, the similarity
scores, on which strand the element was located, and K(M, t)
and P(M, t) for each of the selected thresholds.

The frequency of some motifs in the sequences was largely
affected by the GC-content of the sequences. If a motif was
only selected with the EPD control and failed to be selected
with the random control, the over-representation of such a
motif in the tested sequences would probably be an effect of
the special GC-content of the tested sequence. Finally, with
the EPD control used to get the appropriate threshold value for
the matrices, the random control was used as an additional
control to remove those GC-content related motifs.

Visualization of the distribution of the over-represented
motifs in promoters

After the report file was generated for a group of sequences, a
JAVA program was used to visualize the distribution of the
over-represented motifs in the tested sequence group.
Positional information may be useful for further analysis.



Comparison between the motifs detected with the new
approach and MEME

The three sequence sets were analyzed with MEME, which is
available as a web service on http://meme.sdsc.edu/meme/
website/meme.html. Any number of repetitions of each motif
was allowed within each sequence. The minimum width of the
motifs was 6 and the maximum width of the motifs was set to
30, because the maximum length of the matrices in the
TRANSFAC was 30. The maximum number of different
motifs found within each group of sequences was tested from
6 to 16. The total number of different motifs stopped
increasing, after the value assigned for the maximum number
became large enough. Finally, the maximum number of
different motifs was set to 12 for each sequence set, because
no more than 12 different motifs were detected with MEME in
any of the sequence sets.

The motifs detected with MEME (MEME motif) were then
compared with the putative cis-elements detected with our
approach. Two motifs that share more than half of the bases of
the smaller one were regarded as overlap motifs. Each motif
detected with MEME was analyzed to locate all the over-
lapped cis-elements (detected with our approach) in each
sequence set. MEME motifs without any overlapped putative
cis-elements and putative cis-elements without any overlap-
ping MEME motifs were also counted. Then the proportion of
the copies of MEME Motif-i with at least one overlapped
cis-element was calculated:

OPi = Oi/Ni 10

where the O; is the number of copies of MEME Motif-i with at
least one overlapped cis-element in a sequence set, and N; is
the total number of the copies of MEME Motif-i. Similarly, the
proportion of the copies of MEME Motif-i with at least one
overlapped cis-element of TRANSFAC matrix M was
calculated:

OP;rr = O; m/N; 11

where the O;,, is the number of copies of MEME Motif-i
with at least one overlapped cis-element detected with
TRANSFAC matrix M. For each of the cis-elements detected
with TRANSFAC matrices, the proportion of overlapped
copies was also calculated similarly:

OPM,,' = OM,[/KM 13

where OP,, represents the proportion of the cis-elements for
TRANSFAC matrix M with at least one overlapped MEME
motif, and OP),; is the proportion of the cis-elements for
matrix M with at least one overlapped MEME Motif-i. O, is
the number of overlapped cis-elements for matrix M, and O, ;
represents the number of cis-elements with at least one
overlapped MEME Motif-i. K,, is the number of all cis-
elements located with TRANSFAC matrix M within the
sequence group. OP;, OP;,;, OP,, and OP,,; were used to
compare the result of MEME and the putative cis-elements
detected with TRANSFAC matrices.
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RESULTS AND DISCUSSION

Over-represented motifs and their corresponding
transcription factors

For each of the three test sequence sets, two groups of over-
represented cis-elements were detected with the two control
sets mentioned above (the EPD control and the random
control). A list of the corresponding TRANSFAC matrices and
transcription factors is shown in Table 2. Only the motifs
detected by both EPD control and random control are shown.
Thresholds and also the corresponding P(M, t) value for each
transcription factor are also given, which can be a useful
reference for further research based on the same TRANSFAC
matrices. A zero probability means that the probability was too
small to fit the program’s computational ability. Motifs with a
high MatInspector similarity score for the matrices associated
with the listed transcription factors occur more frequently than
expected. Thus, the listed transcription factors may be of great
importance for the regulation of at least part of the genes in the
group.

Overlapped motifs detected with other TRANSFAC
matrices were listed in the last column of Table 2. These
overlapped motifs detected with different matrices were
caused by the similarity between these matrices. For example,
most of the motifs detected with the matrices for MCMI1,
AGL3 and AG within actin promoters overlapped with motifs
detected with the matrix for SRF (data not shown). MCM1 is
an SRF-like transcription factor of yeast. AGL3 and AG are
transcription factors presenting a strong sequence similarity
with SRF and MCM1 (15) which were found in Arabidopsis.

For the putative transcription factor binding sites located in
actin promoters, SRF and Spl were previously reported in
many articles to perform functional regulation on muscle gene
regulation (16,17). Almost every sequence in the actin set
contains multiply putative binding sites of Spl. Sp1l was also
reported to be able to mediate the fibroblast growth factor
receptor 1 (FGFR1) gene in chicken skeletal muscle cells (18).
Multiple binding sites of Spl were also detected in the
promoter of FGFR1, indicating Sp1 might have an important
function in regulating the muscle-specific gene and the
multiple copies of binding sites may be important for proper
regulation mediated by Spl. Positions of the putative binding
sites for SRF and Spl are shown in Figure 1. Known sites
derived from EPD annotation are also shown.

Most of the known binding sites were covered by the
putative cis-elements detected with our method (Fig. 1). Four
actin promoters (Y00474, X00182, M10607 and X04669)
contain known motifs that were not detected with the new
approach. For all the known SRF binding sites in the actin
promoter set, only one known SRF site was not detected
(Y00474). Known binding sites for MyoD in the promoter
region of M10607 and X04669 were not covered by any
putative binding sites detected with our method. Putative
binding sites for Spl in the promoter region of X00182
overlap with four known binding sites for ETF (TRANSFAC
annotation) and one known binding site for GCF
(TRANSFAC annotation). Only one known ETF binding
site was not overlapped by putative binding sites of Sp1. Three
known binding sites (TRANSFAC accession numbers R01750
and RO1751) were not discovered with our method.
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Table 2. Over-represented motifs and their corresponding TRANSFAC matrices/transcription factors

Set Matrix Matrix ~ Threshold Motifs located P(M, t)  Overlapped motifs detected
name access  (7) in the group (k) with other TRANSFAC
matrices (matrix name/access)
Actin Adf-1 MO00171 0.86 25 1.17E-09
Hb M00022 0.91 67 5.03E-14 STE11/M00274
RAP1 MO00213 0.81 26 9.82E-09
Spl MO00008 0.87 59 3.56E-07 GC/M00255
M00196 0.83 73 6.83E-10
SRF MO00152 0.72 17 3.09E-11 AG/M00151, MCM1/M00125
AGL3/M00392, AGL3/M00393
MO00186 0.91 16 0
MO00215 0.89 15 0
Hemoglobin GATA-2 MO00348 0.96 17 8.69E-06
GATA-X MO00203 0.95 24 7.16E-07
Oct-1 MO00135 0.72 110 9.53E-07 CF2-1/M00012, CF2-1I/M00013
Croc/M00266
XFD-1/M00267, XFD-2/M00268
MO00138 0.8 156 0
TATA M00252 0.85 153 0
Interferon BR-C MO00094 0.86 68 0
dl MO00120 0.83 45 1.42E-07
Dof2 MO00353 0.96 41 3.30E-08
FOXJ2  M00422 0.82 85 4.44E-16
IRF-1 MO00062 0.77 53 0
IRF-2 MO00063 0.71 72 2.22E-16
ISRE MO00258 0.72 47 2.11E-09
Oct-1 MO00138 0.84 39 0

The ‘overlapped motifs’ column lists the overlapped motifs detected with other TRANSFAC matrices.

The promoters of beta-actins (V1217, Y00474 and X00182)
represent a different distribution of the two kind of putative
cis-elements compared with the other promoters of actin
(Fig. 1). The locations of the putative binding sites of SRF in
these three sequences were almost the same. Different motif
distributions of different types of actin genes may indicate that
due to the different functions of different actin genes, different
regulatory mechanisms were developed for each kind of actin
during the evolution. The distribution of the two putative
motifs in the sequence of V01218, M20543, M26773 and
X04669 were conserved, especially the distribution of the

e
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1 SRF: M00152 MO0186,M00215
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putative binding sites of SRF (Fig. 1). V01218 and M20543
are both alpha-actin sequences of skeletal muscle, while
M26773 and X04669 are both cardiac alpha-actin sequences.
V01507 is another skeletal alpha-actin sequence. The putative
binding sites of SRF and Spl on V01507 are also similar to
that on the proximal regions of the promoters in V01218,
M26773 and M20543. Multiple copies of putative Sp1 binding
sites were located in almost every sequence of the actin
promoter set.

Different copies for the same cis-element with overlapped
bases were all counted. Therefore, some long tandem repeat

V01218
M26773
V01217
00474
X02648
X05392
i m X00182
‘i mm M10607
' V01507
(= M20543
53 iy 3 X04869
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Figure 1. Distribution of two over-represented motifs and known binding sites in actin promoters. The corresponding TRANSFAC names and matrix accesses
of the two over-represented motifs are: SRF (M00152, M00186, M00215) and Sp1 (M00252). The EMBL accession of each sequence was also included with
the image behind each line representing a sequence. Known sites derived from the annotation of EPD and TRANSFAC records were also shown in the figure.
The promoters of beta-actin (V1217, Y00474 and X00182) present a different distribution of the two kinds of putative cis-elements compared with other
promoters of the actin set. The distribution of the two putative motifs in the sequence of V01218, M26773, M20543 and X04669 were conserved, especially

the distribution of the putative binding sites of SRF.
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Figure 2. The distribution of putative cis-elements detected in IFN promoters and known binding sites (the red circles). Putative binding sites detected with
the TRANSFAC matrix IRF-1 (M00062), IRF-2 (M00063), ISRE (M00258) and Oct-1 (M00138) are shown. The putative binding sites detected with IRF-1,

IRF-2 and ISRE are partially overlapped.

sequences may significantly increase the number of putative
cis-elements located with some matrices. For example, 18 of
the motifs detected with Rap1/M00213 (yeast) were located in
a GT-tandem repeat segment in the sequence M26773. Five of
the other motifs located with Rapl overlap with the motifs
detected with other matrices. Therefore, the motifs located
with M00213 within actin promoters may not be the actual
binding sites of Rap1. The possible function of the GT-tandem
repeat needs further investigation.

Most of the motifs detected with the matrices of Hb/
MO00022 (fruit fly) and STE11/M00274 (fission yeast) within
the actin promoters are poly(A) (M00022) or poly(T) (M00274)
segments. The sequence of V01217 contains a long segment
of poly(T) segment made up of 47 T bases. This segment
contributes more than half of the motifs detected with STE11/
MO00274. These poly(A)/poly(T) segments in the actin pro-
moters may not be the actual binding sites of Hb and STE11.
The possible function of the poly(A)/poly(T) segments need to
be further investigated using an experimental approach.

In hemoglobin promoters, only three kinds of over-
represented cis-elements were located with this method within
the 33 promoter sequences. The corresponding transcription
factors are: GATA, Oct-1 and TATA-binding protein. The
GATA family comprises key transcription factors in stimu-
lating the syntheses of hemoglobins (19). GATA-1 is an
important regulator of erythrocyte differentiation. GATA-1
can stimulate the syntheses of alpha- and beta-globins, and the
enzymes of heme biosynthesis. Recently, Horak et al. (20)
reported that by using mammalian chlp—chip analysis,
GATA-1 binding sites were mapped in the beta-globin
locus. The binding sites of Oct-1 were also reported previously
(21,22). Mutation at the Oct-1 binding site within the promoter
region of gamma-globin can lead to activation of gamma-
globin gene (22), suggesting Oct-1 may play an important
role in regulating the switch between gamma-globin and
beta-globin during the development of hematopoietic system.

The hemoglobin group was made up of the promoters of
alpha-like hemoglobins and beta-like hemoglobins; the rela-
tively fewer number of over-represented cis-elements thus
detected within the hemoglobin group may result from
different regulation patterns of different kinds of hemoglobins.

In the IFN group, putative binding sites of interferon
regulatory factor (IRF-1 and IRF-2) were successfully
recognized with our method. Putative IFN-stimulated re-
sponse elements (ISREs) were also detected in the IFN group,
part of the ISRE motifs overlapped with the motifs detected
with matrices for IRF-1 and IRF-2. These over-represented
motifs are all potential binding sites of the IRFs. The
distribution of putative cis-elements detected in IFN pro-
moters with the TRANSFAC matrices of IRF-1, IRF-2, ISRE
and Oct-1 is shown in Figure 2. Known binding sites derived
from the EPD and TRANSFAC annotation are marked as red
circles.

IRF-1 is a transcription factor that regulates IFN-induced
genes and type I IFNs (23). IRF-2 is a transcription repressor
of IFN signaling and thereby acts as an IRF-1 antagonist (24).
IFNs induce the expression of a number of different proteins
that mediate the antiviral, antiproliferative and immuno-
modulatory effects of IFNs (25). IRF-1 and IRF-2 are both
important transcription factors in the IFN signaling system,
acting as intermediate signals in the IFN signal pathway. The
binding sites of these two transcription factors in the IFN
promoters indicate a potential auto regulatory pathway of IFN.
In hepatoma cells, a positive feedback mechanism in the
IFN signaling system was discovered (25). The feedback
regulation of IFN may be of great importance in precisely
controlling the expression of such an important protein.

Multiple copies of putative binding sites of Oct-1 were also
detected in almost every sequence in the IFN set (Fig. 2).
Oct-1 was previously reported as an important transcription
factor in regulating the transcription of IFN-y, and the binding
sites of Oct-1 were also discovered in the promoter of IFN-y
(26).

No literature information could be found that presents some
relationship between IFN and the other four over-represented
motifs detected in IFN promoters. The corresponding
TRANSFAC matrices were BR-C (M00094), dl (M00120),
Dof2 (M00353) and FOXJ2 (M00422). The potential function
of these motifs needs further investigation. For the known
binding sites, only the binding site for NF-kappaB in the
sequence V00534 located at ~65-55 bp upstream of the
transcription binding site was not covered by the putative
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Table 3. Motifs detected with MEME with each sequence set

Sequence set MEME Consensus sequence N# op OP¢
motif (%)
Actin Motif-1 AAAAAAAAAAA 16 12 75
Motif-2 CCCTCTCCCCACCCC 29 26 89.6
Motif-3 TCCATATTTGG 22 20 90.9
Motif-4 TATAAAAA 6 2 33.3
Hemoglobin Motif-1 GGGGGGGCAGGGCGGGGGCCAGGGCTGGGG 67 3 4.4
Motif-2 ATATTTATTTGTATTTATTTTTTTTATTTT 50 47 94
Motif-3 ACCCTAACCCCAACCCCAGCTCATGCCGGG 13 0 0
Motif-4 ACACCCTGGCCTTGGCCAATCTGCTCACAG 14 8 57.1
Motif-5 GGGGAGCCAGGGGGCTGAGC 21 2 9.5
Motif-6 GGCTGTCATCACTGAAGCCTCACCCTGTAG 8 1 12.5
Motif-7 GAATAAAAGGCCGCGCCGTGCAGCAGCTGC 12 9 75
Motif-8 ATAAAAGGCAGGGCAGAGTCAGCTGCTGC 8 7 87.5
Motif-9 GTGGAGGATAAAGAAGAGGGTAGAGATGG 12 6 50
Motif-10 CTCTTAAGCCAGTGCCAGGGCGGCCAAGGA 9 0 0
Motif-11 CAAGGAGGATGTTTTTAGTAGCAATTTGT 9 4 44.4
Motif-12 TGAGCGGCGCCCCGCCGGGC 15 0 0
Interferon Motif-1 AAAGAAAGCCCAAACAGAAGTGGAAAGTG 17 16 94.1
Motif-2 CTATTTAAGACCCATGCACAGAGCAAGGTC 9 2 22.2
Motif-3 CATTCAGAAAGTGGAAACTAGTATGTGCC 9 9 100
Motif-4 GGGCAGGGAAAGGGGAGGCAATAATGAAAA 7 7 100
Motif-5 ATGGTATATCTGTGTTATTAAAATTTCATG 8 8 100
Motif-6 TTCCAATTAGGAAGAAATTCCCTAAAAGCC 10 10 100
Motif-7 ACACGGCCCTACCCCCATGGGGAGAGGGC 5 2 40
Motif-8 AGGGTTTCTCTGTGAAGTCC 9 6 66.6

The number of the MEME motifs overlapped with the putative cis-elements detected with our approach with

the same sequence set was given.

2N;, the total number of the copies of MEME Motif-i in the sequence set.
b0;, the number of copies of MEME Motif-i with at least one overlapped cis-element in a sequence set.
°OP;, the proportion of the copies of MEME Motif-i with at least one overlapped cis-element detected with

our approach.

cis-elements. All known binding sites of IRF-1 and IRF-2
were covered by the putative cis-elements detected with
TRANSFAC matrices (Fig. 2).

Comparison between the MEME motifs and putative
cis-elements

With the parameters of MEME set as mentioned above, four
motifs were detected in the actin set by MEME, 12 in the
hemoglobin set, and eight in the IFN set. The motifs detected
with MEME and the result of comparison between the MEME
motif and the putative cis-elements are shown in Tables 3-5.
The result of MEME contains no overlapping copies of the
same motif, while different copies for the same cis-element
detected with the same TRANSFAC matrix with overlapped
bases were counted independently. Therefore the O;,, value
does not always equal the value of O,,; for different MEME
Motif-i and TRANSFAC matrix M.

In actin promoters, most of the copies of MEME Motif-2
and Motif-3 were covered by the putative cis-elements
detected with the matrices for Spl and SRF, respectively.
Seventy-five percent of the copies of Motif-1 were covered by
the Poly(A)/Poly(T) related motif detected by the matrices of
MO00022 and M00274. Motif-4 is a conserved sequence of
TATA-box. Ten putative TATA-boxes were also detected
with the matrix of M00216 with the random control set (data
not shown). TATA-box is a commonly used motif that can
bind with TATA-binding proteins. The result indicates that the
number of putative TATA-boxes was not significantly higher
than the average level in all the vertebrate promoters, so

TATA-boxes were not included as over-represented motifs
when using the EPD vertebrate promoters as control set.

Similarly, the OP; values of five motifs detected with
MEME in IFN promoters (Motif-1, -3, -4, -5 and -6) were
>90.0%, indicating a high overlapping rate between these five
MEME motifs and the putative cis-elements located with our
approach. The corresponding putative cis-elements over-
lapped with these five motifs were detected with matrices
for IRF-1 (M00062), IRF-2 (M00063), Octl (M00138) and
BR-C (M00094). Four MEME motifs (Motif-1, -3, -4, -6 and
-8) contain copies that were overlapped with the putative
binding sites of IRF-1 and IRF-2.

MEME motifs with high OP; values were relatively fewer
in the hemoglobin promoters. Only three MEME motifs
(Motif-2, -7 and -8) have OP; values >0.75. Most of the copies
of Motif-7 and Motif-8 overlap with the putative binding sites
detected with the TRANSFAC matrices TATA (M00252).
Part of the copies of Motif-2 and Motif-9 overlap with the
over-represented cis-elements detected with MO00266,
M00267 and M00268. Only two putative cis-elements with
highest OP;,, value are shown for each MEME Motif-i in
Table 4. Actually, part of the copies of Motif-2 and Motif-9
were overlapped with putative cis-elements detected by the
matrices of Oct-1 (most of the putative cis-elements detected
with M00266, M00267 and MO00268 were found to be
overlapped with the putative Oct-1 binding sites, see Table 2).

Three motifs without any overlapped putative cis-elements
were also detected in hemoglobin promoters by MEME
(Motif-3, -10 and -12). These motifs detected by MEME may
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Table 4. Putative cis-elements overlapped with motifs detected with MEME in each sequence set

Sequence set MEME Corresponding matrix Oin OP; Opil Kyy = OPyf
motif of the overlapped (%)
cis-elements
Actin Motif-1 M00022 10 62.5 53/67 =179.1%
MO00274 9 56.2 25/31 = 80.6%
Motif-2 MO00196 24 82.7 42/73 =57.5%
MO00255 24 82.7 42/77 =54.5%
Motif-3 MO0151 18 81.8 28/38 =73.6%
MO00186 16 72.7 16/16 = 100%
Hemoglobin Motif-2 MO00267 39 78 93/179 = 51.9%
MO00266 37 74 110/184 = 59.7%
Motif-4 MO00203 3 21.4 5124 =20.8%
Motif-7 MO00252 9 75 9/153 = 5.8%
Motif-8 MO00252 7 87.5 8/153 =5.2%
Motif-9 MO00267 5 41.6 51179 = 2.7%
Motif-11 MO00268 3 33.3 47172 =2.3%
M00267 3 33.3 3/179 = 1.6%
Interferon Motif-1 MO00094 11 64.7 12/68 = 17.6%
MO00063 11 64.7 25/72 =34.7%
Motif-2 MO00353 2 22.2 2/41 =4.8%
Motif-3 MO00063 9 100 11/72 =152%
MO00062 9 100 9/53 =16.9%
Motif-4 MO00094 4 57.1 5/68 =173%
MO00063 4 57.1 772 =9.7%
Motif-5 MO00094 4 50 4/68 =5.8%
MO00138 4 50 6/39 =15.3%
Motif-6 MO00094 8 80 13/68 =19.1%
MO00062 5 50 7153 =13.2%
Motif-7 MO00138 1 20 1/39 =2.5%
M00422 1 20 1/85 =1.1%
Motif-8 M00258 5 55.5 5/47 = 10.6%
MO00063 4 44.4 4/72 =5.5%

Motifs with OP; , values <20% were not shown, and only two putative cis-elements with the highest OP; ,

values were shown for each MEME Motif-i.

20; m, the number of copies of MEME Motif-i with at least one overlapped cis-element detected with

TRANSFAC matrix M.

YOP;,;, the proportion of the copies of MEME Morif-i with at least one overlapped cis-element of

TRANSFAC matrix M.

€OP);;, the proportion of the cis-elements for matrix M with at least one overlapped MEME Motif-i.

be potential binding sites of unknown transcription factors.
The copies of putative binding sites detected with TRANSFAC
matrices without any overlapped MEME motifs were also
counted for each matrix in the three promoter sets. The binding
sites with an overlapping rate (OP,) <50% are listed in
Table 5. All of the three sets of promoters contain putative
cis-elements detected with TRANSFAC matrices with an
overlapping rate <50%. Some of these were putative binding
sites of some transcription factors known to be important in
transcription regulation of the genes, e.g. Spl in the actin set,
Oct-1 and GATA in the hemoglobin set, Oct-1 in the IFN set.
This result indicates that the analysis with our approach may
also detect some signals that were not detected with MEME.

CONCLUSIONS

Based on the PWM data provided by TRANSFAC, a method
to recognize putative over-represented cis-elements in a group
of related sequences was developed. With the promoters of a
group of possibly co-regulated genes available, a number of
over-represented motifs with a high similarity score to some
PWDMs were located in the submitted promoters. Thus, a list
of corresponding transcription factors for these putative

Table 5. The proportion of putative cis-elements without any overlapped
MEME motifs (1 — OP,y)

Sequence set Corresponding TRANSFAC Ky — Oy / 1- 0Py
matrix name (accession) Ky (%)
Actin Spl (M00008) 31/59 52
Adf-1 (M00171) 25/25 100
RAP1 (M00213) 21/25 84
Hemoglobin Oct-1 (M00135) 63/108 58
GATA-X (M00203) 16/24 66
GATA-2 (M00348) 10/17 58
Interferon Oct-1 (M00138) 21/39 53
Dof-2 (M00353) 21/41 51
FOXJ2 (M00422) 43/85 50

Putative cis-elements detected with TRANSFAC matrix with an overlapping
rate (OP,) >0.5 are not shown.

“Number of putative cis-elements without overlapped MEME motifs / total
number of the putative cis-elements detected with TRANSFAC matrix M.

cis-elements can be recognized with our method and the
proper thresholds for some PWMs of TRANSFAC can be also
determined automatically with the comparison with the pre-
defined control data set. These thresholds can be used for
further investigation based on TRANSFAC PWMs.
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The observation of high frequency motifs in a sequence
group indicates that these over-represented motifs probably
have an important function, and their corresponding tran-
scription factors may play important roles in the regulation of
genes in this sequence group. Because of this, the pattern of
these motifs was highly conserved after years of evolution.

The analysis to detect putative over-represented cis-
elements is largely affected by the size of the sequence
group and the length of the promoter sequences one can get
from the database. If the full length of each promoter is
available, more information should be retrieved with this
method. Only the 600 bases upstream of the transcription start
site were used in the analysis, avoiding collecting too much
sequences without transcription factor binding sites. Although
there were known binding sites of some transcription factors
located, the distribution of the binding sites in the remote
upstream region were relatively small.

PEG, a tool to extract promoters from GenBank, was
developed by Theresa Zhang (27). With the ability to get
promoters belonging to the same family, our method can be
further tested with other data sets.

The over-represented motifs detected with our approach
were compared with the motifs detected with MEME. Some
motifs were detected by both methods. Several motifs detected
by MEME were not detected by our approach; these motifs
were probably binding sites of some unknown transcription
factors. Our method was based on PWM data derived from
known binding sites. Only the over-represented motifs that
were similar to some PWMs in the database could be detected.
An overlapping rate analysis for the motifs detected with
TRANSFAC matrices indicated that our approach may be able
to detect some signals on the sequences that were not
presented in the output of MEME. Moreover, over-represented
cis-elements detected with TRANSFAC matrices can be
directly connected with their corresponding binding factors
with TRANSFAC data.

Recently, the number of matrices collected by TRANSFAC
version 6.0 had increased to more than 500. When more
matrices become available, this method should be more useful
to detect the over-representing binding sites of transcription
factors within a group of related promoters. However, the
PWMs used in this method are not necessarily restricted to
TRANSFAC matrices. This method can also be used to define
proper thresholds for other customized PWMs and locate
putative binding motifs in promoters with similarity scores.

The result of the analysis was also affected by the quality of
the collection of promoters of possibly co-regulated genes.
Currently, co-regulated genes were selected in the same
protein family from EPD. However, different proteins belong-
ing to the same family may not have the same function.
Therefore, transcription regulation of these proteins may not
be actually conserved, even though the proteins still belong to
the same family. An analysis with the promoters of carefully
selected co-regulated genes should reveal more useful
information. Gene expression data can be used to cluster
genes into different co-regulated groups. Co-regulated genes
thus clustered can be used to detect potential transcription
factor binding sites located within most of the promoters.
Gene expression data of yeast has already been used in
detecting putative transcription factor binding sites (28).
Twenty-six TRANSFAC matrices (TRANSFAC 6.0 public)

were derived from cis-elements identified in yeast. With these
26 yeast matrices, our approach can be easily applied to the
yeast promoters. The analysis of the promoters of co-
regulatory genes determined by yeast expression data may
reveal interesting results.
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