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        Transcriptional Regulation in Eukaryotic Sequences 

                 Wataru  FUJIBUCHI* and Minoru KANEHISA* 

                               Received August 6, 1993 

   We present a heuristic method to define sequence motifs for transcription regulation from a set of 
DNA sequences upstream of the transcription initiation site. The method first identifies weakly con-
served blocks within a given window relative to the initiation site by the search and merge of six-base 
patterns. Then most conserved portions of these blocks are extracted by calculating the information con-
tent after similar blocks are multiply aligned. The procedure was applied to primate promoters and the 
result was evaluated with the Transcription Factor Database (TFD) . 
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                           1. INTRODUCTION 

   The compilation of biosequence databases will bring useful information for molecular 

biologists if appropriately accompanied by theoretical studies. Sequence alignment is a well 

established method to identify similar regions, including functional sites, of nucleic acid and 

protein sequences when they contain relatively long stretches of similarity. However, it is 
often the case that functional sites share too weak and localized similarity to be detectable by 

simple sequence alignment. By compiling many sequences and applying more sensitive 

methods, it becomes possible to identify sequence motifs that signal important biological 

functions. 

   For protein sequences such motifs are relatively well defined, organized in libraries like 

Prosite , and utilized for biological interpretation of amino acid sequence data. In contrast, 

nucleic acid sequence motifs still require major efforts to collect and properly organize re-

levant data and to develop computational methods to define and extract biologically important 

sequence patterns. We are interested here in extracting transcriptional control signals from 

a set of eukaryotic sequences. In the past, certain statistical methods''') were applied to 

DNA sequences supposed to contain promoter signals and detected conserved sequence pat-

terns. None of these methods, however, was able to inform the actual length of the regula-

tory site. The definition of a regulatory site may better be achieved, when all sequences in a 

data set are known to contain regulatory sites, by studying the information content") of the 

DNA sequence. 

   Our aim is to identify regulatory sequence patterns which have optimized lengths from a 

set of sequences which may or may not contain regulatory sites. We have developed a 

heuristic method which first identifies weakly conserved blocks by the search and merge of 

*Sig Ai,: Division of Molecular Biology and Information III, Institute for Chemical 
Research, Kyoto University, Uji, Kyoto 611 
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short patterns and then extracts most conserved portions of these blocks by a combination of 

alignment and information content algorithms. This process may reflect biological situations, 

where transcriptional signal sites can be somewhat different in different sequences but they 

may contain a highly conserved consensus core and extended regions in one or both direc-

tions. Whether our method can reproduce biologically significant patterns is estimated by 

the use of the Transcription Factor Database (TFD) 6) as a kind of evaluation function. 

                     2. MATERIALS AND METHODS 

2.1. System and Dataset 

   A dataset of primate sequences upstream of the transcription initiation site was compiled 

from the EMBL database release 31.0 on a Sun SPARCstation 2 using the promget program 

coded in C on the UNIX operating system. First, sequences were selected by the keyword 
"prim transcript" in the EMBL features table , and there were 322 sequences out of 16,172 

primate entries. We examine up to 1000 bases upstream of the transcription initiation site, 
which are numbered in the 5' to 3' direction from -1000 to -1 where -1 is the base position 

immediately preceding the initiation site. They are divided into 10 regions each containing 

100 bases. When aligned at the base position -1, each region may contain truncated sequ-

ences because the data set contained sequences with varying lengths. For simplicity, we re-

quire all sequences in one region be 100 bases long, removing truncated portions. 
   Next, to remove duplicate entries of similar sequences, all pairwise alignments of col-

lected sequences were performed in each of the 100 base regions. For each group of sequ-

ences with above 80% similarity, only one representative was retained. As the result, there 

were 225 sequences in the first (-100 to -1) region and 94 sequences in the last (-1000 to 
-901) region of the dataset . 

   The actual analysis described below was done on a CRAY Y-MP2E/264 with programs 

coded in C and implemented on the UNIX operating system. 

2.2. Search for blocks of conserved patterns 

1) Putative functional fragment 

   In order to get sequence patterns which may bear biological significance, we search con-

served patterns at specific locations relative to the transcription initiation site. For that 

purpose, we define a putative functional fragment (PFF) as: 
    an 1-base pattern found in f% of all the sequences allowing up to s% substitutions. 

A window search method') is used to count the frequency of each fragment in order to 

accomodate some variations of the location. As illustrated in Fig.1, the sequences of 100 

bases long taken from one of the 10 regions of the dataset are aligned and the sequence pat-

terns of 6 bases (1 = 6) are searched in the window of 16 bases. 

2) Block mapping 

  Once relatively conserved six-base patterns of PFFs are found in each 16-base window, 

the actual locations of the six-base patterns are then examined on the original sequences 

allowing again up to s% substitutions. If one PFF overlaps another with five bases sharing, 

i.e. , if one PFF is shifted by one base from another, the two PFFs are combined. We call a 
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Fig.1. Selection of putative functional frag- Fig.2. A schematic illustration of how the opti-
     ments (PFFs) by the window search mized block is obtained. (a) An initial 

      method. The occurrences of 6 base pat- block is obtained by combining adjacent 
     terns are searched in the window of 16 PFFs in the original window. (b) Then 

     bases in order to accomodate variations the block is aligned with homologous 
      of the location. In addition, the search blocks with the same or shorter lengths, 

     is made allowing base substitutions in and the significant region is extracted by 
      order to include similar patterns.the information content. 

combined region of PFFs a block. Thus, many PFFs found in a given window in one sequ-
ence form a limited number of blocks (Fig.2) . By this process which we call block 
mapping, a set of sequences is converted into a set of blocks in a given window. 

2.3. Optimization of block length 
   Blocks containing the same PFFs have, in general, various lengths with a highly con-

served core region and extended region (s) . To extract only the significant region in each 

block, we have devised an iterative refinement procedure as follows. 
1) Local alignment of blocks 

   Suppose one block is selected for refinement. First it is aligned with other blocks of 
equal or shorter lengths. The local homology score of two blocks is defined by : 

                     i+k,j+k 
Si; = max 1 ~, eij l , k('- I) 
                  i,j,k i,j 

eij = 11 (base i = base j) , -1 (otherwize) f 
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where eij is a single base similarity score between position i of one block and position j of the 

other. Sij is the locally maximal homology score for the segment of length k when two blocks 

are aligned without any gap. If the base substitution of the k-base segment is equal or under 

the substitution parameter (s%) of PFF, the aligned block is retained. Thus, the block be-

ing considered is multiply aligned with a number of locally homologous blocks. This multiple 

alignment is converted into the base frequency matrix which has elements of four times the 

length of the block being considered. 

2) Information content 

   In order to extract a significant portion of the block, the information content was calcu-

lated using the base frequency matrix. We adopt the definition of the information content 

following the work of Iijima and Kanehise: 
TT 

         I = pb * log (pb) - fb * log (fb) 
      b=Ab=A 

pb= (nb+1) /(N+4) 
          N : the number of sequences 

          nb: the frequency of base b in the column 

fb : the frequency of base b in the entire window 

We consider the portion which satisfies the following two conditions to be significant and 

only this portion of the block is retained for further analysis. 

    (a) The total number of bases at each column is no less 
      than the half of the average number in all columns. 

    (b) The information content on both ends of the columns 
       is more than the threshold Ithres• 

The base frequency matrix is first inspected with (a) and, if the selected columns form a 

segment of more than 4 bases, it is then inspected with (b) 

3) Iterative procedure 

   In practice, all blocks found in a given window are sorted and grouped according to the 

length. Starting with the longest one, each block among the same length group is in turn 

taken for multiple alignment with similar blocks of the same and shorter lengths by the proce-

dure 1) . The resulting base frequency matrix is used to optimize the block length by the 

procedure 2) . The shortened block now belongs to another group of a shorter length and it 
is later utilized when blocks of that length are examined. To avoid order dependency, all 

base frequency matrices and information contents are calculated among the same length group 

before performing the shortening of blocks. The procedure is illustrated in Fig.2. 

                             3. RESULT 

3.1. Determination of parameters 
   There are three parameters in our method which need to be estimated first: the fraction 

of sequences containing a given pattern f, the pattern substitution rate s, and the threshold 

information content Ithres• Since our purpose is to extract biologically meaningful patterns, 

we use the Transcription Factor Database (TFD) 6) as a reference of experimentally deter-
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mined functional sites. 

   Before the critical evaluation, we first counted the number of unique mapped blocks to 

roughly estimate the range of parameters  f and s to be used. We examined various values of 

f and s in the region of -100 to -1, which contained TATA box position around -30 to -25. 

When we searched PFF patterns of 6 bases (1 = 6) in the window of 16 bases, we allowed 0, 

1, 2 substitutions (s = 0, 1/6, and 1/3) with the values of f ranging from 10% to 50%. 

When s = 0 no blocks were extracted other than TATA related ones, while when s 1/3 vir-

tually all the 16 base windows were extracted as single blocks (data not shown) . Thus, we 

chose 20%, 25% and 30% substitutions as the parameter s. The observed frequency of uni-

que blocks, which exclude identical blocks of the same lengths, with s = 1/6 is shown in 

  500--------------------------------------------------- 

 400- 
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   o+~ 

200 

                  

1 I 100-I~ —~ /=10(%) 
                                                                        -+- /= 14(%) 

16(%) 
                                                               -~ = 16(%) 
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                              Position 

            Fig.3. The number of unique blocks observed in the -100 to -1 region of 

                  primate promoter sequences with various values of the frequency 
                 parameter f. According to the method described in 2.2, blocks 

                 are obtained by the search of 6 base PFFs and subsequent block 
                 mapping in the window of 16 bases. The substitution parameter 

                  used was: s = 1/6. As the frequency parameter f takes smaller 
                  values, the TATA box-like peak around -30 to -25 appears 
                     clearly. 
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       Fig.3 with various values of f. When f = 10% the TATA peak was not so distinct, while 

       when f = 20% or higher the TATA peak was clear but most other peaks were suppressed. 

       Therefore, we chose 12%, 14%, 16%, and 18% for the parameter f, which may well detect 

       signals other than TATA box. 

           Using combinations of s and f chosen above, blocks were extracted and their lengths 

       were optimized by the information content. As it happened, since blocks were constructed 

       from PFFs there was a chance of observing very infrequent block patterns. In order to 

       further exclude less frequent patterns, we performed an additional selection as follows. A 

       block is removed if the observed frequency of itself and similar blocks up to s% substitutions 

       combined is below f% of the number of sequences. 

           With the combinations of parameters s and f, we varied the last parameter Ithres ranging 

       from 0.1 to 0.6, and the selected blocks were compared with TFD consensus sequences. 

f = 12(%)f = 14(%) 

5----------------A- s=20(%)5-------------------~- s=20(%) -0- s = 25(%)-0-- s = 25(%) 
4 -^- s= 30(%) s= 30(%) 

               3 Ei-----r% ,E.-4" 3 E:"DND                2
-pU 2 

                 de-------n 1zi `n e e n 

o--------------------0-------------------------^ ...... 
                           0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.0 0.1 0.2 0.3 0.4 0.5 0.6 

                      Ithres(bits)Ithres(bits) 

f = 16(%)f = 18(%) 

5-------------------n- 5 s = 20(%)-h-- s = 20(%) 
-0- s = 25(%)-0- s = 25(%) 

4'-^- s = 30(%) -4 --0-s = 30(%) 

         6. -----        6.3^03- 
              '0-------^ ^^£11---------
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0---------------------^ .........0• 
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                        Ithres(bits)Ithres(bits) 

                    Fig.4. The match rate of optimized blocks with TFD consensus 
                          patterns is plotted against the threshold of information 

                           content at various values of the frequency parameter f 
                           and the substitution parameter s. 
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As shown in Fig.4 the number of perfect matches with TFD took the highest value when: f = 

 14%, s = 30% and Ithres = 0.1. This is the parameter set used in the present study. 

3.2. Characterization of blocks by TFD 

   With the parameter set determined above, we extracted blocks from each of the ten re-

gions that cover base positions -1000 to -1 and inspected the number of matches with TFD 

entries. A block is considered to match a TFD entry when the TFD pattern is included in 

the block pattern. Thus, each block is compared with all TFD entries with the same or 

shorter lengths and the result is shown in Table 1. Note that a block may correspond to mul-

tiple TFD entries. For each of the ten regions Table 1 shows the number of sequences 

examined, the number of extracted blocks, and the number and fraction of matched blocks, 

as well as the numbers of blocks which correspond to specific transcription factors. 

                         Table 1. Blocks characterized by TFD. 

Region-1000 -900 -800 -700 -600 -500 -400 -300 -200 -100  
Sequences94103 122 129 138 155 179 197 215 225 
Extracted Blocks 196 197 86 75 126 71 60 135 209 308 

 (Factors)(Corresponded Blocks)  
TFIID00 1 0 0 0 0 0 0 93 
(TFIID/TBF)00 1 0 0 0 0 0 0 90 
B-factor00 0 0 0 0 0 0 0 68 
TCF-1711 3 5 2 4 1 1 1 59 
LVc54 7 2 10 3 3 7 16 16 
T-Ag53 2 1 11 2 10 30 24 16 
GCF00 0 0 0 0 0 0 12 16 
Spl01 0 0 0 0 0 1 16 15 
AP-200 0 0 0 0 0 0 8 13 
GAL467 0 1 5 2 0 1 1 11 
BGP100 0 0 0 0 0 1 8 8 
(Spl)00 0 0 0 0 0 1 8 8 
LSF00 0 0 0 0 0 1 8 8 
CTCF53 1 1 4 1 2 11 12 7 
GATA-100 0 0 0 0 0 0 0 4 
malT00 0 0 4 0 0 1 1 3 
PuF00 0 0 0 0 0 1 1 3 
(SRF)00 0 0 0 0 0 0 0 2 
SRF00 0 0 0 0 0 0 0 2 
(TFIID/TBP)00 0 0 0 0 0 0 0 2 
zeste01 1 0 0 0 0 0 0 2 
CF100 0 0 0 0 0 0 0 1 
sigma-7000 0 0 0 0 0 0 0 1 
MEF-200 0 0 0 0 0 0 0 1 
LBP-146 0 2 2 2 12 1 3 0 
H4TF-200 0 0 0 0 0 1 0 0 
PEA336 0 0 1 0 1 0 0 0 
GR03 1 0 0 1 0 0 0 0 
PU.122 0 1 1 0 0 0 0 0 
GCN401 1 0 0 0 0 0 0 0 
AP-101 0 0 0 0 0 0 0 0 
mulutiple41 0 0 0 0 0 0 0 0 
c-Myb20 0 0 0 0 0 0 0 0 
Myb20 0 0 0 0 0 0 0 0 
v-Myb20 0 0 0 0 0 0 0 0  
Coresponded3845 16 12 35 15 27 54 84 198 
Percentage 19.39 22.84 18.60 16.00 27.78 21.13 45.00 40.00 40.19 64.29 
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   As can be seen 64% of our blocks corresponded to TFD entries in the -100 region cover-

ing base positions from -100 to -1. The result shows the match rate decreases as the dataset 

region goes upstream. Although the match rate in the -900 region seems somewhat higher 

than the -1000 and -800 regions, the difference could well be within statistical variations, 

especially because the number of sequences is roughly half that of the -100 region. 

   In the -100 region TATA box- and GC box-related patterns (eg. , ATATAAAAAG and 

GGCGGGG) found in factors such as TFIID, GCF and Spl represent a large fraction of 

blocks extracted. Thirteen blocks with AP-2 like patterns (eg. , GGGCAGGC) were all 

matched with exact lengths. An interesting observation was the existence of TFIID-like 

blocks in the -800 region. Investigating the data in more detail, we found that TATA box-

like blocks were located on the reverse strand. Since, in addition, we found Spl-like blocks 

appeared in the -900 region, this may suggest that there are genes transcribed in reverse 

direction in that region. 

3.3. Block length 

                    Range 

-901 to -moo IBlock Length 
      -801 to -900I1112 

                                                              10 
     -701 to -8009
9 
                       -601 to -700 

                       -501 to -600 

                       -401 to -500 

                       -301 to -400 

                       -201 to -300' _ _... 
          -101 to -200 III —_-.- - 

-1 to -100 11 10 g 8 
             0100 - 200 300 400 500 600 

                                            Blocks 

             Fig.5. The length distribution of optimized blocks in each 100 base 
                     region of primate promoter sequences. 

   The distribution of block lengths are shown in Fig.5. In general 6 and 7 base blocks 

were most frequent in all regions, while significant number of longer blocks were found in 

the -100 region. We did not find 5 base or shorter blocks in any region. Again, it is not 

certain whether the apparent increase of blocks found in the -1000 and -900 regions is sim-

ply a result of statistical variations or contains any biological significance. 

3.4. Motif dictionary 

   Toward making a dictionary of functional words for interpreting DNA sequence data, we 

have compiled our collection of blocks in a form shown in Fig.6. This is an entry of our 

motif dictionary which contains the block pattern, the observed frequencies of the block and 

similar blocks both in numerical and graphical representations, the base frequency matrix, 

and the corresponding TFD entries. 
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   Functional Word Dictionary 

   Word:  CTATAAAAGG200- 
  Length: 10160- 

    Appeared Position:120 
  Original: 7 -40-g 

    Substitutes: 173"'R0°'0  1 1 ttSII 
    Frequency Matrix:-100 -so -8o -70 -60 -50 -40 -80 -20 -10 +1 

A 85 6 1/8 0 180 178 172 159 74 37 0.47 0.03 0.99 0.00 1.00 0.99 0.96 0.88 0.41 0.21 
T8 158 2 179 0 1 1 7 1 9 0.04 0.88 0.01 0.99 0.00 0.01 0.01 0.04 0.01 0.05 
G 35 4 0 0 0 1 4 14 99 100 0.19 0.02 0.00 0.00 0.00 0.01 0.02 0.08 0.55 0.56 
C 52 12 0 1 0 0 3 0 6 34 0.29 0.07 0.00 0.01 0.00 0.00 0.02 0.00 0.03 0.19 

   TFD record: IMAMM (lriJU/TBF)TATAAA 
   TFD record: IDROS B-factorTATAAAA 
   TFD record: CMAMM TCF-1MAMAG 
   TFD record: IEUK 11-111)TATAAA 
   TFD record: IYEAST TEnDTATAAA 
  TFD record: IMAMM TFm)TATAAAA 
  TFD record: IMAMM TEODTATAAAA 
   TFD record: CMAMM 11.n0TATAWAW 

            Fig.6. An entry of the DNA functional word dictionary. This word is extracted 
                   from the -100 to -1 region of primate promoter sequences. As shown here 

                  the dictionary contains the word pattern, the length of the word, the number 
                   and the position of original and similar words, and the consensus matrix 
                   showing possible variations in similar words. Actual usage of the word is 

                   given, if it exists, as corresponding TFD entries. 

                                4. DISCUSSION 

        The method we presented in this paper is an approach toward automatic detection of 

    functional signals dispersed in DNA sequences. Roughly speaking, it consists of two steps: 

    (i) finding weakly conserved patterns in a given window (PFF search) and combining them 

    as blocks (block mapping) ; and (ii) extracting most conserved portions of blocks by local 

    alignment and calculation of the information content. It is known that the first step itself in-

    volves difficult statistical problems of estimating the frequency of observing specific DNA 

    patterns. Thus far, Markov chain models3) have been presented to estimate sequence 

    probabilities. It may be possible to apply such stochastic models to the refinement of the 
    first step of our procedure. In this paper we took a practical approach and adjusted the pa-

    rameter values by experimental data stored in TFD. However, since the parameters were 

    adjusted in the -100 region which is exceptionally rich in biologically significant patterns, 

    the validity of the parameter values in others regions is not clear. It will be necessary to use 

    other parameter values and examine, for example, if we can still observe more signals in the 
    -1000 and -900 regions as indicated in Fig .5. 
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          The second step of block length optimization by the information content contains our idea 

      of distinguishing a highly conserved core and extended regions of a regulatory site. This 

      may reflect the way transcription factors interact with DNA in the three-dimensional 

      structures, which may require a common spatial contact and minor variations dependent on 

      local DNA conformations. It is assumed that the information content of blocks reflects those 

      conformational properties. 

         The result of comparison with TFD gives us new biological insights into the DNA sig-

      nals. For example, TATA box is often described as 'TATAAA' or 'TATAAAA' in the 

      textbook. However our result shows that TATA box-like blocks are formed mainly beginning 

      with 'GTATA', 'CTATA' or 'ATATA', and blocks beginning with 'TTATA' exist much less 

      frequently. In fact, the information content is high at the base position preceding 'TATA'. 

      We think it better to call VTATA box rather than TATA box. 

          In this paper we concentrated on the application of our method to transcription signals, 

      but it is also applicable to analyzing other regulatory signals in DNA and RNA sequences, 

      such as translation initiation signals, splicing and other RNA processing signals. As the 

      genome sequencing projects proceed, there will be more pressing needs for understanding 
      specific signals that play important roles in gene regulation and expression. The approach 

. presented in this paper is an important step towards efficient extraction and use of biological 

      knowledge from rapidly expanding sequence data. 
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