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ABSTRACT

A new type of search algorithm to find biological information inherited
in nucleic acid sequences was developed. The algorithm is of pattern match
type and is based on the fact that genetic information often is a function of
a predictable statistical occurence of the four bases within parts of the
sequence. The search algorithm compares the known statistical pattern of
hbases 1in e.g. a promoter, with an unknown sequence and calculates the
statistical significande of the match at all positions in the unknown se-
quence. The program was tested on 54 published prokaryotic promoters. 44 or
49 could be found with 1 or 4 false answers, respectively. The program was
also used on plasmid pBR322. A1l promoters functioning in an in vitro tran-
scription system were found (tet, anti-tet, p4, bla and ori) except the so
called p5 promoter. A search for donor and acceptor sites was performed in a
human HLA genomic sequence that contains six introns. Five of the possible
six donor and acceptor sites were found.

INTRODUCTION

Computer programs for DMA sequences have become a necessary tool in
molecular biology during the last years. A number of papers describing
computer programs have been published (for a review, see ref.l).

Two principally different search algorithms to find regions of homology
within or between DNA sequences exists. The first algorithm compares two
sequences base per base and the operator defines minimum length of homology
and minimum number of hits within the homology. A simple type of this algo-
rithm is used by Staden (2,3) while Korn et al (4) have presented a more
sophisticated type that allows looping out of nucleotides. This type of
search algorithm has also been combined with a graphic presentation of the
result (5). The second type of search algorithm, the dot matrix method, has
been presented by Maizel et al (6). The program places a dot in a 2
dimensional graph at each position between the two sequences where a homology
exists of the length that was defined by the operator.

Both types of search algorithm have the disadvantage that they can only
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search a DNA sequence on the basis of hit or non-hit. It has become clear
during the last years that the degree of allowed variation of the four bases,
A,T,C and G within structures like promoters, ribosom binding sites or splice
points, differs from position to position in the structure (7,8,9). A pro-
gressively growing number of such structures have been sequenced and the
significance of the statistical variation of their base pattern is increas-
ing. Recently, an article was published (10) that shows that the "perceptron"
algorithm (11) can be used to generate a weighting function which afterwards
can be applied to separate two classes of sequences. In the article it was
used to create a base pattern of the ribosome binding region in E. coli and
to deduce if ribosome binding sites could be found in unknown sequences.

However, it is also important to simplify the search for known patterns
in an unknown sequence. To make it possible to search for structures
involving a statistically significant pattern e.q. a promoter, we developed a
novel type of pattern match algorithm for computers. Using the developed
program we could find 49 of the 54 promoters published by Siebenlist et
al (7) with only 4 false answers. The program was also able to find all
but one promoter in the plasmid pBR322 DNA sequence (12), both weak and
strong promoters in the E. coli L10 and L1l operons and to find 5 out of 6
splice points located within the DNA sequence of a human HLA antigen (13).

Description of the program
The program is written in PASCAL and consists of around 700 statements. The
data analysis was done on a DEC VAX 11/750 (VMS) connected to a DEC VT-100
video terminal. A copy of the program is available on request.

The program consists of two parts:
i) A statistical data table for the pattern to be found
ii) A calculation of the statistical significance of each match

When the program is initiated, the operator is asked to define sequen-
ce, type of search, data tables to be used and region within the sequence to
be searched ( Fig. 1). A number of data tables have been included in the
program but the operator can also design his own. As the last step, the
operator sets the level of significance and the program searches the sequence
for significant patterns.

We have found that a significance level of 0.002 when using equation
(1) and 0.0005 when using equation (2) is appropriate to use when a search
for prokaryotic promoters is performed.

The time consumption for the program is marginal. Even applications

on small computers are possible.
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RUN PR1

TYPE NAME OF SEQUENCE FILE
E.G. SV40.DAT <CR>

PBR322N

DEFINE TYPE OF SEARCH

STANDARD PROMOTERS 6+6 BASES TYPE 1<CR>
STANDARD SPLICE POINTS TYPE 2<CR>
ARBITRARY PATTERNS TYPE 3<CR>

1

DEFINE STATISTICS

ALL b+6 YOU TYPE 1<CR>
BK,ALFA b+6 YOU TYPE 2<CR>
BK,LAMBDA 6+6&6 YOU TYPE 3<CR>
RTBOSOM b+6 YOU TYPE 4<CR>
ANABOL b+b6 YOU TYPE 3<CR>
ST b+6 YOU TYPE 6<CR>
YOUR OWN MTRL NR YOU TYPE 7<CR>
SEARCH YOU TYPE 8<CR>

YOUR OWN MTRL FILE YOU TYPE %<CR>
MTRL ASSIGNED STAT YOU TYPE A<CR>
HELP YOU TYPE 7?<CR>
SAME YOU TYPE S<CR>

FIRST,LAST SEQ@ NO3
INTEGERS WITH SPACE IN BETWEEN

1 5000
GIVE LIMIT FOR SEQ. SEARCH
0.002
TTGEACA TATAAT
52 N 5 SR 2R SR 5 SR 3R % SEEENIIIIEIIEEIEE
1I0TTGACA 1S IZITTTAAT 38 @= 0.102273 # = 0.91
41433 T TG A A T 4148 4166 TTCAATA4171 @ = 0.006085 # = 0.80
4197 TT 6 T C T 4202 4220 TTBGAAT 4225 @ = 0.002466 # = 0.79
GIVE LIMIT FOR SEQ. SEARCH

Figure 1. Example of user communication of the program. A number of pre-
defined tables exists. Statistical table ALL will cause the program to use
the table presented in Fig. 2. Table BK,LAMBDA was calculated from lambda
promoters, RIBOSOM was calculated from ribosomal operon promoters and ANABOL
was calculated from promoters for biosynthetic operons (7). In the experiment
shown, all promoters with a stastical value above 0.002 are listed. The
calculation was done according to equation 2. The statistical value cal-
culated from the equations are presented in the tables to the right of the
found promoter sequences, were a is the value calculated from equation 2 and
x i1s the value from equation 3.

i) A statistical data table: For each biologically significant DNA
sequence that involves a consensus sequence e.g. a promoter of transcription
it is possible to create a data table showing the occurrence of each of the
four bases at each position. The significance of such a table increases of
course when the number of sequenced structures increases. In Figs. 2 and 3
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T T 6 A C A T A T A A T
T # 85 87 13 17 9 31 89 9 S50 17 7 100
A# 611 O 61 17 52 0 89 24 65 65 (o]
G# 4 081 2 7 11 7 2 7 15 7 0
C#% 6 2 620467 6 4 019 4 20 )
Figure 2. The statistical values used in the search for a standard pro-

moter. Data were taken from Siebenlist et al (7). The -35 region is shown to
the left and the -10 region to the right. The distance between the regions
was set to 15 to 19 base pairs. The figures used in the tables are the
occurence of each base at every position in the promoter region. The consen-
sus sequence is given above the table.

such data is shown. Fig. 2 is calculated from the 54 promoters published by
Siebenlist et al (7). To increase the significance new tables can be
constructed were promoters with similar function have been extracted and put
together. In Fig. 3 the statistical variation of both the donor and acceptor
sites in eukaryotic mRNA according to Breathnach and Chambon (9) is shown. We
have found it convinient to use a data table of 9 bases for a donor site
search and a combination of 5 and 12 bases for a search for possible acceptor
sites. Also a table around the splice junction in splice RNA (or cDNA) can be
constructed. The program allows the construction of any type of data table

DONOR 9 BASES TAELE

c
A AG 6 T A AG T
T# 41310 0100 7 10 3 62
A# 4259 10 O 0 56 68 10 16
G # 12 13 76 100 0 33 13 86 10
C#4114 4 0O 0 4 9 112
ACCEFTOR 5 BASES TAELE ACCEPTOR 12 BASES TABLF
T T T
cC A 6 G 6 T T TCTT X TC A 6 6 6
T#21 0 011 37 T # 44 52 46 43 50 55 2521 O O 11 37
A# 4100 02213 A# 14 715 8 5 724 4 100 0 2213
G# 1 0 100 47 32 G# 6 911 6 8 622 1 0 100 47 32
C#74 0 02018 C# 3632284337 322974 0 02018
Figure 3. Tables used in the search for donor and acceptor sites in

eukaryotic genes. The data were taken from Breathnach and Chambon (9). The
consensus sequence is given above the tables.
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according to the operators wish. It also allows the combination of any
number of tables with any distance in between the tables.

ii) Calculation of the statistical significance of each match: When
the search is performed the consensus sequence is moved along the test
sequence, one position at a time. At each position, the test sequence is
compared with the consensus sequence and the statistical value (see Figs. 2
and 3) for each of the bases at each position in the test sequence is taken
from the data table. The calculation of statistical value of the whole match
can now be performed according to one of the following equations.

nl X “2 XeooX nm_l X nm (1)
31 X az XeooX am_l X am

nl X n2 XeooX nm_l X nm X f(d) (2)
al X az XeooX am_l X am

M+ Ml ™ X 1 (3)
a1 3 S m

were n, is the score for base at position i taken from the data table, ay is
the score for the most frequent base at position i, m is the number of bases
in the match sequence and f(d) is a factor that is used in procaryotic pro-
moter search where the distance between the -35 and -10 region also is of
importance for the evaluation of the match.

A1l three equations give a value of 1 for a perfect match.

Equations 1 and 2 calculate the significance in a proper statistical
way. However, as is the case with the table in Fig. 2, position 12, where so
far only T has been found, the calculation according to (1) and (2) gives a
value of O for base A, G, and C in position 12 thereby biasing the result.
For such cases equation 3 is advantageous to use.

Equation (2) has been used to weigh the importance of the distance
between the -10 and -35 boxes in a prokaryotic promoter according to Mandecki
and Reznikoff (14) and Stefano and Gralla (15). For the different distances
between the boxes we have accordingly used the following values for f(d):
f(17) =1 ; f(16) and f(18) = 0.15 ; f(15) and f(19) = 0.02.

Equation (2) was used to search random sequences, each consisting of
10.000 bases, for promoter like patterns. The number of patterns found in
10.000 bases with a significance value above 0.002 never exceeded 1. 3 to 5
patterns with a value above 0.0005 were regularly found depending on which
random sequence was used.
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RESULTS
a) Search for "standard" promoters

The search algorithm was tested on the 54 published promoters taken
from Siebenlist et al (7) that was used to construct the data tables. All
promoters were entered as one long sequence (3240 bases), where each promoter
comprised 60 bases as can be seen in Fig. 4. Using equation 1 and a sig-
nificance level of 0.002 the program finds 43 promoters with only one "false"
answer (column 1). However, one anomality is found. Interestingly, the pro-
gram does not find the lacP115 promoter but a more significant pattern 12
bases upstreams which is the lac-wild type promoter. Using equation 2 which
also weighs the importance of the distance between the -35 and -10 boxes,
according to Mendecki and Reznikoff (14) and Stefano and Gralla (15), and a
significance level of 0.0002, 4 more promoters are found with 2 "false"
answers (column 2). Stil1 the lac-wild type promoter is pointed out as a
more significant pattern than the lacP115 promoter mutant (column 2). The
second "false" answer is the galP2 promoter which correctly is found as a
more significant pattern 12 bases from the weaker galPl promoter listed in
the table of Siebenlist et al (7). The result shows that the discrimina-
tory effect of the search increases when the distance between the two boxes
is taken into account.

To investigate what happens if the significance level is decreased
drastically we performed a search using equation 1 and a significan-ce level
of 0.0002. The result can be seen in Fig 5 were the new promoters found are
shown. Now the program finds 50 of the 54 but as can be seen the noise level
has 1increased drastically and 8 more "“false" promoters are opened. The
"false" promoters (underlined sequences in Fig. 5) that now are detected
very often overlap the promoter found at a higher level of significance. In
the cases of lamCIN, T7 C, T5 26 and G4 B the -10 region is relocated 1 or 2
bases from the first one found. A minor number of promoters are new
structures located at a different position than the first one found. It was
difficult to find promoters araBAD, bioA, laclq and araC. These promoters
are hidden in the background noise. Some of those four promoters are only
active in the presence of actabolite activator protein.

The following promoters gave a high value of significance (0.1 or
higher) using eq. (1): T7 A2, 0.1125;PhiX D,0.1009;G4 D,0.2656;1acUV5,
0.1625;tet,0,1023;str,0.48;rrnDXE2,0.722;rrnAl1,0.2833;rrnA2,0.1615. These 9
promoters can be considered as "strong" promoters in the sense that they show
a high resemblence to the consensus sequence. Two promoters gave a value
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TTGACA {==15-19--> TATAAT -=> START
ammmnn it
T7 A3 GTGAAACARAACGE TTGACA ACATGAAGTAAACACBG TACGAT GTACCAC A TGAAACGAC
T7 A1 TATCAAAAABGAGTA TTGACT TAAARGTCTAACCTATAG GATACT TACAGCC A TCGAGAGGG
lam PR TAACACCGTGCGTG TTBACT ATTTTACCTCTGBCGBT GATAAT GGTTBC A TGTACTAAGG
AACACGCACBGTGT TAGATA TTTATCCCTTGCBGTGA TABATT TAACGT A TGAGCACAARA
TACCTCTGCCBAAG TTGAGT ATTTTTBCTGTATTTGT CATAAT GACTCCT & TTGATAGAT
TATCTCTGGCGGTG TTGACA TAAATACCACTGGCEBT GATACT BAGCAC A TCAGCABBAC
GGTGTATGCATTTA TIIGLA JACATTCAATCAATTET TATAAT TBTTAT C TAAGGAAATA
TAGATAACAATTGA TTGAAT GTATGCAAATAAATGCA TACACT ATAGGT 6 TGGTTTAATT
TTAACGGCATGATA TTGACT TATTGAATAARATTGGHE_TAAAIT TGACTCA A CGATGBGTT
AAGAAAAACTGTAT TTBACA AACAAGATACATTGTAT BAAAAT ACAAGAA A GTTTGTTGA
CATTGATAABCAAC TTGACE CAATGTTAATGGGCTBA TAGTCT TATCTT A CAGBTCATCT
CTTAARARATTTCAG TTBCTT AATCCTACAATTCTTEA TAIAAT ATTCTC A TAGTTTBAAA
CATAAAAARATTTAT TTGCTT TCAGGARAATTTTTCTG TATAAT ABATTC A TAAATTTGAG
AATAACCGTCABGA TTGACA CCCTCCCAATTGTATBT TTTCAT BCCTCC A AATCTTGGBAB
TCTTAATCTTTTTG ATGCAA TTCGCTTTBCTTCTGAC TATAAT ABACAG 6 GTAAAGACCT
ACAAAACATTAACE TTTACA ATTTARATATTTBCTTA TACAAT CATCCT G TTTTTBBBGC
TTAAGAAATTCACC TCGAAA BCAABCTBAT TACAAT TAAABGC T CCTTTTGGA
TATTAACGTABATT TTTCCT CCCAACGTCLIGACTGE TATAAT GAGCCA 6 TTCTIAAAAT
GAATGCAATTBTTE TTBTTA ACTTGTTTATTBCABCT TATAAT BGTTACA A AT
T7 A2 ACGAARARACAGEBTA TTGACA ACATGAAGTAACATGCAE TAAGAT ACARATC 6 CTAGGTAA
PhiX D TAGAGATTCTCTTG TTGACA TTTTAAAABAGCETEEAT TACTAT CTGABTC C GATGCTGT
PhiX B GCCAGTTAAATAGC TTGCAA AATACGTGGCCTTATBBT TACABT ATGCCC A TCBCAGTTC
G4 A BCTCCAAATAATGC TTGACT AATACTCAATCACCACTC TAATAT BCCTCCC A TCAARACGG
GA B BGCAAATAAATAGC TTGCAA AACACBTBBCCTTATBGBT TACTCT ATBCCC A TCGCAGTCC
G4 D TAAACAATCAATBC TTGACA TACTGAAABAACBTBGCC TATTAT CCACATC 6 TCAACTGA
fd 11’ TTTGAATCTTTGCC TACTCA TTACTCCGBCATTGCATT TAAAAT ATAT G AGBGTTCTAAA
fd IV TGATAAATTCACTA TTGACT CTTCTCAGCSTCTTAATC TAAGCT ATCBCT A TETTTTCAA
M13-RNA CTARAGACTTTTTC ATGABE AAGTTTCCATTARACGBG TAAAAT ACBTAAT B CCACTACG
fd VIII GATACAAATCTCCG TTGTAC TTTGTTTCBCBCTTBE TATAAT CGCTGBE 6 GTCAAAGATG
lac WS JAGGCACCCCAGGC TTTACA CTTIAIGLITCCBBCTCB TATAAT GTGTBE A ATTGTGAGC
gal P2 CACTAATTTATTCC ATGTCA CACTTTTCBCATCTTTEYT TATGCT ATGBTT A TTTCATACC
ara BAD TTAGCGGATCCTAC CTGACG CTTTTTATCBCAACTCTC TACTET TTCTCCAT A CCCETTT
bio A GGGCCTTCCAAAAC GTGTTT TTTGTTGTTAATTCEBBTE TABACT TETAA A CCTAAATCTT
lac P11S CIIIACACTTTATG CTTCCE BCTCGIAIGIIGTETEE TATTGT BAGCGE A TAACAATTTC
lac I1Q GACACCATCGAATE BTGCAA AACCTTTCBCAETATEE CATGAT ABCBCCC 6 GAAGABGAGT
trp E.c. TCTGAAATGABCTE TTBACA ATTAATCATCBAACTAB TTAACT ABTACBC A ABTTCACGBT
trp S.m. 6T TTBACT TTBCCTTCBCBAACCAS TTAACT ABTACAC A ABTTCACB6
trp S.t. TACTBAARATAGGTG TTGACA TTATTCCATCGAACTAG TTAACT AGTACBA A ABTTCACAT
bio B TTGTCATAATCGAC TTBTAA ACCARATTEAAAAGATT TABBTT TACAABTC T ACACCBAT
bio P98 TTGTTAATTCGBTG TABACT TGTAAACCTARATCTTI _TARATT TGBTTT A CAAGTCBATT
ara C TTCTGCCETBATTA TABACA CTTTTBTTACBCEBTTTT TBTCAT BBCTTT 6 GTCCCEBCTTT
tet AABGAATTCTCATEBT TTBACA BCTTATCATCBATAABC TTTAAT BCBBTA 6 TTTATCACAS
str TCBTTBTATATTTC TTBACA CCTTTTCGBCATCBCCC TAAAAT TCBGC 6 TCCTCATATTE
spc CCBTTTATTTTTTC TACCCA TATCCTTBAABCBBTET TATAAT BCCBC 6 CCCTCBATATS
rpo B TGTAAACTAATBCC TTTACB TEEBCGBTBATTTTEBTC TACAAT CTTACC C CCACBTATAA
L11 CBBCBATTTAATCE TTBCAC AAGBCBTBAGATTBBAA TACAAT TTCBC 6 CCTTTTBTTTT
tyr tRNA TCTCAACGTAACAC TTTACA GCBBCBCETCATTTBA TATGAT BCOCCCC 6 CTTCCCBATA
rrn D1 BATCAARAAAATAC TTETGC AAAAAATTEBBATCCC TATAAT BCBCCTCC 6 TTGABACSBA
rrn X3 ATGCATTTTTCCGC TTBTCT TCCTGABCCBACTCCC TATAAT BCBCCTCC A TCBACACH6
rrn DXE2 CCTBAAATTCAGBG TTBACT C TAATAT ACBCCAC C TCBCBACABT
rrn E1 CTEBCAATTTTTCTA TTGCE6 CCTGCEBABAACTCCC TATAAT BCECCTCC A TCBACACES
rrn AL TTTTARATTTCCTC TTGTCA BBCCBBAATAACTCCC TATAAT BCBCCACC A CTBACACS6
rrn A2 BCAAAAATAAATBC TTBACT CTGTABCOBBAABECE TATTAT BCACACC C CBCBCCECTE
Qal P1 AATTTATTCCAIGY CACACT TTTCBCATCTTTETIAIGE JATEET TATTTC A TACCATAA
Figure 4. Promoters found using equation 1 and 2. The table was construct-

ed from reference 7. The consensus sequence for the -35 box (TTGACA), -10 box

(TATAAT) and the transcriptional
sequences.
means two found promoters.

start points are indicated above the
Promoters found are indicated by + in ‘the two right tables.
Underlined sequences shows either a discrepancy

++

between the positon of the promoter as defined in reference (7) and the
position found using the computer program or the position of an extra pro-
moter found by the computer. No + means that no promoter was found.

below 0.001. Those were:lam prm,0.0003;bio B,0.0003 and can thus be consider-
ed as "weak" promoters as discussed above. Also the four promoters that are
difficult to detect must be considered as "weak".
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TTBACA  <~--15-19--> TATAAT -=> BTART

lam CIN TAGATAACAATTEA TTBAAT BTATBCAAATARATBCA TACACT ATAGBT 6 TEBTTTAATT

17 ¢C CATTEATAABCAAC TTBACB CAATBTTAATBBBCTEA TAGICT TATCTT A CABBTCATCT
TS 26 CTTAAARATTTCAG TTBCTT AATCCTACAATTCTTBA TAIAAT ATTCTC A TAGTTTEAAA
£d X TCTTAATCTTTITG ATGCAA TTCBCTTTBCTTCTGAC TATAAT ABACAB B BTAAABACCT
G4 B GBCAAATARATABC TTBCAA AACACBTBBCCTTATERI _JACICT ATECCC A TCBCABTCC
fd IV TGATARATICACTA TTBACT CTTCTCABCBTLITIAAIC TAABCT ATCECT A TBTTTTCAA

lac UVS  TABBCACCCCABEC TTTACA CTTIAIBCITCCBBCTCE TATAAT GTBTE8 A ATTETBABC

bio B JIIGICATAATCBAC TTETAA ACCAAATTBAAAABATT TABETT TACAABTC T ACACCSAT
gal P1 AATTTATTCCAIGL CACACT TTTCBCATCTLIGITATEC TATBGT TATTTC A TACCATAA

Figure 5. Additional promoters found with equation 1 using a level of
0.0002. The additional promoters found are indicated as underlined structur-
es. See Fig. 4 for further details.

b) Search for promoters in plasmid pBR322

Plasmid pBR322 has been sequenced (12) and its promoters have been
mapped under the electron microscope within +/- 100 bp using an in vitro
transcription system (16). In the in vitro transcription system, 6 promoters
were found corresponding to the anti-tet (Pl), tet (P2), bla (P3), ori (Pp),
110 base pair transcript (P4) and c-amp-promoters (P5). We performed a pro-
moter search in the DNA sequence of pBR322 trying to find promoter 1like
patterns corresponding to the promoters found with the in vitro transcription
assay. The result is seen in Fig 6. All promoters except P5 (cAMP-promoter)
could easily be found. At the same significance level also 4 other patterns
similar to promoters were found. However, no ribosome binding sites could be

found after those promoter patterns. The promoters in front of the oriRNA -
showed up as a double promoter. Promoter P5 could only be found when the sig-
nificance level was decreased to a level where 4 more "false" promoters were
found.
c) Search for promoters in the L10 and L11 operons of Escherichia coli The
L10 and L11 operons are located together at position 89.5 min on the
Escherichia coli genetic map. The L11 operon contains the genes rpLK and rplA
which codes for the ribosomal proteins, L11 and L1, respectively. The L10-
operon contains four genes rplJ, rplL, rpoB and rpoC, with rplJ as the pro-
moter proximal gene. The genes rplJ and rplL codes for the ribosomal proteins
L10 and L7/L12, respectively. The two promoter distal genes, rpoB and rpoC,
codes for the 8 and B' subunits of the RNA-polymerase (Fig 7). Both operons,
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———(P3

{Pp {P1

PSyr—-—> P4)>—> P2
436y
2065 3000 4000 1 1000 2000
l ori bla tet ]
(PSy—) P4)—> 2 ?r-» P2r—m—m————>
2 2>
€ {Pp &— {P3 «—?

{Ppé€ —(P1

Figure 6. Promoter search in plasmid pBR322. The open box in the middle of
the figure shows the position of the genes that have been located on the
plasmid. Promoters found using an in vitro transcription system (16) are
shown above the open box. Promoters found with the computer program are shown
below the open box. ? denotes promoter-like patterns found with the computer
program but that cannot be detected in vitro. Equation (1) and a level of
0.002 was used in the search.

except the last portion of rpoC have been sequenced as one continuous stretch
of DNA and consists of 7604 basepairs (17,18,19). Two major promoter have
been found in this region of the chromosome (20,31); one PL11® is located
just upstreams rplK and the other, PL10 (or pB), in the 410 base pair intra-
cistronic region between rplA and rplJ. Subclonings and gene fusions has
been used to detect three weaker internal promoters in the L10 operon (21,
22,23). These promoters have sometimes been denoted P2, P3 and P4 (Fig. 7).

We searched the 7604 base pair sequence obtained from the EMBL database
for promoter-l1ike patterns. The result is also shown in Fig 7. Three
significant promoter patterns can be found at positions 45, 1313 and 1331.
The pattern at position 45 corresponds to PL11 and aligns well with the tran-
scription start point at position 79 (17). The transcription start point for
the PL10 promoter has also been mapped by in vitro transcription system on
small DNA fragments to position 1348 (17) and the pattern found at position
1313 corresponds well with this initiation point. Interestingly enough, only
18 bases downstreams, at position 1331, a thirteen times more significant
promoter pattern can be found. However, this pattern is seemingly not used in
the in vitro transcription system.

Seven less significant promoter patterns are also found. From the com-
piled data of Linn and Scaife (21), Barry et al (22) and Ma et al (24), it
can be deduced that the pattern at position 2231 is promoter P2 and the one
found at position 2525 is the P3 promoter. The promoter patterns at position
3441 and 6364 can both be promoter P4 while a transcriptional activity has so
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P P P2 P3 P47
L11 L10
1 1000 2000 3000 4000 5000 6000 7000
< > > < > >< >
rplK rplA rpld rpll rpoB rpoC
>—=> >-=>
45 1313 STRONG
>—=>
1331
>==> >==>  >==>  >==> >——> >—=>
145 1588 2231 2949 3441 6364 WEAK
>3
2525
TTGACA TATAAT
=== oommms 3 43ttt
45 TTGCAC S0 68 TACAAT 73 ¢ = 0.003838 PF(L11)
145 6 TTATT 150 168 TATAAT 173 & = 0.000641
1313 TTTACG 1318 1336 TACAAT 1341 & = 0.013319 P(L10)
1331 TTGETCT 1336 135 TATAAT 1359 & = 0.172222
1588 6 T 6 A C A 1593 1611 TTTTAT 1616 & = 0.001294
22321 T TTTAA 2236 2253 TAAACT 2258 ¢ = 0.000267 P2
2525 C T 6 A A A 2530 2547 TAGAAT 2552 € = 0.000386 F3
2949 TTG T C A 2954 2971 TATGG T 2976 & = 0.001089
3441 TT G AC T 3446 3464 CACTC T 3469 ¢ = 0.000872 F4?
6364 C TG AAA L3S 6387 GAAACT 6392 ¢ = 0.000220 P47

Figure 7. Promoter search in the L10 and L11 operon of Escherichia coli.
The open box in the middle shows the position of the genes in the L10 and L11
operons. Above the open box, the positions for the in vivo promoters are
shown. Below the box, the different strong and weak promoter patterns found
with the search algorithm are shown. The table below indicates the nucleotide

sequence and significance value of found promoter patterns. Equation (2) was
used in the search.

far not been attributed to the remaining three patterns.
d) Search for splice points in a genomic clone of HLA124
Genomic DNA sequence coding for one human histoincompatibility immuno-

globulin has been cloned and sequenced (13). The sequence that was taken from
clone 12.4 is 4122 base pairs long. The gene contains six introns and the
resulting protein was found to be composed of 338 amino acids. The junctions
between exons and introns were defined in the same article. We used the
compiled data for sequenced splice points presented by Brethnach and Chambon
(9) in order to find the splice points using our search algorithm. A search
for donor sites was first performed using the data table presented in Fig. 3
and a pattern of 9 bases assymetrically placed over the splice point. With a
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HLA 12.4
E1 E2 E3 E4 ES E6 E7
CH S N W E ] ]
1000 2000 3000 4000
[ ] [ ] ° ® [ I} [ ] Donor (0.008)
L] o W o o o Acceptor (0.99) 5 bases
o & oo [ ] ae o o Acceptor (0.038) 12 bases

Figure 8. Search for donor and acceptor sites in HLA 12.4 sequence. Exons
are marked E1 to E7. Filled circles and squares denotes correct donor and
receptor sites, respectively. Open symbols denotes additional sites found.
Equation (1) was used in the search.

discriminatory level of 0.006, 5 donor sites (IVS1, IVS2 ,IVS4 ,IVS5 and
IVS6) were detected (Fig 8). Also 3 other donor like patterns were found.
One was located very close to the acceptor site of IVS2 and the two others
were located in the middle of IVS3. The donor site boundering IVS3 could only
be detected when the discriminatory level was lowered to a point where the
noise level had increased unacceptebly. The strategy was altered when
acceptor sites were traced. First we used a data table of 12 bases (Fig. 3)
and a low level of significance. Four acceptor sites were detected (IVS1,
IVS4, IVS5 and IVS6)(Fig. 8). By shortening the data table to 5 bases but
increasing the level of significance to a very high level (0.99) we were able
to detect also the acceptor site of IVS2 (Fig. 8). A total of 11 "false"
acceptor sites were also found. Two of these are located very close to the
real acceptor sites (IVS2 and IVS6). Three others were found very close to
the three "false" donor sites located in the middle of IVS3. Two "false"
acceptor sites were found in close proximity to the donor sites of IVS2 and
5.

DISCUSSION

The search algorithm presented in this paper offers a new way to find
patterns of bases inherited in genetic sequence. It requires a consensus
sequence for a specific function e.g. promoters or splice points. The value
of the search algorithm increases when more genetic material has been se-
quenced.

The program is flexible due to the fact that the pattern' can be of any
length and that any number of patterns can be linked together and that the
distance between each pattern can be varied. The program in its present
version has a small number of data tables built in but the operator has also
the option to construct his own tables.
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Two principally different equations to calculate the statistical signi-
ficance of a pattern is presented, one of which multiplies the values for

each position,the other is additive. All equations give a value of 1 for a
perfect match, a feature which we find is both simple and logical to use. It
is clear that the equation involving multiplication represents the "mathema-
tically proper" way to perform the calculation. However, the equation has the
disadvantage of biasing the result towards a predefined structure as is the
case of the -10 region of a prokaryotic promoter where it is taken for
granted that only T can exist in the last position. The equation involving
addition does not have this disadvantage and may find its use in certain
cases. It is however clear, that there is an absolute necessity to choose the
right level of significance, irrespective of the equation used, before execu-
tion of the program.

In patterns like a promoter it can be shown (15,16) that the distance
between the -10 and -35 regions is of importance for the function of a pro-
moter. When this information was taken into account in the search it was
possible to find more promoters with fewer false answers, thereby decreasing
the noise level. In the articles mentioned above it was also shown that the
strength of a promoter was greatly influenced by the distance between the two
boxes. Optimum distance was found to be 17 bases. It can also be shown that
the strength of a promoter most often increases when the sequence in the two
boxes is altered towards the consensus promoter. It would be interesting to
investigate if the algorithm presented in this paper also can be used to
quantify detected structures.

In the pBR322 sequence, all promoters detected in an in vitro transcrip-
tion system could be found but also four to eight other promoter Tlike
patterns out of which two were double promoters for the ori-RNA and the tet-
gene, respectively. It would be interesting to perform an experiment to study
the transcriptional activity of the detected patterns during in vivo condi-
tions to see if the promoters found by the computer program may act as
promoters in vivo. One way to improve the search algorithm would be to
include patterns for also transcription initiation, ribosome binding and
translation initiation. Such additions would strengthen the value of found
promoter patterns. Of course, adding a pattern for ribosome binding would
presumably mean that the ori-RNA promoter would never have been found.

A1 strong promoters found in vivo in the L10 and L11 operons could be
easily found with our search algorithm. Interestingly, the algorithm found a
13 times more significant pattern very close to the tentative P10 promoter
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picked out by Post et al (17). We think there are two possibilities for this
anomality i) the right transcription start point was not picked up in the in
vitro transcription system ii) if two promoter patterns overlaps each other
the first is always choosen but the existance of two patterns increases the
strength of the promoter. When the weak internal promotors were detected in
the L10 operon 3 "false" patterns showed up, two of which were in the L10
operon and one in the intracistronic region between the two operons. Also
here, an addition of a pattern for a translational startsignal would help in
the evaulation of found patterns.

The HLA gene contains six introns and thus six donor and six acce-
ptor sites. The search algorithm could find five of those but not the splice
point for intron number three. Also three "false" donor and ten "false"
acceptor patterns were detected. Two of the "false" donor sites and two
"false" acceptor sites were found clustered in the middle of the third
intron. It also became clear during the search that a combination of two
acceptor site patterns, 5 and 12 base patterns, had to be used in order to
find a maximum number of acceptor sites. Interestingely enough five "false"
donor sites were found that matched the five base pattern perfectly which may
interpreted to say that longer patterns in the sequence than five base pairs
have to be involved to determine were an mRNA is to be spliced. However,
using the longer pattern did not decrease the number of false acceptor sites.
One of the acceptor sites found with the 5 base pattern did not show up when
the 12 base pattern was used. Looking at the sequence around this site one
can see that it is very GC-rich which does not follow the rules for the 12
base pattern. This indicates that the sequence around the 5 base box may have
Tower importance if the 5 base box is identical to the consensus. The rather
high number of "false" donor and acceptor sites that were found is somewhat
puzzling because the patterns used ought to be a very good discriminator
againts the false structures. The result indicate that not yet discovered
structures inherited in the sequences have an importance for the proper
splice function.

As discussed above a DNA sequence like a promoter is composed of several
patterns, some of which are involved in interaction with the surface of the
RNA polymerase. To evaluate such an interaction to full extent it is not only
necessary to take the pattern of bases into account but also the position of
the bases in space. The first step towards such an evaluation was made in the
article of Siebenlist et al (7). Our search algorithm can be modified
according to this hypothesis and we believe that such a step would further
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help the operator in the search biological significant patterns. A first step
would be to present the result as a simplified 3-dimensional picture.

The published "perceptron" algorithm (10) produces a data table that
looks similar to ours. However, the perceptron data table is produced in an
entirely different way. The purpose of the perceptron is to separate two
classes of sequences. It can be used to separate e.g. promoters from non-
promoters. The result from the perceptron algorithm, however, looks similar
to ours and can be used in an analogous way. We feel that our algorithm has
two advantages over the perceptron algorithm. The first is the possibility
to let the scientists knowledge direct the search towards predetermined
structures by the construction of taylored data tables. The second advantage
is that our algorithm permits the connection of any number of data tables
with any distance between. The "perceptron" algorithm would produce a strange
information table over prokaryotic promoters since it so far cannot take into
account the variable distance between the -10 and -35 boxes.

The value of the presented algorithm will increase when more genetic se-
quences with inherited structures of biological significance will be found.
We believe that such new sequence patterns may be composed of e.q. tRNA genes
and enzyme active sites.
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