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ABSTRACT

We have devised an algorithm for finding partial homologies among a
set of nucleotide sequences. The algorithm and other improvements have
been incorporated into a commonly used computer program for the analysis
of sequence data.

INTRODUCTION

The discovery of rapid techniques for sequencing DNA has been
paralleled by the development of computer programs for analyzing DNA
sequences (for review see ref. 1). We have previously described one of
the most extensive such programs (2), which has since been expanded and
modified (3,4). This computer program has been used as an aid in the
analysis of transcription termination sites (2,5), origins of DNA repli-
cation (6), satellite DNA (7), bacterial transformation sequences (8),
splice junctions (9), small nuclear RNAs (10,11), insertion elements (12),
SV40 variants (13), retroviruses (14), and genes for tRNA (15), ribosomal
proteins (16), 5S ribosomal RNA (17), large ribosomal RNAs (18-20), a-
globin (21), immunoglobulins (22), hormone precursors (23), ovomucoid (24),
dihydrofolate reductase (25), chorion proteins (26), restriction enzymes
(27), and the tryptophan operon (28-30).

Our program (2) has the ability to compare two DNA sequences for
regions of partial homology. It is often important, however, to search
a whole set of sequences for homologous regions appearing in most or all
of them. For example, promoters for E. coli RNA polymerase are character-
ized by partial homologies in the -10 region (Pribnow box, ref. 31,32)
and -35 region, with each region consisting of 6-7 nucleotides (reviewed
in ref. 33). Similarly, one goal of current research on eucaryotic pro-
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moters is to find functionally relevant sequence homologies (e.g., the
"Hogness bok," ref. 34).

Parital homologies among a set of sequences are not readily detected
by a computer program that compares sequences two at a time, because each
pair of sequences contains many homologies not shared by the others. We
have therefore added to our program a procedure for detecting multi-
sequence homologies, based on an algorithm that analyzes all the sequences
simultaneously. We have also added to the program procedures for deter-
mining fragment lengths produced by multiple restriction enzyme digests
and for performing other convenient functions. The expanded program is
available from L.J.K. upon request.

MATERIALS AND METHODS

The program was written in the language PL/I and developed using the
NIH extended WYLBUR editor. The completed program has been compiled using
an IBM optimizing PL/I compiler and run on an IBM 3033 computer.

RESULTS AND DISCUSSION

A procedure for finding homologies. We present first an example of
the new procedure's applications; a description of the homology algorithm
and instructions for using the program are given below. We applied the
program to 7 of the earliest well-characterized promoters for E. coli RNA
polymerase: X P T7 A3, lac, gal, trp, tRNATyr, and SV40 (for sequences
and references, see ref. 33). The program was required to try to find,
in at least 5 out of the 7 promoter sequences, 6-nucleotide long segments
(6-mers) that differ from a consensus 6-mer by no more than 1 nucleotide.
Moreover, the distances of the 6-mers from the respective RNA startsites
were required not to differ by more than 4 nucleotides. Two such sets of
homologous 6-mers are shown in Figure 1 as detected by the computer. One
homology clearly corresponds to the -35 promoter region and the other to
the -10 region (33). Two other homologous sets, overlapping the ones

shown, were also found.
Analogous results were obtained when other selections of promoters

(33) were analyzed or when somewhat different restrictions were made on
the number of mismatches allowed and the number of sequences missing the
homology. However, when the criteria for matching were made too stringent,
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1 6 TTGACT 1
2 5 TTGACA 2 28 TACGAT
3 5 TTTACA 3 29 TATGTT
4 4 29 TATGCT
5 5 TTGACA 5
6 6 TTTACA 6 28 TATGAT
7 7 28 TATMT
CONSENSUS TTGACA CONSENSUS TATGAT

Figure 1. Homologies found by the program. The promoters compared were
(33): 1, XPR; 2, T7A3; 3, lac; 4, gal P2; 5, trp; 6, tRNATYr; 7, SV40.
The first numbers indicate the sequence and the second numbers indicate
the position in the sequence (position 1 is 40 nucleotides before the
RNA startsite). In each homology, the sequences for which there is no
entry did not contain a 6-mer differing from the consensus 6-mer by 1 or
fewer nucl eotides.

no homologies were found because of the intrinsic variation among promoters
Hence, the program can probably best be applied to a new set of sequences
by trying several different homology criteria and by analyzing the
sequences in medium-sized groups. Applications of the program to eucar-

yotic promoter sequences will be presented elsewhere.

Other improvements to the program. We added a procedure to determine
the fragment sizes produced by a double or multiple restriction digest of
a DNA molecule, which can be specified as linear or circular. The results
are displayed in an easily readable table, as shown in Figure 2.

The original program could translate a DNA sequence into amino acids
in any reading frame (3). A modification allows the printing of all but
a specified set of amino acids to be suppressed. In this way particular
codons, such as initiation or termination codons, can be highlighted (see
below).

We have also added a routine that lists the digestion products of
an RNA sequence by pancreatic or Tl RNAse, an aid to analyzing RNA finger-
prints. A final new procedure combines specified parts of two nucleotide
sequences into a third sequence, thus simulating ligation or splicing.

The homology algorithm. The algorithm depends on 6 variables
(Table 1): K, L, M, N, S, T. Given L sequences of length T, part of the
algorithm finds each oligonucleotide of length N (N-mer) such that at
least K of the sequences contain an N-mer not differing from it by more
than M nucleotides, with the positions of the K N-mers not differing by
more than S. We first outline this part of the algorithm in the case
S=T, so there are no restrictions on the relative positions of the N-mers.
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# OF
SITES SITES FRAGMENTS FRAGMENT ENDS

1 BAM Hl (GGATCC)
2 PVU 2 (CAGCTG)

4

270 (2) 2007 3506 270

1716 (2) 1446 270 1716
2533 (1) 973 2533 3506

3506 (2) 817 1716 2533

Figure 2. Double restriction enzyme digest of SV40 genome calculated by the
program. The enzymes used are printed and numbered at the left. All sites
for the enzymes in the SV40 sequence (35,36) are found by the program and
listed consecutively, with the enzyme that cuts at a site noted in paren-
theses. In a separate list, the fragments produced by the double digest are
arranged in descending order by length. The sites at the ends of each frag-
ment are printed next to it.

For each sequence, an array is created with 4N entries corresponding to

the 4N possible N-mers, and the values of all the entries of the array

are set to 0. For each N-mer occurring in any of the sequences, the

corresponding entry in the array belonging to that sequence is increased

by 1. Moreover, the entry corresponding to each other possible N-mer

that differs at M or fewer positions from the N-mer being considered is

also increased by 1. (For example, if N=4 and M=l, there will be 12 such

TABLE I. Parameters of the Homology Procedure
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Algorithm Program Function of the Variable
Variable Parameter (Parameter)

L Number of sequences compared
T Length of sequences compared
N SEARCH Length of the homologies sought
M MISSED Number of mismatches allowed

between homologous N-mers
K MINSEQ Minimum number of sequences

required to have a homology
S SHIFT Maximum difference in relative

position of homologous N-mers
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N-mers: 3 differing from the given N-mer in the first position, 3 differ-
ing in the second position, etc.). All the N-mers occurring in the L
sequences are systematically treated this way in the following order:
first the N-mers beginning with the first nucleotides of the sequences,
then the N-mers beginning with the second nucleotides, and so forth. When
this process is complete, an entry in the array corresponding to a sequence
will be greater than 0 if the corresponding N-mer appears in that sequence
with at most M changes.

The algorithm uses an additional array A with 4N entries assigned to

N-mers: the value of each entry is equal to the number of the other arrays
whose corresponding entry is greater than 0. The array A is constructed
simultaneously with the others, by adding 1 to an entry whenever one of
the corresponding entries in the arrays belonging to sequences becomes
greater than 0. When an entry in the array A becomes equal to K, the
corresponding N-mer is added to a list. At the conclusion of the process,
this is the desired list containing each N-mer such that at least K of the
sequences contain an N-mer not differing from it at more than M positions
(Note that a single set of K N-mers in the sequences can give rise to many
entries on the list, differing from each other and the K N-mers at no
more than M positions).

The algorithm is easily extended to the case when S<T by arranging
for the various arrays to progressively register only the N-mers contained
in a section of the sequences S nucleotides long. Specifically, as soon
as appropriate entries of the arrays are increased to reflect the N-mers
beginning in the I-th positions of the sequences, other appropriate entries
are decreased to reflect the N-mers beginning in the (I-S-l)-th positions
that must no longer be counted. Hence, the S-nucleotide long region in
which the N-mers can be found "moves along" the sequences. The process
is completed in a time proportional to only the first power of the total
sequence length.

To complete the algorithm, it is necessary to retain for each N-mer
listed a corresponding set of homologous N-mers contained in at least K
of the sequences. For this purpose, another array with 4N entries is
created for each sequence. These arrays are filled in simultaneously with
the former arrays. Each entry progressively records the position in the
corresponding sequence of the last N-mer (if any) to differ from the

entry's associated N-mer at no more than M positions (i.e., the last N-mer
to have contributed to the corresponding entry in the former arrays). When
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an N-mer is added to the list described above, the positions in K or more

sequences of the last N-mers to have differed from it at M or fewer

positions are read from the new arrays and listed with it. Moreover, this
set of positions is compared with all sets of positions already on the list,
and if it is identical to a previous one (see above), the new N-mer is

eliminated. Indeed, it is the set of K or more homologous N-mers in the

sequences that is actually of interest, and that need not be duplicated.
Finally, a consensus N-mer is calculated for each set of K or more N-mers

whose positions are on the list, and each set of N-mers is printed with

its consensus (Figure 1).

Use of the program. The basic input format for our program has been
described (3). When using the new homology procedure, only the sequences
to be compared and their names should be placed in the section for entering
sequences. Then a line reading 'COMPARE' 0 should be put in the section
for entering the procedures applied to individual sequences, in order to
activate the homology routine. Only the characters A, C, G, T and U in
the sequences will participate in correct matches. If the sequences are
not all of the same length, the program will "pad" the shorter ones on
the left in order to make them so; this will change the numbering of their
nucl eotides.

Several program parameters should be used to direct the homology
procedure by fixing the values of the algorithm variables (Table 1). The

parameter SEARCH defines the length of the N-mers sought, i.e., sets N
itself, while the parameter MISSED sets the number of mismatches allowed
between N-mers. As currently implemented, the program only allows two
values for SEARCH, namely SEARCH=4 with MISSED=O or 1, and SEARCH=6 with
MISSED=O, 1 or 2. These values are sufficient to find homologies of all
lengths, because longer homologies will consist of clusters of shorter
ones. The parameter MINSEQ specifies the minimum nunber of sequences re-
quired to contain homologous N-mers; the parameter SHIFT specifies the
maximum difference in the relative positions of the N-mers. For instance,
in the example given above (Figure 1), the parameters were as follows:
SEARCH=6, MISSED=l, MINSEQ=5, SHIFT=4.

To determine the fragment lengths produced by a multiple restriction
digest, the enzyme recognition sites and names should be placed in the usual
input section (3) immediately preceded and followed by lines reading 'DO'
'MULTIPLE'. Several sets of enzymes for multiple digests, each set sur-
rounded by separate lines reading 'DO' 'MULTIPLE', may be included to-
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gether in the input section along with single enzymes. (The same enzyme

may appear more than once). Then a line reading 'NAME' 14 0 in the pro-

cedure section (3) will specify that the digest calculations be performed
on the named sequence (Figure 2).

To use the modified translation feature, the parameter SIGNAL should
be set equal to a list of amino acids (possibly including an "END") in
single quotes. Upon invoking the translation procedure with a line 'NAME'
13 0, only those codons corresponding to the listed amino acids will be
translated. For example, setting SIGNAL='END' specifies that only termin-
ation codons be translated and SIGNAL='MET END' specifies that initiation
and termination codons be translated.

The procedure to list pancreatic and Tl RNAse digestion products of
an RNA sequence is invoked as usual; its procedure number is 17. Finally,
to combine two sequences a line containing both of their names should be

put in the input section normally used to compare two sequences for homo-
logies, preceded by a line reading 'LINK' 'LINK'. Lines specifying limits
and orientations of the sequences in the usual way (3) may be inserted
between these two lines in order to combine only parts of the sequences.
The combined sequence generated by this procedure should be stored in the
computer system so that it can be analyzed by the program.
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