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Introduction 

The increasing body of nucleic acid sequence data has created interest 
among many scientists in computational approaches to macromolecular 
sequence analysis. Several international databases have been created in 
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order to store the data in a useful format, both for archival and analysis 
purposes.’ Both DNA and protein sequences databases are maintained. 
The value of simply having easy access to all membrane protein sequences, 
for example, is not to be underestimated. The quantity of data has natu- 
rally led to the development of computer approaches to sequence analy- 
sis.* The purpose of this chapter is to present some of the tools that we have 
created in order to analyze multiple sequences in a rigorous, efficient, and 
systematic way. 

Much computer analysis of molecular sequences is directed toward 
discovery of biologically significant patterns. These patterns include ho- 
mologous genes, RNA secondary structure, tRNA or structural RNAs, 
palindromes in DNA sequences, regulatory patterns in promoter regions, 
and protein structural patterns. Once the patterns have been located they 
can often be tested by experiment, as in the case of promoter elements. 
Evolutionary relationships, however, cannot be directly tested, and in- 
creasing emphasis is being attached to the discovery and interpretation of 
sequence evolution. 

, 

Sequence alignment is a popular approach to pattern analysis.2 Com- 
puter alignments are often based on an explicit optimization function, 
rewarding matches and penalizing mismatches, insertions, and deletions. 
Sequence alignment often gives useful information about evolutionary or 
functional relationships between sequences. Our approach is based on 
what we refer to as consensus a n a l y ~ i s . ~ - ~  

Consensus sequence analysis is usually performed by visual inspection 
of the sequences and by experiment. Of course, a protein binding site can 
only be verified by experiment, and analysis by “eye” can be biased. Thus, 
it is useful to have computer methods that can find consensus patterns best 
fitting explicitly stated criteria. Some algorithms have been developed 
along these  line^,^-^ and they are described here, along with some biologi- 
cal examples. Our earlier methods applied only to DNA; here we also 
describe recent extensions to protein sequences. 

In 1970 Needleman and Wunsch5 published an approach sequence 
comparison (alignment) using a dynamic programming algorithm. Their 
algorithm find‘ maximum similarity between two sequences, where 
matches score positive weight and mismatches, insertions, and deletions 

- 
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score nonpositive weight. Mathematicians began to attempt to define a 
distance between sequences and so to construct a metric space. Sellers6 
obtained these results for single insertions and deletions, and later workers 
extended the work to multiple insertions and deletions.’ While dynamic 
programming methods are very widespread in sequence analysis, there are 
severe restrictions in computation time with the extension of the dynamic 
programming methods to allow more than two sequences. A great many 
biological problems do involve more than two sequences. The consensus 
methods we have developed avoid the computational difficulties of dy- 
namic programming by using a very different approach to sequence analy- 
sis. 

The basis of the consensus method is an algorithm to find consensus 
words, with the degree of matching and alignment specified by the user of 
the program. We give the specifications of this method in the next section 
for DNA and protein sequences, along with examples. In this setting the 
consensus method finds patterns or words that are conserved in an unusual 
number of sequences. Then the basic method is extended, both for DNA 
and protein sequences, to an algorithm for sequence alignment. To illus- 
trate the behavior of the algorithms, we have chosen two sequence sets, one 
DNA and the other protein. The DNA sequences are 19 promoters from 
the genome of vaccinia virus.8 The protein sequence set is 16 proteins 
related to the Escherichia coli ntrC gene p r o d ~ c t . ~  We use these sequences 
to illustrate the use and power of the programs and the effect of varying 
certain parameters. We do not attempt to interpret the consensus pattern 
found in any biological context, but we invite anyone interested in these 
specific sequences and patterns to contact us for more detailed informa- 
tion. 

- 

Consensus Patterns 

Now we give a general description of the consensus word algorithm. To 
begin, take a set of R sequences of length N 

Q1.N 
. . .  a1.1 a 1 , 2  

Q2.1 a 2 . 2  a 2 , N  
. . .  

QR.N 
. . .  

aR,I aR,2 

P. Sellers, SIAM J.  Appl. Math. 26, 787 (1974). 
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B. T. Nixon, C. W. Ronson, and F. M. Ausubel, Proc. Natl. Acad. Sci. U.S.A. 83, 7850 
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These sequences can be taken to be initially aligned on some biologically or 
statistically determined feature. The true alignment is, of course, unknown 
except approximately. Now we give an algorithm for locating consensus 
words of a given size. By way of comparison, the usual methods of se- 
quence analysis align on single letters, that is words of length 1 ,  

Of course, a concept basic to our algorithm is that of consensus word. 
The definition has been given in earlier ~ o r k ~ - ~  and will be briefly re- 
viewed here. First, take a fixed word size k and a word w of length k; there 
are 4k such words in DNA and 20k in proteins. Next, define the window 
width W which gives the width of sequence in which a consensus word can 
be found and thus defines the amount of shifting allowed in matching 
consensus words. The sequences starting at column j + 1 with window 
width Wappear as 

. . .  
aR.J+l aR.J+2 ~ R . J +  w 

To begin, we search the first sequence of the window for matches to our 
word w. An exact match to w is called a d = 0 neighbor while a 1-letter 
mismatch from w is called a d =  1 neighbor, and so on. For protein 
sequences, for example, it is desirable to distinguish the many types of 
d = 1 mismatches by different weightings based on amino acid similarity. 
It is possible to include insertions and deletions in this list of neighbors. We 
may decide, e.g., to limit the amount of mismatch to d = 0, 1, 2 and not 
find w in a portion of sequence unless it is within this neighborhood. Let 
qw,d equal the number of lines that the best occurrence of w is as a dth 
neighbor. Each of these occurrences receives weight Ad. The score of word 
w in this window is 

sj+ I,,+ wt w)  = 1dqw.d 
d 

A best scoring word is word w * satisfying 

DNA Consensus Patterns 

In the case of DNA all d = 1, d = 2, . . . mismatches are considered 
identical in weight. While more complex weighting schemes are easy to 
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incorporate, we have found that it is adequate to score a word by the 
fraction of letters matching the consensus word. Thus, for a d-letter mis- 
match to a k-letter consensus word, Ad = 1 - d/k. 

To perform the computations, each word in the window is read and its 
neighborhood calculated. The possible words in a neighborhood are found 
by a simple combinatoric scheme; since all d =  2 mismatches receive the 
same weight it is only necessary to enumerate all k(k- 1)/2 of these 
mismatches. When the portion of each sequence in the window has been 
examined, the best score each of the 4& possible consensus words is re- 
tained. 

Our consensus method for DNA sequences has been implemented in a 
program called RTIDE written in C and using the SunView window 
system. Figure 1 shows a typical screen display from this program. The 
aligned sequences are displayed at the bottom, the displayed consensus 
word and score of the word are shown above, along with parameters for the 
run. At top is a plot of the consensus word score against window position 
for the alignment. Peaks in this plot indicate regions of conservation that 

Window Size ( 7 )  4 

exact :  12 Imm: 6 I d e l :  0 lins: 0 2m: 0 2del: 0 Zins:. 0 

a a t t c t a t a a a t g g a t g  
g t t a g t 3 w 3 g g a  ga a 

actcacataat tcaa 
t t t t t a t a a t c g a t a a t c g a t a  t a a s a a I c a a c t c g t t a t t a c a t a g t a ~ c a t  
a g a t t c t t t a t t c t a t a c t t a a  aaataaatacaaaggttcttgagggttgtgtt 

a t c m a  t t t t a  t t t t e a  a gaa t tgaaaacgaaa t g a a e ~  tca3 t a a c a g a  t a  
t a a t g g t c a t t a c t a a t c g  taattgaaaatgaattagtttaatatgacgctcgt 

aa t a t e ~ c a a  aa t t a taaaa aaa t a  t a c a c t ~ a  t tagcgtc  t c g t  ttcagaca t 
a t t t t t a t g t t t t a t t g r t a  aaaiatacaattaaatgaatatagaggaaggaga 

gttaaagaagtccat t taa  a a a t tga a t t gcga t t a t a a  ga t t a  a 3 tggca gac 

a a t t K t a t n t t t t t a c a a t t  aaacataaaaataatateatcttrrterceteeceteaa 
ctagccacagtaaatcgttaaa aaaatagaaaatagaaacgtatagaacgccat 

FIG. I .  Typical screen display of the program RTIDE. The sequence alignment is shown 
in the bottom window. At top is a plot of maximum score against window position in which 
peaks represent conserved regions. 
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may be of biological interest; these patterns can then be examined in detail 
and sequences realigned on the consensus words in any particular window. 
Through cycles of realignment and analysis it is possible to identify and 
refine conserved sequence patterns. The nature of the method involves 
variation of several parameter settings during an analysis session. It is 
possible to adjust window width, word size, and degree of matching re- 
quired as well as alignment of the sequences. To facilitate this interaction 
all features of the program are controlled through the mouse. 

The effect of varying the word size on the consensus score is shown in 
Fig. 2. No mismatches are allowed in these runs, and the window size is 
increased along with word size to keep the number of words per window 
constant. There are 16 words of size 2, and the score is the maximum 
scoring word over all sequences. Since there are so few words, all window 
positions have a high score and no features are clearly resolved. At word 
size 3 the graph shows a few features, with the highest score indicated by 
the dashed line. At word size 4 the central peak is resolved from the 
background. As word size increases further this peak becomes smaller and 

Word Window 
I 

2 9 

3 IO 
I 

I 

4 11 

5 12 

6 13 \ 

I 

I 

I 

14 I 7 / - 

FIG. 2. Effect of  vaj ing  word size from 2 to 7 for DNA sequence alignment. The window 
size is vaned to maintain a fixed number of  words per window. No mismatches are allowed. 
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merges into the background of nonconserved sequence. The word size at 
which a peak is most evident is a clear indication of the size of the feature 
that is conserved; in the present case that word size is 4 nucleotides. 

In many cases the initial alignment in which sequences are supplied will 
not be optimal for a given conserved sequence feature. Varying the window 
size is a way to accommodate poorly aligned sequence sets. Figure 3 shows 
the effect of variation of window size from 4 to 20 for the DNA data set. 
Using a window equal to word size permits no misalignment and for our 
sequences gives a very low graph of scores. Widening the window brings 
more instances of a consensus word into a window. This is demonstrated 
in Fig. 3 by the appearance of a peak in the graphs, most clearly resolved at 
window sizes 10 and 12. Extending the window further may not bring any 
new instances of the consensus word, but it does increase the number of 
window positions that achieve a high score. This is shown by the plateau in 
the graphs for window sizes 16 and 20. 

The effect of varying the neighborhood of words that can contribute to 
the score of a consensus word is shown in Fig. 4 for our DNA data set. We 
fix a window size of 12 and a word size of 6 and vary the number of 
mismatches permitted from 0 to 2, with no insertions or deletions. Requir- 
ing exact matches (0 mismatches) with the consensus word results in low 
scores with no distinct features. Permitting a single mismatch in general 
causes scores to increase, but the central conserved region emerges as a .. 

Window Size 

4 A 

6 L 

FIG. 3. Effect of varying window size from 4 to 20 for DNA sequence alignment. The 
word size is 4, and no mismatches are allowed. 
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Mismatches 

“I 
FIG. 4. Effect of varying the number of mismatches from 0 to 2 for DNA sequence 

alignment. The word size is 6, and the window size is 12. 

distinct feature. When the neighborhood is increased to 2 mismatches, 
however, the background scores are almost equivalent to that of the con- 
served feature. 

A very useful feature of our program is that once a consensus word has 
been identified, the sequences can be realigned on that word and the new 
alignment reevaluated for additional conserved features. Figure 5 shows 
the refinement of a consensus word using this technique. The graph of the 
scores after cycle 1 shows a maximum score of 14.25 at the position 
marked by the solid line. The sequences were realigned on the words that 

Cycle 

I I 

1 

2 

FIG. 5. Effect of realigning the sequences on a consensus word for DNA sequence 
alignment. The word size is 4, window size is 6, and 1 mismatch is allowed. 
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A 
C 
D 
E 
F 
G 
H 
I 
K 
L 
M 
N 
P 
Q 
R 
S 
T 
V 
W 
Y 

A C D E F G H I K L M N P Q R S T V W Y  

8 
6 8  
3 3 8  
1 2 6 8  
4 5 1 2 8  
7 6 2 1 4 8  
1 2 2 3 4 1 8  
4 5 1 2 5 4 2 8  
2 3 3 4 3 2 6 3 8  
4 5 1 2 5 4 2 7 3 8  
5 6 2 3 6 5 3 6 4 6 8  
4 5 5 4 3 4 2 3 3 3 4 8  
4 5 3 2 3 4 0 3 1 3 4 5 8  
3 4 4 5 4 3 3 4 4 4 5 6 4 8  
1 2 4 5 2 1 5 2 6 2 3 4 2 5 8  
5 4 4 3 2 5 1 2 2 2 3 6 4 5 3 8  
5 6 4 3 4 5 3 4 4 4 5 6 4 5 3 5 8  
5 6 2 1 4 5 1 6 2 6 5 4 4 3 1 3 5 8  
3 4 2 3 6 3 5 4 4 4 5 4 2 5 3 3 5 3 8  
3 4 2 3 6 3 5 4 4 4 5 4 2 5 3 3 5 3 7 8  

A C D E F G H I K L M N P Q R S T V W Y  
FIG. 6. Similarity matrix used in weighting sequence mismatches. based on the representa- 

tion of amino acid similarity of Taylor.'O - 
contributed to that score and the program run again. In the second cycle 
the marked peak is more clearly resolved and its score has risen to 15.25. 
An additional change is that the minor peak marked by the dashed line has 
become more evident. At the end of the third cycle the main peak has 
become more distinct and the score is 16.75, resulting from the realign- 
ment bringing more related words into the conserved window. The final 
cycle of scoring does not increase the maximum score and indicates the 
end of the process. 

Protein Consensus Patterns 
In the case of protein sequences various mismatches are weighted 

according to a matrix (Fig. 6), which is derived From Taylor.*O The mis- 
matches for each letter of a word are arranged according to weight, the 
nearest or smallest being first. Then in a systematic fashion we allocate 
mismatches until the limit or cutoff is reached. Then that letter is reduced 
to identity and the next letter is increased. The algorithm i s  similar to that 
of counting with the branch and bound feature we have described. 

'0  W. R.  Taylor, J.  Theor. Biol. 119, 205 (1986). 
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Cycle 

1 

2 

3 " 

4 

FIG. 8. Effect of realigning sequences on a consensus word over four cycles for the protein 
sequence data set. The word size is 3, window size is initially 10, and the neighborhood is set 
to 2 I ,  where 24 implies an exact match. 

In the protein version of the consensus program, PRTIDE, the only 
substantial modification is in the definition of neighborhood. Whereas in 
the DNA version we specify the number of mismatches, insertions or 
deletions allowed, in the case of proteins we specify a similarity score that a 
word must attain when scored against a candidate consensus word in order 
to be included in the neighborhood. Figure 7 shows a typical display of this 
output. 

In most practical aspects the DNA and protein programs are very 
similar. The larger alphabet of amino acids relative to nucleotides pre- 
cludes use of words with more than 4 amino acids. Figure 8 shows an 
example of the protein version in which the sequences are realigned on a 
consensus word, with the result of resolving other conserved words. At top 
is shown the graph of scores for the protein data set in which the sequences 
are aligned at their left ends. The largest peak is found close to this end; 
aligning on the consensus word and rescoring creates the second plot in 
which three peaks near the right end of the plot have become more clearly 
resolved. Aligning on the largest of these and rescoring cause the formation 
of plateaus. This indicates too large a window size, and reducing the 
window size from 10 to 5 results in the final plot in which the three peaks 
are now well resolved. 

Consensus Alignment 

The idea of the algorithm builds on the previous section." We align on 
consensus words, attempting to maximize the sum of the scores of the 

' I  M. S. Waterman and M.  Eggen, Nucleic Acids Res. 14, 9095 (1986). 
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words. Before the practical algorithms are presented, a more general con- 
cept of alignment on words is presented. 

We define a partial order on words. The words w1 and w2 satisfy 
w I  < w2 if the occurrences of w I  in sequence i are to the left of the 
occurrences of w2 in sequence i (and do not intersect) for i = 1 to R. It is 
not necessary for wI or w2 to have occurrences inball sequences. Implicit in 
the definition is a window width Wand neighborhood specification. The 
goal of an optimal alignment is to find words wi which satisfy 

max r s(wi) :  w I  < w2 < . . . 1 
cis I J 

( I t  is frequently desirable to require s(wi) 2 c for all i, where c is some 
cutoff value.) It is not possible to accomplish this goal in reasonable time, 
but it is possible to come quite close. We now define two practical algo- 
rithms. 

Next, wl lw2  means that consensus words w I  and w2 can be found in 
nonoverlapping windows, each word satisfying as usual the window width . 

and neighborhood constraints. The modified optimization problem is to 
sat is fy 

f I 

There is a straightforward recursion to find T. Let Ti be the maximum sum 
for the sequences from base 1 to base i: 

a2,i 
. . .  a2, I 

QR.i 
. . .  

aR.I 

Then Ti satisfies 

T i=max(q+s j+ l , i : i -  W +  1 ~ j ~ i - k )  

and T-w= T-,+, - - == To= T I = .  . . = Tk-l = 0. Also, sx,y = 0 if 
y - x + 1 < k. This algorithm runs in time approximately proportional to 
NW2RB where B is the neighborhood size. Here the factor WRB accounts 
for the consensus word algorithm with a window width W. (This is an 
overestimate since the actual windows vary from k to W in width.) 

If much shifting is necessary to match the sequences, T is an underesti- 
mate and misses some of the relevant matching. To overcome this prob- 

* 
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lem, the definition of Tis  modified to 

Si = max(Sj + 5j+l,i: i - W +  1 I j I i - k) 
where fj+l,i is the largest scoring consensus word in the window from j + 1 
to i such that all occurrences of the consensus word are to the right of the 
consensus words for Si. This algorithm is not guaranteed to be equal to the 
global maximum, but it is much more useful than T. Alignment for each 
case, DNA and protein, proceeds as just described with the modifications 
given next. 

DNA A lignmen t 

We have written a program, RALIGN, to align multiple DNA or RNA 
sequences. * I The sequences are supplied in some initial alignment, which 
usually consists of the sequences being left justified. As in all our consensus 
methods, the parameters for window size, word size, and neighborhood are 
set. We require a consensus word to have a score at least equal to one-half 
the number of sequences before it can be used for alignment. This require- 
ment is to eliminate the “junk” regions in alignments that are common 
with programs that optimize a total score. 

To illustrate RALIGN for nucleic acids we take a set of 15 tRNA 
sequences from Escherichia coli. These sequences are difficult to align as 
their relationship is largely determined by conserved helices (secondary 
and tertiary structure), not the primary sequence itself. Analyses that fold 
tRNAs by minimum free energy are not too successful, usually folding 
about 50% of the tRNAs into the correct cloverleaf shape. An analysis 
based on consensus helices is successful for many structural RNAs, and a 
study of tRNA by consensus folding appears in Ref. 2. The only universal 
primary sequence patterns in tRNAs are the CCA at the acceptor arm and 
the GTTC in the Ty/C stem and loop. Our analyses (Fig. 9) find these 
invariant patterns along with other conserved words. Figure 9a has window 
size 7, word size 3, and up to 1 mismatch (total score equal to 179), while 
Fig. 9b has window size 8, word size 4, and up to 2 mismatches (total score 
equal to 127). The window is 7 in the first case and 8 in the second to allow 
shifts of 4 in each analysis. Notice that CCA is located at the 3’ end of all 
the sequences; in the case of Fig. 9 CCA is generally found overlapping the 
pattern CACC. In Fig. 9a,b CCA is not found by the program in all the 
sequences. In several cases an earlier, equally strong pattern is chosen in 
accord with the algorithm. Of course in Fig. 9b the object is to optimize a 
4-letter consensus word, and this weakens the contribution of the 3-letter 
pattern CCA. GTTC is always located in Fig. 9b between consensus words 
GGTT and CGAA. In 14 of 15 sequences in Fig. 9a GTTC is located 
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between consensus words GGT and TCG. Note the failure in the last 
sequence where the alignment is 

Consensus pattern: . . . . ggt . . . tcg 

This can be accounted for by the “greedy” nature of our algorithm. To 
allow more chances the consensus matching, whenever there are ties in 
scoring the algorithm chooses the 5’ or leftmost pattern. Therefore, gga is 
aligned rather than agt, the biologically correct alignment. 

Sequence 16: ggagt tcg 

Protein Alignment 

Figure 10 shows an example of the program PRALIGN applied to nine 
protein sequences. The sequences represent the amino-terminal 70 resi- 
dues from a number of regulatory proteins related to the E. coli ntrC gene 
product. This region is fairly well conserved among the proteins and is 
believed to be responsible for interaction with proteins related to the E. 
coli gene product. 

Figure 10 uses a word size of 3 and a window of 6. The neighborhood is 
limited to a similarity score of 18 or more. Since a perfect match receives a 
score of 8, an exact matching 3-letter word has score 24 = 3 X 8. As with 
Fig. 9, the top line of the alignment shows the conserved words identified at I 
each position, and the instances of those words are shown in upper case in 
the sequence alignment below. With the neighborhood as specified, the 
conserved words are essentially those that contain conservative replace- 
ments from the consensus words. The majority of the amino acids in the 
sequences have been identified as part of conserved words and have been 
brought into alignment. The sequences are sufficiently dissimilar, however, 
that a number of short segments are not part of any conserved word. 

Conclusion 

The programs are available from Waterman. The programs RTIDE 
and PRTIDE are both written in C and run on a SUN using the SunView 
windows system. The programs RALIGN and PRALIGN are written in C 
and do not require the special graphics interface. 

Several generalizations of these ideas are possible. One of the most 
obvious is to apply the methods to single rather than multiple sequences. 
Our programs for single sequences find the maximal nonoverlapping re- 
peat pattern; as for the programs described in this chapter there are two 
programs, one for DNA and one for proteins. Elsewhere we have reported 
methods to find consensus palindromes in DNA, both for multiple and 
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single sequences.* In addition, these methods can also be applied to con- 
sensus secondary structure. Finally, although we have not done so, it is 
possible to include other ideas of consefisus such as gap length to improve 
the alignments. 
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