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The entire protein sequence database has been exhaustively matched. Definitive mutation
matrices and models for scoring gaps were obtained from the matching and used to
organize the sequence database as sets of evolutionarily connected components. The
methods developed are general and can be used to manage sequence data generated by
major genome seguencing projects. The alignments made possible by the exhaustive
matching are the starting point for successful de novo prediction of the folded structures
of proteins, for reconstructing sequences of ancient proteins and metabolisms in ancient
organisms, and for obtaining new perspectives in structurai biochemistry.

A decade has passed since questions were
raised (1) about the general validity of
conclusions drawn from alignments of pro-
tein sequences (2). Today, virtually every
biochemical analysis routinely begins with,
contains, or concludes with an alignment of
sequences of proteins that are presumed to
be homologous (3). Alignments are also the
starting point for methods of predicting de
novo the secondary structure of proteins
(4-6), for all knowledge-based structure
predictions (7), for estimating the number
of different types of protein folds (8), for
interpreting data from the human genome
project (9), and for resolving phylogenetic
issues (3, 10).

Despite the varied applications of sequence
alignments, it has proved difficult to construct
sequence alignments correctly. This is not
because of inadequate theory; an algorithm
that achieves the optimal alignment of two
homologous protein sequences was provided
over 20 years ago by Needleman and Wunsch
(I11). Rather, the problem arises because there
are simply too many sequence data to analyze
and because the parameters needed to correct-
ly score mutations, deletions, and insertions
are unavailable,

Today, mutations (mismatches) in an
alignment are usually scored with a muta-
tion matrix developed by Dayhoff and her
co-workers in the 1970s (12). However, this
matrix was derived from alignments of an ex-
tremely small set of proteins that arc very sim-
ilar in sequence, and is therefore unsuitable
for alignments between two proteins whose
sequences are sufficiently similar to sugpest
that they might be homologous, but not
similar enough to make homology obvious.

The difficulties in constructing align-
ment routines are further complicated by
the requirement thar they handle deletions
and insertions. Even random sequences can
be aligned if paps are introduced at no
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penalty. Most alignment programs there-
fore assign penalties to gaps of the form (ak
+ b), where k is the length of the gap and
a and b are arbitrarily chosen constants.
There is no justification, either theoretical
or empirical, for this treatment. Indeed,
many of the questionable conclusions
drawn from alignments arise because of
inappropriately placed gaps. Conversely,
cotrectly placed gaps provide information
that is critical to the de novo prediction of
the folded structure of proteins from se-
quence data alone (4-6). Such information
led to the remarkably accurate predictions
of the folded structures of tryptophan syn-
thase and protein kinase before crystallo-
graphic information was available (4-6).
The amount of sequence data presently
available should make it possible to do an
exhaustive matching of the entire sequence
database (defined here as the result of an
attempted Needleman-Wunsch alignment
of every subsequence in the darabase with
every other subsequence), obtain empirical
probabilities of mutations between amino
acids, determine empirical gap scoring pen-
alties, and use these to obtain high-quality
alignments. This has not been done previ-
ously because the Needleman-Wunsch al-
gorithm is slow (about one pairwise com-
parison per second). Because a typical con-
temporary database (such as MIPS Version
64) contains 8,344,353 (n) amino acids,
exhaustive matching of all subsequences
could involve some 35 X 10° pairwise

Fig. 1. Reorganization of sequences to form
semi-infinite strings placed in “alphabetical or-
der” {left to right in this diagram) on a patricia
tree (13), idealized here for sequences built
from just two letters. Reorganization time is
almost linear with database size and requires
negligible computation. Exhaustive matchirg is
achieved by comparing patricia subtrees from
the top. Time is saved because the matching of
patricia subtrees is aborted when the score
falls below a liberally chosen similarity limit.

comparisons (on the order of n?) and more
than 10% years of computer time. Not sur-
prisingly, an exhaustive matching of a mod-
ern sequence database with the Needle-
man-Wunsch algorithm has been thought
to be essentially impossible (13).

We report the exhaustive matching of
an entire protein sequence database. Nei-
ther the Needleman-Wunsch algorithm not
any of the tigor that it implies was sacri-
ficed. The key to matching in a reasonable
time lies in the step preceding the applica-
tion of the Needleman-Wunsch algorithm:
a reorganization of the sequence data by
indexing on a patricia tree (14) (Fig. 1). In
an indexed database, pairs of identical se-
quences are found instantaneously because
they lie together on the tree. Similar se-
quences lie near each other in the tree.
Thus, all pairs of sequences that might be
significantly similar can be found in an
indexed database by far fewer than n?
matching operations and aligned with the
Needleman-Wunsch algorithm. Thus, our
exhaustive matching required only 405 days
of CPU rime and was obtained in the
background (otherwise idle CPU capabili-
ty) from up to six workstations running in
parallel for only 19 weeks.

Classical muration matrices and gap
penalties were used in the first phase of the
exhaustive matching. A liberal target score
ensured that every match with potentially
significant sequence similarity was exam-
ined. The 6.5 X 10° matched pairs of
subsequences that were found in the first
phase were then refined by running the
Needleman-Wunsch algorithm from the
point where each match began in one
direction along the sequence alignment to
the point where the alignment was opti-
mized (or the sequences exhausted), run-
ning the algorithm in the reverse direction
to achieve the same goal, and repeating the
process until the alignment score was no
longer improved. After refining, 1.7 x 10°
matches remained, each optimally aligned,
which were then used to calculate new
mutation matrices and a model for scoring
gaps. These new scoring parameters were
then used to further refine the matches to
self-consistency. The parameters provide
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Because all subsequences in the database are indexed, the fact that two similar protein sequences
do not begin identically does not diminish the generality of the search.
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