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We present an algorithm to generate complete evolutionary pro-
files that represent the topology of the molecular phylogenetic
tree of the homologous group. The method, based on the multi-
dimensional QR factorization of numerically encoded multiple
sequence alignments, removes redundancy from the alignments
and orders the protein sequences by increasing linear dependence,
resulting in the identification of a minimal basis set of sequences
that spans the evolutionary space of the homologous group of
proteins. We observe a general trend that these smaller, more
evolutionarily balanced profiles have comparable and, in many
cases, better performance in database searches than conventional
profiles containing hundreds of sequences, constructed in an
iterative and computationally intensive procedure. For more di-
verse families or superfamilies, with sequence identity <30%,
structural alignments, based purely on the geometry of the protein
structures, provide better alignments than pure sequence-based
methods. Merging the structure and sequence information allows
the construction of accurate profiles for distantly related groups.
These structure-based profiles outperformed other sequence-
based methods for finding distant homologs and were used to
identify a putative class II cysteinyl-tRNA synthetase (CysRS) in
several archaea that eluded previous annotation studies. Phyloge-
netic analysis showed the putative class II CysRSs to be a mono-
phyletic group and homology modeling revealed a constellation of
active site residues similar to that in the known class I CysRS.

archaeal cysteinyl-tRNA synthetase ! gene annotation ! lipocalin
superfamily ! triosephosphate isomerase superfamily

B ioinformatics has developed as a data-driven science with a
primary focus on storing and accessing the vast and exponen-

tially growing amount of sequence and structure data. The rapid
accumulation of data has led to an extraordinary problem of
redundancy, which must be confronted in almost any type of
statistical analysis. Attwood and Miller (1) observe that the non-
redundant database (NRDB) of the National Center for Biotech-
nology Information ‘‘is not non-redundant, but non-identical, and
is thus massively redundant.’’ Similarly, the current version of
Swiss-Prot, a well curated sequence database and valuable research
tool, is highly skewed toward the Bacteria and Eucarya (2).

An important goal of bioinformatics is to use the vast and
heterogeneous biological data to extract patterns and make discov-
eries that bring to light the ‘‘unifying’’ principles in biology. Because
these patterns can be obscured by bias in the data, we approach the
problem of redundancy by appealing to a well known unifying
principle in biology, evolution. Modern protein sequences and their
three-dimensional structures are descendants of successful realiza-
tions of the evolutionary process. The entries in the sequence and
structure databases are not merely an unconnected and seemingly
endless array of biological novelty; rather, they can be clustered and
treated as a smaller set of homologous groups. Hierarchical clas-
sifications of structures, such as SCOP (Structural Classification of
Proteins) (3) and CATH (Class, Architecture, Topology, and
Homologous superfamily) (4), and of sequences, such as Pfam
(Protein Families Database of Alignments and Hidden Markov
Models) (5), have made significant contributions in this direction,

yet the problem of redundancy has not been addressed in an
evolutionary context.

Here we present an algorithm based on the multidimensional QR
factorization, which produces minimally redundant sets of protein
sequences. This algorithm differs from traditional sequence identity
threshold and sequence weighting approaches to the problem of
redundancy, which we have recently reviewed in ref. 6, in two
important ways. First, the QR algorithm has been designed to
systematically choose a maximally linearly independent subset of
sequences that best span the evolutionary space of the homologous
group at any given level of diversity. In contrast, sequence identity
cutoff algorithms arbitrarily remove sequences that contribute to
pairwise identities above the given threshold, and sequence weight-
ing schemes assign ad hoc weights to the sequences, giving more
common sequences relatively less weight than rare ones. Second,
the QR algorithm produces an ordering of the sequences in such a
way that altering the desired level of diversity of the reduced set only
requires adding or subtracting sequences from the precomputed
order rather than launching a new calculation each time a different
diversity threshold is applied.

Having introduced a structure-based analog of this procedure in
which the QR factorization is computed over the cartesian space of
the protein structures (6), here we detail the sequence-based
algorithm and test its efficacy in forming evolutionarily well bal-
anced profiles, termed evolutionary profiles (EPs), for homology
searches over large sequence and genomic databases. In the case of
distantly related homologous groups, we show that, by supplement-
ing structure-based alignments with the appropriate sequences,
single EPs can be built for diverse protein families or superfamilies
(see Supporting Text, which is published as supporting information
on the PNAS web site) and that these profiles perform as well in a
single database search as the combined results from several data-
base searches with profiles of the component subfamilies or fam-
ilies. Finally, we describe an application of this technology, in
combination with homology modeling and phylogenetic analysis, to
assign the putative function of a previously misannotated group of
archaeal class II cysteinyl-tRNA synthetases (CysRSs) (7).

Theory and Methods
As the basis for the EPs, sequences and structures were selected and
multiple alignments were generated by following the procedures
outlined in Supporting Text. The QR factorization of an alignment
matrix, a numerical encoding of a multiple sequence alignment,
produces an ordering of the aligned proteins. The ordering can then
be used to define a minimal basis set of spanning sequences to any
desired level of redundancy, and the evolutionarily well balanced
profiles computed from these minimal sets are termed EPs.

QR Factorization. The multidimensional QR factorization with
pivoting algorithm (8), as applied to multiple structure align-
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